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Running headline: multi-trophic traits & multi-scale filters

Abstract

Ecological studies are increasingly moving towards trait-based approaches, as the evidence
mounts that functions, as opposed to taxonomy, drive ecosystem service delivery. Among
ecosystem services, biological control has been somewhat overlooked in functional ecological
studies. This is surprising given that, over the past several decades, much of biological control
research has been focused on identifying the multiple characteristics (traits) of species that
influence trophic interactions. These traits are especially well-developed to describe interactions
between arthropods and flowers — important for biological control, as floral resources can
provide natural enemies with nutritional supplements, which can dramatically increase biological
control efficiency. Traits that underpin the biological control potential of a community and that
drive the response of arthropods to environmental filters, from local to landscape-level
conditions, are also emerging from recent empirical studies. We present here, an overview of the
traits that have been identified to 1) drive trophic interactions, especially between plants and
biological control agents through determining access to floral resources, and enhancing longevity
and fecundity of natural enemies, 2) effect the biological control services provided by arthropods,
and 3) limit the response of arthropods to environmental filters, ranging from local management
practices to landscape-level simplification. We use this review as a platform to outline
opportunities and guidelines for future trait-based studies focused on the enhancement of

biological control services.
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I. INTRODUCTION

Biotic processes underpin the ecosystem services on which humans rely (Diaz, Lavorel, de Bello
et al., 2007). The combined scenarios of climate change, increased human population pressure,
and severe declines in biodiversity, present a looming threat to future food security. Conventional
agriculture presently relies on high-input management practices to maximise yields, which has
been widely identified as unsustainable (Matson, Parton, Power ef al., 1997; Potts, Biesmeijer,
Kremen et al., 2010). Promoting the biotic processes which underpin ecosystem service delivery
can help fill yield gaps while allowing agriculture to remain sustainable into the future
(Bommarco, Kleijn & Potts, 2013). Understanding the biotic processes that govern ecosystem
services is beginning to take a prime position in research and more importantly to draw the
attention of policy-makers (Secretariat of the Convention on Biological Diversity, 2014, Dicks,
Viana, Bommarco, ef al., 2016). Parallel to the growing focus on ecosystem service delivery,
ecological research has begun to move away from a taxonomic-level resolution to a trait-based
and community-level, functional ecological focus (e.g., Diaz, Kattge, Cornelissen et al., 2016;
Kunstler, Falster, Coomes et al., 2016), as traits within the community have been demonstrated
to govern the biotic processes that drive ecosystem service delivery (Diaz ef al., 2007).

(1) The response—effect model

The delivery of ecosystem services is linked to species-traits that determine responses to
environmental filters, as posited by the response—eftfect model (Lavorel & Garnier, 2002). These
so-called response traits represent pre-adaptations to the environment. Species are filtered along
environmental gradients depending on these pre-adaptations (Figure 1). The implications for
ecosystem service delivery depend on response-diversity in the community and how strongly

response traits are linked with the traits that determine ecosystem service delivery, which are
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known as effect traits (Figure 1). Environmental filters can therefore strongly limit ecosystem
service delivery of a community through filtering of species with particular traits. The response—
effect model has been well established for the effects of management practices on ecosystem
service delivery by the first trophic level (e.g., Lalibert¢ & Tylianakis, 2012; Minden & Kleyer,
2011). Extending the trait-based approach to multi-trophic-level processes, and predicting
ecosystem services delivery, has been identified as the next frontier in functional ecology (Reiss,
Bridle, Montoya et al., 2009), and particularly important for agriculture (Wood, Karp, DeClerck
et al., 2015). Understanding the functional significance of different traits is, thus, an essential
aspect of trait-based approaches (Rosado, Dias & Mattos, 2013; Shipley, de Bello, Cornelissen,
et al., 2016). Progress has been hampered, however, by the disproportionate level of readily-
available traits for plants compared with other organisms (Levine, 2015). Trait databases for
arthropods, for example, are just developing. In order to advance this field, emphasis needs to be
placed on testing the importance of arthropod traits on target processes as these databases
develop (Moretti, de Bello, Ibanez et al., 2013; Moretti, Dias, de Bello ef al., 2017). As a result
of the current imbalance in functional trait information, most multi-trophic-level efforts have
been limited to a mix of plant (effect) traits with other functional metrics for higher trophic levels
(e.g., abundance of functional groups, Storkey, Brooks, Haughton et al., 2013; Storkey, Doring,
Baddeley et al., 2015ab), or more traditional taxonomic-level measures (e.g., de Bello, Lavergne,
Meynard et al., 2010). To date, only a limited number of ecosystem services have been addressed,
in traits studies, across multiple trophic levels (e.g., biomass production, Moretti et al., 2013; and
cultural ecosystem services, Storkey et al., 2013; Storkey et al., 2015a).

(2) Identifying the functional significance of traits

The relationship between biodiversity and ecosystem functioning is thought to be driven by two,
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not necessarily independent components. The first can be summarised by the mass ratio
hypothesis (Grime, 1998), which posits that contribution to ecosystem function is proportional to
the relative abundance of a species or functional group within the community, so that ecosystem
function is dominated by the dominant species. The second is that diversity within the
community can maximise the functional output due to niche complementary (Tilman, Reich,
Knops et al. 2001). The predominance of either of these components may depend on the traits in
question and on their functional role. Shifts in trait distribution in the community, and their
relationship with environmental filters and ecosystem functioning, will describe this functional
relationship, and can be monitored with appropriate functional diversity indices (e.g., Ricotta &
Moretti, 2011). For example, community-weighted mean (CWM) and functional diversity
(FDvar) can identify relationships between single traits and environmental filters, and also to
ecosystem functioning, related to dominant and complementarity processes, respectively; but
care should be taken in avoiding correlation between these separate although related indices (see
Dias, Berg, de Bello, ef al., 2013).

(3) The multi-trophic response—effect framework

Lavorel, Storkey, Bardgett et al. (2013) propose an extension of the response—effect model to
incorporate trophic interactions between plants and higher trophic levels, and outline a
framework (both conceptually and mathematically) for following multi-trophic level
communities, shaped by management effects, and further filtered through trophic interactions, to
the resultant ecosystem service delivery. At the core of this framework is the differentiation of
two types of response and effect traits: environmental response and effect traits; and trophic
response and effect traits (Figure 2a-e). Each of these types of traits need to be considered to
understand the prediction of ecosystem services, especially those directly related to trophic
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interactions, such as biological control. In proposing this multi-trophic response—effect
framework, Lavorel et al. (2013) identify two main challenges to its application, (1)
consideration of more than two trophic levels, and (2) extending environmental filters beyond the
local scale to incorporate landscape-level effects. In their subsequent proof-of-concept, Moretti et
al. (2013) further identify the limitation that functional links between trophic levels (and
mechanisms that guide them) are often simply unknown, therefore, severely limiting our
potential to predict ecosystem services and to understand how they may be optimised by
management practices.

(4) Biological Control.

Among ecosystem services delivered by arthropods, biological control has received virtually no
attention in functional-ecological literature. Even seminal reviews have referred to biological
control only in passing (e.g., Lavorel et al., 2013), and exemplary practical studies have dealt
with biological control somewhat incidentally in describing food sources for birds, which
themselves provide cultural ecosystem services (e.g., Lavorel et al., 2013; Storkey et al., 2013;
Storkey et al., 2015ab). This lack of attention is surprising given the significant value of
biological control services for agriculture (Losey & Vaughan, 2006) and the potential that
biological control offers in closing the yield gap (e.g., Gurr, Lu, Zheng et al., 2016), plus the
availability of a range of response and effect traits for natural enemies, including trophic linkages
with plants, which have been identified in the biological control literature over several decades
(e.g., Wickers & van Rijn, 2012) (Figure 2c).

While studies that represent specific steps in the multi-trophic response—effect model (Figure 3)
are not unknown in the biological control context (Table 1), particularly for trophic-linkages,
these studies have generally been limited in that they do not extend from environmental filters
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through to biological control services. While these studies have generally not self-identified as
being trait-based (a more-recent development in ecology), they have nevertheless often recorded
characteristics that can be synthesized under a trait-based framework to reveal the mechanisms
that drive species interactions and ecosystem-service delivery. Biological control studies are
typically limited by their highly specific taxonomic focus, meaning that results are not easily
transferable to different species interactions or environmental settings. The advantage of the trait-
based approach, in this regard, is to consolidate such disparate studies and to reveal the
mechanisms driving species patterns (McGill, Enquist, Weiher & Westoby, 2006), which, under a
taxonomic perspective, are often dismissed as being idiosyncratic (Straub, Finke & Snyder,
2008).

(5) Review structure

Here, we review response and effect traits across multiple trophic levels that may underpin the
ecosystem service delivery of biological control provided by arthropods in managed
agroecosystems. In order to facilitate future empirical efforts, we present our review within a
multi-trophic trait-based perspective. We focus on functional traits that have been identified in
the literature that appear to link arthropod response traits to management drivers (i.e.., in-field
management intensity, management of local plant diversity and landscape-level simplification),
and establish arthropod and plant trophic-response linkages, and finally identify traits describing
the biological control potential of natural enemies. We structure the overview of these traits into
three sections: response traits related to environmental filters; traits that underpin interactions
between trophic levels; and, effect traits related to the ecosystem service delivery of biological
control. The section on response traits to environmental filters is further divided into three sub-
sections to address the three environmental filters (management drivers) that we perceive can
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drive arthropod communities and biological control services in agroecosystems, (1) agricultural
management practices that have direct or indirect effects on arthropod natural enemies; (2)
management of local plant diversity and the availability of resources that may benefit biological
control agents; and (3) landscape-level filters for arthropods, and how these filters may affect
trophic interactions. We conclude with a summary of how these traits may be used to inform
management decisions to enhance biological control agents, and the direction that future
empirical studies should take to extend the application of these efforts. The traits identified
throughout all sections are summarized in Table 2, along with their expected role in ecosystem
functioning (through dominant or complementary processes), and any related traits that should
be studied in parallel or controlled for when testing their functional role. To facilitate future work,
our terminology is kept consistent with that of the recent handbook for arthropod traits

development by Moretti et al. (2017).

II. RESPONSE TRAITS RELATED TO ENVIRONMENTAL FILTERS

(1) Response to agricultural management practices

Although trait-based studies are still limited in agroecosystems (Wood et al, 2015), an
understanding of responses is beginning to emerge for community filtering related to
management intensity for arthropods. In-field management intensity has shown consistent effects
within individual functional groups, such as for flower-visitors (including both herbivores, e.g.,
Lepidoptera, and biological control agents, i.e., Syrphidae), and ground-dwelling predators
(spiders and beetles), and also across the arthropod community as a whole (comprising
herbivores, pollinators, predators and detritivores); species traits strongly determining the

responses. Accordingly, species can be divided into two broad categories: 1) those favoured by
9
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management intensification, which have relatively small body size and reduced feeding
specialization, and, 2) those disfavoured with relatively large body size and increased feeding
specialization (flower-visitors, Rader, Bartomeus, Tylianakis et al., 2014; ground-dwelling
predators, Hanson, Birkhofer, Smith, et al., 2017; Hanson, Palmu, Birkhofer & Smith, 2016;
arthropod community as a whole, Gdmez-Virués, Perovié, Gossner et al., 2015) (Figures 1 & 2b).
Traits such as limited dispersal tendency, clutch size (reproductive potential), voltinism
(generations per year) and annual rhythm (activity period) have been shown to be filtered out
with increasing management intensity (e.g., for butterflies, Borschig, Klein, von Wehrden et al.,
2013), reflecting strong responses to disturbance. Additionally, some of these traits can also be
strongly correlated (Borschig et al., 2013; Perovi¢, Gamez-Virués, Borschig et al., 2015),
inferring low response diversity to management intensity. Correlations between dispersal
tendency and life-history traits have also been noted, for example, for spiders; such dispersal
syndromes may be explained by adaptations to ephemeral habitats, leading to trade-offs in
investment in dispersal at the expense of maturity and reproduction (delayed age at maturity)
(Bronte & Saastamoinen, 2012). In-field management intensity has been linked with increased
dispersal in spiders and predatory beetles (Hanson ef al., 2017).

The filtering of traits related to disturbance strongly restricts response diversity across the entire
arthropod community. Intensified agricultural landscapes tend, therefore, to be strongly
dominated by communities of relatively small, generalist species with longer activity period
(annual rhythm) (Gamez-Virués et al., 2015) (Figure 2b). Reduced in-field management intensity
and diversified management regimes have, in contrast, been linked with reduced biotic
homogenization across all taxa (not just for arthropods, e.g., Allan, Bosdoff, Dormann, et al.

2013); and in terms of biological control agents, with the conservation of both functionally
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similar groups of spiders (based on their body size, hunting mode and habitat preference) and
also beetles (based on their body size and adult feeding specialization), thus, increasing
functional redundancy (Rusch, Birkhofer, Bommarco, et al. 2014).

(2) Response to local plant diversity and resource availability

The impact of plant diversity on the second and third trophic levels has long been recognized;
Root (1973), for example, identified that plant communities with reduced taxonomic diversity
encourage arthropod communities dominated by feeding specialist herbivores and associated
specialist parasitoids, while more-generalist predators were less strongly affected. Local plant
diversity may provide benefits for natural enemies through different mechanisms, for example,
by providing shelter, increased structural complexity, and alternate food resources (both alternate
prey and floral resources: nectar and pollen) (see Landis, Wratten & Gurr, 2000; Gurr, Wratten,
Landis & You, 2017, for a review). Habitat utilization and hunting mode, are arthropod traits that
respond to shelter and structure: web-building spider richness, for example, increases with plant
diversity and vegetation coverage (along with prey richness) (Diehl, Mader, Wolter & Birkhofer
2013). Spiders that utilize shelters such as rocks and holes are sensitive to agricultural practices
but conserved in less disturbed grassy margins (Birkhofer, Wolters & Diekétter, 2014). In terms
of provisioning alternate prey, flower strips have been shown to alter the dominant taxa found in
spider webs, but not prey abundance or diversity, and may therefore, benefit feeding generalists
(Mader, Birkhofer, Fiedler, et al., 2016).

While some natural enemies are more commonly associated with floral resources (e.g.,
Syrphidae, and Hymenopteran and Dipteran parasitoids), many other species have been shown to
also benefit, including spiders (see Nyffeler, Olson & Symondson, 2016). More specific details
of the plant traits that managers can consider for enhancing biological control are given in detail
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in Section III, under trophic linkages.
(3) Response to landscape-level filters

The effects of reduced landscape heterogeneity associated with agricultural intensification are
well established for arthropods in agricultural systems (Tscharntke, Klein, Kruess et al., 2005).
The underlying mechanisms driving this relationship are reviewed in Tscharntke, Tylianakis,
Rand et al. (2012). In terms of response traits, feeding specialists are most strongly affected by
reduced habitat diversity (Figure 2b), and such effects appear to be compounded for species with
low reproductive rate (Holland, Fahrig & Cappuccino, 2005; Ryall & Fahrig, 2006; Rytwinski &
Fahrig, 2011; Vance, Fahrig & Flather, 2003) and with limited dispersal tendency (Batary, Baldi,
Sz¢l et al., 2007; Rand & Tscharntke, 2007; Tscharntke et al., 2005). Natural enemies are
generally observed to be more sensitive to reduced habitat diversity than their prey (Kruess &
Tscharntke, 1994; Kruess & Tscharntke, 2000; Rand et al., 2007; Tscharntke & Kruess, 1999).
This may be a result of an interaction between trophic level and feeding specialisation (Holt,
2010; Holt, Lawton, Polis ef al., 1999; Ryall & Fahrig, 2006; Steffan-Dewenter & Tscharntke,
2000), but may be further compounded by differences in dispersal ability, found for example, in
parasitic wasps and their hosts, as the impact of habitat fragmentation is strongly contingent on
dispersal (Keitt, Urban & Milne, 1997).

The importance of landscape configurational heterogeneity (the size, shape, and even
arrangement of patches within the landscape) has only been explored in more-recent studies
(Fahrig, Baudry, Brotons et al., 2011; Gdmez-Virués et al., 2015; Holzschuh, Steffan-Dewenter
& Tscharntke, 2010; Perovi¢, Gurr, Raman, et al., 2010; Perovi¢ et al., 2015; Plec¢as, Gagic,
Jankovi¢ ef al., 2014; Woltz & Landis, 2014). Landscape configurational heterogeneity has been
shown to be a strong filter for body size, leading to dominance by species with relatively large
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individuals in landscapes characterised by larger patches, but may interact with filtering of body
size associated with management intensity and land use diversity (i.e., compositional
heterogeneity) (Gamez-Virués et al., 2015). The relative importance of these two components of
landscape heterogeneity, composition and configuration; however, varies between taxa. For
butterflies, where habitat edges are known to be important for dispersal (Settele, Feldmann &
Reinhardt, 1999), stronger filtering is evident along configurational heterogeneity gradients for
traits associated with feeding specialization, wing length, and migration tendency (Perovié et al.,
2015). Dispersal mode can also interact with spatial patterns of suitable habitat in colony success
within the landscape for spiders (Birkhofer, Bird, Bilde & Lubin, 2014). This highlights the need
for consideration of traits that describe species habitat usage and assessment of landscape in
terms of functional land-use (see Fahrig et al., 2011; Perovi¢ et al., 2015).

(4) Interaction between environmental filters

The effects of landscape heterogeneity also interact with in-field management intensity and local
plant diversity. Increased landscape heterogeneity in the surrounding landscape (even within 250
m of managed fields) can strongly buffer against the negative effects of in-field management
intensity on species filtering (Gamez-Virués et al., 2015; Perovi¢ et al., 2015). The extent to
which resources are limited (i.e., level of landscape heterogeneity) within a landscape will
dramatically affect the impact of local plant diversity on biological control agents (Jonsson,
Straub, Didham et al., 2015), and is expected to interact strongly with species dispersal ability
(Tscharntke et al., 2012). Local plant diversity describes the availability of resources proximate
to cropping areas, and therefore represents resources available for species with limited dispersal
ability. The dispersal ability of species is, therefore, expected to be a trait of primary importance
in the variation of arthropod response to landscape level patterns and in-field management
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intensity and local plant diversity (Table 2). Potentially interacting with this is the degree to
which species must separate their activities, for example, parasitic wasps may need to switch
between host-location, within the crop, and nectar-location outside the crop (Wéckers, 2008).
These resources need to be more or less co-located for parasitic wasps, given their dispersal

limitations.
(5)Future directions

(a) Response Traits

Trait research for arthropods is in its early stages, and available traits are not always tested for
functional importance, nor based on standardized measurements. Rather, functions are often
inferred from easily measured characteristics (i.e. soft traits sensu Nock et al., 2016). Body size,
for example, is a presently ambiguous arthropod trait. Body size is readily available from
taxonomic descriptions of species and often used as a proxy for dispersal ability, but may also be
reflective of other functions, including dietary requirements (Chown & Terblanche 2007).This is
reflected in the apparent interaction between the response of body size to in-field management
intensity and landscape heterogeneity (Gamez-Virués et al., 2015). Additional traits should be
considered in concert with body size in its role as a response trait, for example, wing length (or
wing length to body size ratio) and dispersal mode, or (standardized) metabolic rate, depending
on the process of interest.

The traits outlined above (and summarized in Table 2) represent expected functional links with
biological control, and offer a starting point for testing these relationships, along with interacting
and confounding traits. Consideration should be given to the expected relationship between trait
distribution and ecosystem function. CWM of feeding specialization, for example, is expected to
decrease (representing greater proportions of feeding generalists) with increasing in-field
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management intensity, representing a shift in the dominant state in this trait. A parallel shift
(decrease) in functional diversity (FDvar) would also describe homogenization and decreased
response diversity in the community. Similarly, in-field management intensity is expected to lead
to increases in CWM for life-history traits, such as voltinism and annual rhythms, as species with
more generations per year and longer activity periods have more opportunities to avoid or
recover from disturbances (see Table 2 for details on other traits).

Presently, a number of arthropod natural enemy taxa have burgeoning trait databases dedicated
specifically to them (hoverflies, Speight, Castella, Obrdlik, et al., 2011; carabids, Homberg,
Homberg, Schifer, et al., 2013; ants, Bertelsmier, Luque, Confais & Courchamp, 2013; Parr,
Dunn, Sanders, et al., 2016; soil invertebrates, including spiders, Pey, Laporte & Hedde, 2014),
these offer opportunities for empirical studies to test the functional importance of available traits.
Currently available traits for arthropods, however, tend to be based on generalizations for species,
which may miss the individual level variation: intra-specific variation, responsible for functional
differences (Bolnick, Amarasekare, Araujo, et al., 2011; Violle, Enquist, McGill, et al., 2007). As
trait research moves forward, it has been advocated that such variation be accounted for, by
directly measuring collected specimens following standardized protocols (Moretti et al., 2017).
Moretti et al., (2017) identify morphological, feeding, life history, physiological and behavioural
traits thought to be functionally important for, and generalizable across, all terrestrial
invertebrates, and offer standardized guidelines for measuring these; this handbook should act as
a guide to unite future trait research for arthropods. It should be noted that a major advantage
offered by a trait-based approach is the transferability and escaping context-dependence for
studies within specific regions or localities (McGill, et al., 2006; Hortal, de Bello, Alexandre, et

al., 2015); as trait measures are not presently based on standardized protocols, this currently
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limits applicability in this regard (Moretti et al., 2017).

Additional traits that explain more-specific physiological mechanisms responsible for different
environmental tolerances in arthropods have also been identified in the literature (in addition to
those listed in Moretti et al., 2017). Leonhardt, Wallace, Bliithgen et al., (2015), for example,
measured cuticular characteristics to explain desiccation resistance (and predation resistance).
Molecular characteristics, such as sensitivity and adaptability to agro-chemicals represent an
interesting opportunity for future trait categorization (e.g., Liess, Schifer & Schriever 2008; and
see Van den Brink, Baird Baveco & Focks, 2013, for approaches to aquatic systems), as do
holobiont-associated traits that consider microbial symbionts of insects in identifying
environmental responses, such as heat resistance (and trophic interactions with plants and
parasites) (e.g., Feldhaar, 2011).

(b) Environmental Filters

We suggest that the interpolative power of landscape level environmental filters could be
advanced in a number of ways. Firstly, landscape compositional and configurational
heterogeneity may also drive the diversity of the plant community, although the scale of
landscape effects on plants is perhaps reduced compared with arthropods (Nathan, 2006). As
arthropod diversity and community structure are highly dependent on plant communities, this
should be considered an important mechanism to explain arthropod patterns as well. Defining
changes in plant diversity across the landscape is challenging both statistically (but see
Matthiopoulos, Hebbelewhite, Aarts et al., 2011) and logistically (but see Moretti et al., 2013),
especially given the emphasis on avoiding spatial-autocorrelation. Secondly, defining landscapes
from an anthropocentric point of view (in terms of heterogeneity) may miss the dominant

features or specific resources essential to certain taxa. Even within the same taxon, there may be
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very distinct differences in habitat requirements, such is the case for hoverflies, where some
species have aquatic larvae, and so water bodies are highly important, but not so for those
species with predacious larvae. Species, thus, may be grouped according to their habitat
requirements, as those with similar habitat requirements can be expected to respond to the
landscape, and landscape-change, in similar ways (Fahrig et al., 2011; Perovi¢ et al., 2015).
Detailed habitat requirement data are readily available in trait databases for hoverflies
(syrphthenet.net, Speight, Castella, Obrdlik et al., 2011) and carabids (carabids.org, Homburg,
Homburg, Schifer et al., 2013), among natural enemies these taxa offer a starting point for
developing functional land-use maps that reflect habitat usage to better understand the role of
landscape level filters.

Furthermore, the interaction between environmental filters operating at different spatial scales,
lends itself neatly to community assembly models (sensu Leibold, Holyoak, Mouquet, et al.,
2004). The role of in-field management intensity and local plant diversity, representing a patch
dynamics view (niche theory), can be investigated using traits related to disturbance adaptations
(e.g., body size, feeding specialization, age at maturity, dispersal tendency, annual rhythm) and
habitat-requirements. Species sorting (colonist—competitor trade-offs) can be addressed by
monitoring dominance by colonist (e.g., via age at maturity, dispersal mode) versus competitor
type traits (e.g., relative growth rate, clutch size, parity, life-span, reproductive mode, voltinism).
Mass-flow effects can be addressed by incorporating functional land cover maps and assessing
the degree of functional connectivity (based on habitat requirement data for species expected to
respond to the landscape in a similar way, e.g., see Fahrig et al., 2011), and with reference to
traits related to dispersal (e.g., body size and dispersal mode). In this regard, spatial connectivity

networks (e.g., graph theory), can elegantly model meta-population dynamics by incorporating
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patch quality and connectivity based on functional landscape arrangement (e.g., cost-distance)
and species specific dispersal ability (Urban & Keitt, 2001). To date only single community-
assembly processes have been assessed in such a fashion (Martin-Queller & Saura, 2013), but
graph models could be adapted to incorporate all competing processes. Furthermore, with or
without graph models, understanding species sorting processes can be complemented by
studying interaction networks (e.g., Schleuning, Friind & Garcia, 2015; Ibafiez, Arane &

Lavergne, 2016).

III. TRAITS UNDERPINNING INTERACTIONS BETWEEN TROPHIC
LEVELS

(1) Response to plant defence

Plant characteristics associated with defence against herbivores have direct effects on natural
enemies (Bottrell & Barbosa, 1998; Parolin, Bresch, Poncet et al., 2012). Characteristics that
translate into easily measured traits include the presence of physical defences such as trichomes
and cuticular waxes; trichomes, for example, have been shown to negatively affect natural
enemies (Simmons & Gurr, 2004).

Plant volatiles are often cited in plant—natural enemy interactions (e.g., Turlings & Wickers,
2004), especially for their role in herbivore-induced defence signalling (herbivore-induced plant
volatiles, HIPV) (e.g., Simpson, Gurr, Simmons ef al., 2011). The plant volatiles produced vary
depending on the type of pest-damage experienced, suggesting that specific natural enemy
responses may be prompted (and have therefore co-evolved) (McCormick, Unsiker &
Gershenzon, 2012). More evidence, however, is needed to generalize these relationships in terms

of traits, which cannot already be inferred through parasitoid host-specificity (McCormick et al.,
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2012; Vet, Wickers & Dicke, 1991). Potential exists for future work in categorizing and
generalizing natural enemy responses to chemical signals produced by different plants (and
plants by their chemicals signatures), and identifying natural enemy traits that may predict
responses to chemical signals, for example, antennal responses (see below for flower volatiles).

(2) Response to plant structure

Although the provision of floral resources is the benefit most-generally emphasised for natural
enemies (Ramsden, Menéndez, Leather ef al., 2014), structural complexity of plants may be an
important plant trait for future focus for biological control studies. Plant structure has been
linked with predation efficiency and reduced intra-guild predation (e.g., Desneux & O'Neil, 2008;
Finke & Denno, 2006). Spiders, for example, are often highly abundant in agricultural systems
and, given their partitioning of niche space and hunting modes, represent the textbook example
of complementarity in biological control (Schmitz, 2008), the structural complexity of local plant
communities could, therefore, be expected to be highly influential in inter- and intra-guild
interactions involving such taxa (Figure 2c¢).

(3) Response to floral resources

Exploitation of floral-resources by natural enemies represents the area in which trait linkages
have been best established for biological control (Wickers & van Rijn, 2012). Traits driving
links between flowers and flower-visitors are also well established in the pollinator literature,
offering future insights for flower-visiting biological control agents. Links between flowers and
flower-visitors can be summarised under three mechanisms: attraction to flowers, access to floral
resources, and nutritional suitability of the reward provided. It should be noted here, that while
trait linkages are better established for certain natural enemies, utilization of flowers and flower

resources have been recorded for most groups of natural enemies, including spiders (see Nyffeler,
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etal., 2016).

(a) Attraction

Much of the literature dealing with the benefits of floral resources for natural enemies has been
concerned, primarily, with attraction to flowers in the field and under laboratory conditions — and
focused generally on singular traits. Attraction to colour has often been tested for natural enemies;
yellow has generally been found to be favoured over other colours (Figure 2c). Care should be
taken when interpreting results from the literature, however, as attraction to trap colour is
generally tested, rather than to flower colour, and responses vary depending on the physiological
state of the insect (Maredia, Gage, Landis et al., 1992; Mitsunaga, Shimoda, Mukawa et al.,
2012; Wéckers, 1994; Wickers, Bjornsen & Dorn, 1996).

Floral olfactory cues have also received a substantial level of attention in laboratory trials
(Wickers, 2004; Wickers & van Rijn, 2012). These efforts, however, have not focused on
developing chemical signatures to define attraction for particular species or functional groups of
natural enemies. As with plant defence chemicals, we see potential for pursuing a trait-based
approach to generalize natural enemy responses (at the community level) to plant volatiles and
flower odour, rather than continuing in cataloguing specific pairs of plants—arthropod species
interactions.

Much of the work at the field level has attempted to establish attraction to flowers by
demonstrating changes in abundance of natural enemies in the proximity of resource plants.
Abundance of insects on flowers (or in the proximity to flowers), however, is a result of
attraction plus retention; the influence of each of these aspects needs to be carefully controlled
(Wickers & van Rijn, 2012). In one of the few studies to explicitly assess the plant traits when

monitoring natural enemy attraction and retention, Fiedler and Landis (2007b) showed that
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abundance of natural enemies, at the community level (across various taxa), is strongly linked
with blooming, total area in bloom, peak bloom timing, and maximum height of flowers and,
also, decreased (average) corolla width; the latter is linked with nectar access (as described
below) (Figure 2c¢). We suggest that this approach should act as a model for future trait-based
field studies in assessing the benefits of local plant diversity for biological control agents.
Linking plant traits in this way to arthropod traits (rather than species abundance), would be the
logical next step. Ultimately, this should also include a measure of biological control efficiency
within and adjacent to floral resources, and the extent to which these effects are landscape-
context dependent.
(b) Access
Flower—pollinator co-evolution has seen the development of various mechanisms to limit
exploitation of floral rewards by ‘non-target’ flower-visitors, and access to floral resources may
be denied to some visitors due to flower morphology (Wickers & van Rijn, 2012), temporal
availability, competition with other flower-visitors (Waickers, 2005), and even due to the
chemical properties of the nectar and pollen (Winkler, Wackers, Kaufman et al., 2009) (Figure
2¢).

(i) Traits linking floral and arthropod morphology
Matching head capsule width of natural enemies with corolla width of flowers, is a well-
established factor in limiting nectar access (e.g., Baggen, Gurr & Meats, 1999) (Figure 2c).
Corolla depth also appears to be of critical importance. Van Rijn and Wickers, (2016) identified
a critical value (1.6 mm), above which hoverflies appear not to be able to access nectar sources
(for Asteraceae, this threshold was even smaller). Critical values of a width-to-depth ratio may

also be worth investigating, in concert with behavioural characteristics of flower-visitor species,
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including tendency to resist entering flowers with deep nectaries, even if not limited by corolla
width (as observed by Vattala, Wratten, Phillips et al., 2006, c.f- Baggen et al., 1999). Hairs on
the style and ovary may represent additional limitations to nectar access, despite matching
mouthpart and nectary depth (Baggen et al., 1999).

Tendency for nectar to spill onto the petals (e.g., due to orientation Wickers & van Rijn, 2012),
or to rise up the stamen (Belevadi, Venkateshalu & Vivek, 1997) may be additional plant traits
worth noting. Finally, some biological control agents with biting mouthparts are known to chew
through petals to expose nectaries (Idris & Grafius, 1997; Inouye, 1983), which may benefit
other nectar feeders (Inouye, 1983). Such traits may help to explain apparently idiosyncratic
results of nectar benefits. Flowers, however, are not the only source of nectar for flower-visitors;
plants with extra-floral nectaries are often advocated as nectar-resources (most notably
Centaurea cyanus, certain Vicia species, and several Rosaceae), because nectar access is not
limited by morphological features of these plants.

(ii) Activity period

An overlap in activity period (diurnal and annual rhythm) between biological control agents and
plants is essential if floral resources are to benefit biological control delivery (Figure 2c). Several
studies have demonstrated significant differences in natural enemy abundance before and after
blooming (e.g., Fiedler & Landis, 2007a; Stephens, France, Wratten et al., 2005). Ensuring there
is diversity in flowering time within the plant community (increased FDvar for annual rhythm of
blooming), has been advocated as a means of providing natural enemies with continuing
exposure to floral resources (Rebek et al., 2005; Vattala et al., 2006). In this respect, Wackers
(2005), points out that honeydew and extra-floral nectar are often also available outside the

limited flowering period, although generally honeydew is an inferior diet for natural enemies.
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(iii) Competition

Access to floral resources may be further limited through competitive exclusion (Wéckers, 2005;
Waickers & van Rijn, 2012). Competition with larger pollinators may drive natural enemies away
from generally accessible flowers (Campbell, Biesmeijer, Varma, et al., 2012). Therefore, the
broader assemblage of flower-visitors within the landscape may be an important variable in
explaining the benefits of nectar rewards for biological control efforts. It is well established, for
example, that bumblebees interfere with access to flowers for hoverflies (Wiackers & van Rijn,
2012), who in turn out-compete some butterflies for nectar sources (Wickers, 2005). To some
extent, evolutionary adaptations may have led to resource partitioning within the flower-visitor
community, temporal partitioning (or temporal avoidance) can be observed in the activity time
(diurnal) of hoverflies, when bumblebees are less active, and in lacewings, nocturnally, when
hoverflies are inactive (Wickers, 2005; Wickers & van Rijn, 2012). Matching diurnal activity
time of nectar production and animal foraging should therefore be considered for trait linkages
between arthropod and plant communities (Figure 2c).

Competition for resources amongst the broader community asks which response traits will be
favoured. If local plant-diversity is represented only by floral resources that are favourable to
natural enemies (small accessible flowers, e.g., low CWM for corolla depth), then natural
enemies may be forced to compete amongst themselves for access to such flowers. Campbell et
al., (2012), observed that while hoverflies are not out-competed by bumblebees for access to
preferred flowers (regardless of the mix of short and long corolla flowers), and that bumblebees
did not visit short corolla flowers, parasitic wasps may be disadvantaged by competition with
bumblebees and hoverflies when a mix of short and long corolla flowers are present.

There is much empirical evidence to suggest that diversity of floral resources strongly drives
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diversity of flower-visitors. Nectar-volume diversity among flowers, for example, best explains
flower-visitor diversity (e.g., hoverflies, tend to specialise on flowers with low volumes, Potts,
Vulliamy, Roberts et al., 2004). Pollinators, in general, tend to partition resource usage in the
face of competition, when a choice of flowers is available (Friind, Dormann, Holzschuh et al.,
2013). The functional diversity of floral resources and the functional diversity of the entire
flower-visitor community, not just natural enemies, should therefore be considered when
assessing the impact of local plant diversity on natural enemies under a trait-linkages perspective.
(c) Reward

Nectar composition has also been identified as a plant trait that is linked with trophic-response.
Parasitoids, for example, are thought to prefer sucrose-dominant nectar (Baker & Baker, 1983).
Sucrose-to-hexose ratio has been demonstrated to be linked with increasing longevity from
nectar feeding in some parasitoids (Vattala et al., 2006), while extremely low sucrose-to-hexose
ratio nectars (so called hexose-dominant) may provide less benefit to longevity and this may
outweigh, and negate, other trophic linkages (such as nectary width versus parasitoid head width).
There is, perhaps, a continuum for the relationship between parasitoid longevity benefits and
sugar ratios (Vattala et al., 2006), and it has become clear that these responses may vary between
species (Tompkins, Wratten & Wéckers, 2010; Lenaerts, Abid, Paulussen, et al., 2016). While
sucrose-rich nectar has also been identified as favourable for Lepidoptera (commonly the target
of biological control initiatives), hexose-rich nectars have been identified as unfavourable
(Rogers, 1985). Additionally, nectar concentrations may make some nectar sources selectively
available to natural enemies only. Sucrose concentrations above 40% may only be available for
feeding by natural enemies with mandibular mouthparts but not, for example, for adult

Lepidoptera (Daniel, Kingsolver & Meyhofer, 1989). Finally, certain sugars such as, sucrose,
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fructose and melibiose show strong positive effects on parasitoid longevity (Wickers, 2001),
while others — rhamnose, lactose, galactose and raffinose — show no benefit. Additionally, some
floral resources have also been reported to have negative impacts on parasitoid survival
(Wickers, 2001; Waickers, 2004; Winkler ef al., 2009); mainly as a result of attraction without
accessible reward, or potentially toxic effects (Adler, 2001). Future research should be focused
towards more generalizable responses across a wider variety of natural enemy taxa.
Incorporating the interaction of floral attraction and sugar chemistry should also be included in
trait-linkage studies. Although open flowers tend to be hexose rich, the additional consideration

of this trait may still more accurately explain natural enemy responses across the community.
(4) Future directions

We propose to focus future research towards more generalizable responses to plant traits across a
wider variety of natural enemy taxa. Potential exists in categorizing and generalizing natural
enemy responses to chemical signals and including plant defence chemicals and HIPVs, flower
width-to-depth ratio, and interactions between floral attraction and nectar composition. These
categories should ultimately be linked to natural enemy traits (physiological, morphological or
behavioural) that can, also, be relatively easily measured (e.g., antennal response, mouthparts,
etc.).

Overall, we see great potential for biological control from focusing on plant traits, rather than
simply identifying specific associations. Again, reference to the pollinator literature may offer
potential to fill information gaps for traits. Intra-varietal variation in flower volatiles in
strawberries, for example, has been shown to be closely linked with antennal response of bees,
and to explain differences in flower visitation (Klatt, Burmeister, Westphal ef al., 2013). Further,
Binkenstein, Renoult & Schaefer (2013) showed that in-field management intensity strongly
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interacts with expression of flower colour, which in turn significantly affects flower visitation.
Additionally, pollinator syndromes have been identified (e.g., as summarized in Rosas-Guerrero,
Aguilar, Martén-Rodriguez et al., 2014), which categorize associations between plants and
flower-visitors. These syndromes identify detailed traits such as specific colours, odour types,
diurnal pattern in opening times, shape, and orientation of flowers linked with dipteran,
hymenopteran, coleopteran, and other pollinator taxa. Although many natural enemies may not
necessarily be primary pollinators, secondary pollinators are also thought to be important for
setting the limits (through evolutionary processes) of accessibility to nectar and pollen rewards
provided by flowers (Rosas-Guerrero et al., 2014), and their characteristics may be expected to
be linked with those of the flowers they visit.

Studies that correlate representative traits of plant communities with arthropod communities
under field conditions (such as Fiedler & Landis, 20075) should act as a model for future trait-
based field studies in assessing the benefits of local plant diversity for biological control agents.
For example, decreased CWM of corolla depth (and also width), reflecting that the plant
community is dominated by flowers accessible for natural enemies, is expected to be linked with
visitation by natural enemies, and therefore conservation and delivery of biological control
services. Increased FDvar of corolla width is also important in avoiding competitive exclusion
between natural enemies. Increased FDvar of blooming period (annual rhythm) is also expected
to favour natural enemies through increased temporal availability of floral resources, but
complementary in annual rhythms (e.g., CWM centred on the same Julian months) may be more
influential. Shifts in CWM of body size across the entire flower-visitor community, which reflect
dominance of bees, for example, should also be considered when investigating the functional

role of flowers in terms of benefits to natural enemies and biological control (see Table 2 for
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details on other traits). Incorporating traits of the wider non-predator arthropod community for
explaining interactions with biological control, may also be appropriate for ants. Traits that
describe feeding guild (predators versus non-predators, i.e., mandibular tooth length), are filtered
by habitat, so too are traits related to aphid tending (i.e., number of maxillary palp segments and
scape length) (Yates, Andrew, Binns & Gibb, 2014), which may be antagonistic to biological
control. Overall, additional attention should be given in such studies to identifying ecosystem

service delivery associated with each community.

IV. EFFECT TRAITS RELATED TO ECOSYSTEM SERVICE
DELIVERY OF BIOLOGICAL CONTROL

(1) Biological control potential

The ultimate goal of understanding trait-linkages is to improve ecosystem service delivery. Traits
that define effective biological control agents have been suggested in the literature, and a trait-
linkages perspective offers an opportunity to assess the relative importance of these. Balmer,
Géneau, Belz ef al., (2014), suggest, for example, that predators and egg parasitoids offer more
effective biological control as they immediately prevent further herbivory, in contrast to larval
parasitoids that keep the host alive to prolong nutrient assimilation (it should be noted, however,
that this is not the case for idiobionts, which paralyze the host). Beyond feeding guild, feeding
specialization has been shown to have stronger effect, for example, on biological control of
aphids, for both predators and parasitoids (Figure 2d). Diehl, Serada, Wolters & Birkhofer, (2013)
show biological control to be most effective in specialist predator communities (and
communities containing specialist, versus generalist only communities), and to have differing but

additive effects depending on aphid host plant. The specialist advantage of parasitoids has also
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been shown to be linked to host traits (Gagic et al., 2016; described in more detail below).

Body size diversity (FDvar) of predators has been identified as a key factor in increasing pest
suppression (Rudolf, 2012), suggesting the mechanism of ‘interactive complementarity’ (Friind
et al., 2013) (Figure 2d). This may be driven by relative body sizes of predators and prey
(allometry, see Schneider, Scheu & Brose, 2012; Brose 2010) in describing predator handling
efficiency, or the relative body size of predators in encouraging complementarity and in avoiding
intra-guild predation (Rusch, Birkhofer, Bommarco, et al., 2015). Overlap in predator body size
between taxa (e.g., spiders and carabids) has been suggested to be key for avoiding intra-guild
predation; a community dominated by larger members of one taxa, may have negative
implications for the other predator taxa (Rusch et al. 2015). Schmitz (2008) reviewed the multi-
predator literature and suggested two traits that determine predator complementarity: habitat
domain (extent of usage of micro-habitat) and hunting mode (Figure 2d). At the landscape level,
dispersal ability and density dependant response to prey have been predicted as key traits to drive
pest suppression, as they are thought to be more stable across different landscape heterogeneity
scenarios (Bianchi, Schellhorn, Buckley et al., 2010) (Figure 2d).

Interactions within the natural enemy assemblage are known to strongly affect biological control
services. Although increased natural enemy diversity has sometimes been described as
idiosyncratic in its relationships with pest suppression, a trait-based perspective can reveal the
mechanism that drive the otherwise indiscernible positive, negative and neutral interactions that
may occur (reviewed in Straub et al., 2008). Rough categorization of natural enemies, for
example, as ‘specialist parasitoids’ may be uninformative, and traits such as prey preference,
micro-habitat usage, preference to prey density, and phenology should be considered to better

understand redundancy and complementary (Rosenheim & Corbett, 2003; Straub et al., 2008)
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along with body size distribution in the community (Rusch et al., 2015).

Further, prey body size and dispersal ability are thought to be related, and to interact with
hunting mode in their impact on intra-guild predation and implications for herbivore suppression
(Diehl, 1993). This is also true for parasitoids, but under a different mechanism (Rosenheim &
Harmon, 2006), for example, egg parasitoids tend to be minute and pupal parasitoids relatively
large. Gagic, et al., (2016) identify aphid traits including feeding specialization, reproductive
mode, body size, habitat specialization, host plant, aggregation, tendency to drop and ant tending
(myrmecophily) influence parasitoid success, and interact with parasitoid host specialization.
Further herbivore traits, such as ‘hairiness’ and colouration, related to defence (Moretti et al.
2017), are expected to link with natural enemy specialization, and cuticle thickness (Leonhardt,
et al., (2015) to link with ‘biting force’ and mouthpart morphology (Moretti et al. 2017) (Figure
2d).

(2) Future directions

While field studies tend to focus on assessing abundance of natural enemies, their conservation is
not equal to biological control service delivery (MacFadyen, Davies & Zalucki, 2015). Although
the impact of natural enemies on pest populations is often neglected in field studies, assessing
biological control services is not an exceedingly challenging venture. This is becoming
increasingly more feasible (see MacFadyen ef al., 2015, for techniques to quantify natural enemy
impact), and it is a highly important step in predicting biological control services.

Overall, assessing biological control services and ultimately linking this to yield (Liere, Kim,
Werling et al., 2015) and financial cost-benefits (e.g., Classen, Peters, Ferger et al., 2014; Gurr
et al., 2016; Maas, Clough & Tscharntke, 2013) is a step that is sorely missing from most
biological control studies (Bommarco et al., 2013). Trait-linkages approaches offer a model for
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expanding our understanding of this whole-system process. FDvar for hunting modes, across the
natural enemy community, for example, is expected to reflect niche complementary and lead to
increased biological control delivery, and decreased intra-guild predation (along with
overlapping body size distribution within the predator community, e.g., similar CWM across
taxa). Increased FDvar may be especially important in taxa with clear demarcations in hunting
mode and habitat domain, such as spiders, and also parasitoids, which are often very much stage
specific. Links between body size of herbivores and natural enemies are also expected to reflect

biological control potential (Table 2).

V.  MANAGEMENT IMPLICATIONS

Intensified local management practices, including local monoculture, are linked with dominance
by generalist predators, and filtering-out of specialists and parasitoids, leading to decreased
response diversity in natural enemy communities (Gamez-Virués et al., 2015; Root 1973) (Figure
2b). This filtering does appear to be buffered, however, by increased landscape heterogeneity,
especially compositional heterogeneity (the diversity of land uses) (Gamez-Virués et al., 2015).
The benefits of increased local plant diversity for encouraging biological control agents are also
contingent on landscape heterogeneity (Jonsson ef al., 2015). Habitat management practices
aimed at increasing local plant diversity (Landis et al., 2000), should be guided by matching
traits of the plant community with traits of targeted natural enemies, for example, plant
communities with smaller, open flowers and covering a broad flowering period (Fiedler &
Landis 2007b) (Figure 2c). Ultimately, however, environmental filtering of response traits
determines the community of natural enemies available to deliver biological control services, and
landscape compositional heterogeneity appears to be the environmental filter most strongly
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responsible for response diversity in the arthropod natural enemy community, as it moderates

other filters (Figure 2b-d).

VI. CONCLUSIONS

(1) Conservation biological control studies can be adapted to the multi-trophic response—
effect model, and stand to benefit from a deeper understanding of the underlying mechanisms
that drive both natural enemy conservation and biological control delivery. Typically, such
studies aim at conserving natural enemies by reducing mortality factors related to management,
which can be best identified via environmental response traits (e.g., following Gamez-Virués et
al., 2015; Perovi¢ et al., 2015) (Table 1), but also by encouraging natural enemy activity, for
example, through habitat management (Landis et al., 2000).

(2) An important component of habitat management efforts is to identify the right type of
diversity in the local plant community to encourage natural enemies (Landis et al., 2000).
Matching trophic response traits, of arthropods, with trophic effect traits, of plants, offers great
opportunities to identify the types of flower mixes, for example, that offer the greatest benefit to
biological control agents (Fiedler & Landis, 2007b). Environmental response traits of the plants
considered for habitat manipulation should also be considered, to identify, for example, species
that will tend to thrive under different local management practices (Moretti ef al., 2013), as this
is likely a limiting factor in the success of any such flower mix (Fiedler & Landis, 2007a).
Ultimately, conservation biological studies should include a final step of following natural
enemies into crops and assessing biological control. Emphasis on functional diversity (e.g., traits

identified by Straub et al., 2008) (Table 2) offers the most complete picture.
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3) Traits highlighted in Table 2 are suggested as a starting point for future studies;
consideration should be given to the underlying ecological mechanism when identifying focal
traits and the expected (statistical) responses. Consideration needs to be given to whether
ecological interactions are expected to be related to the dominant state of a trait within the
community (as measured with CWM) or by diversity in that trait (FDvar). Traits may also
interact or have confounding effects, such as body size, which may represent both dispersal
ability and also nutritional requirements (among others things, Table 2), and may appear to give
idiosyncratic responses unless considered in concert with other appropriate traits. Given,
however, that body size is most easily measured, and therefore the most widely available trait for
arthropods, it is likely to continue to be predominant in the literature.

4) Finally, we suggest that functional diversity studies for arthropods stand to benefit from
the development of readily available traits databases, as this has been key in the success of trait-
based studies for plants (Levine, 2015; Moretti et al. 2017). Consolidation of existing traits, and
communication of those emerging traits, should also become a priority in future biological

control research.

VII. ACKNOWLEDGEMENTS

SGV conceived the review; DJP wrote the paper. DJP to FW order equals credit; GMG to ND
equal contribution. We thank two anonymous reviewers for their invaluable comments and
suggestions. SGV & DJP were supported by National Natural Science Foundation of China (No.
31230061 and No. 31320103922). GMG is supported by the National Thousand Talents
Fellowship and the Advanced Talents of SAEFA in China. ND was supported by the project
EUCLID (H2020-SFS-2014, grant number: 633999). Support for DAL was provided by the NSF

32



744

745

746

747

748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788

Long-term Ecological Research Program (DEB 1027253) at the Kellogg Biological Station and

by Michigan State University AgBioResearch.

VIII. REFERENCES

ADLER L. S. (2001). The ecological significance of toxic nectar. Oikos 91, 409-420.

ALLAN, E., BOSSDORF, O., DORMANN, C. F., PRATI, D., GOSSNER, M. M., TSCHARNTKE, T., BLUTHGEN, N.,
BELLACH, M., BIRKHOFER, K., BOCH, S., BOHM, S., BORSCHIG, C., CHATZINOTAS, A., CHRIST, S., DANIEL,
R., DIEKOTTER, T., FISCHER, C., FRIEDL, T., GLASER, K., HALLMANN, C., HODAC, L., HOLZEL, N., JUNG,
K., KLEIN, A-M., KLAUS, V. H., KLEINEBECKER, T., KRAUSS, J., LANGE, M., MORRIS, E. K. MULLER, J.,
NACKE, H., PASALIC, E., RILLIG, M. C., ROTHENWOHRER, C., SCHALL, P., SCHERBER, C., SCHULZE, W.,
SOCHER, S. A., STECKEL, J., STEFFAN-DEWENTER, I., TURKE, M., WEINER, C. N., WERNER, M., WESTPHAL,
C., WOLTERS, V., WUBET, T., GOCKEL, S., GORKE, M., HEMP, A., RENNER, S. C., SCHONING, I., PFEIFFER,
S., KOING-RIES, B., BUSCOT, F., LINSENMAIR, K., E., SCULZE, E-D., WEISSER, W. W., & FISCHER, M.
(2013). Interannual variation in land-use intensity enhances grassland multidiversity. Proceedings of the
National Academy of Sciences 111, 308-313.

BAGGEN L. R., GURR, G. M. & MEATS, A. (1999). Flowers in tri-trophic systems: mechanisms allowing selective
exploitation by insect natural enemies for conservation biological control. Entomologia Experimentalis et
Applicata 91, 155-161.

BAKER H. G. & BAKER, I. (1983). Floral nectar sugar constituents in relation to pollinator type. In Handbook of
Experimental Pollination Biology (ed. C. E. Jones and R. J. Little), pp. 117-141. Van Nostrand Reinhold,
New York.

BALMER O., GENEAU, C. E., BELZ, E., WEISHAUPT, B., FORDERER, G., M0OS, S., DITNER, N., JURIC, I. & LUKA, H.
(2014). Wildflower companion plants increase pest parasitation and yield in cabbage fields: experimental
demonstration and call for caution. Biological Control 76, 19-27.

BATARY P., BALDI, A., SZEL, G., PODLUSSANY, A., ROZNER, I. & ERDOS, S. (2007). Responses of grassland
specialist and generalist beetles to management and landscape complexity. Diversity and Distributions 13,
196-202.

BELEVADI V., VENKATESHALU, V. & VIVEK, H. R. (1997). Significance of style in cardamom corolla tubes for
honey bees. Current Science 73, 287-290.

BERELSMEIER C., LUQUE, G. M., CONFAIS, A. & COURCHAMP, F. (2013). Ant Profiler — A database of ecological
characteristics of ants (Hymenoptera: Formicidae). Myrmecological News 18, 73-76.

BiaNcHI F. J. J. A., SCHELLHORN, N. A., BUCKLEY, Y. M. & POSSINGHAM, H. P. (2010). Spatial variability in
ecosystem services: simple rules for predator-mediated pest suppression. Ecological Applications 20, 2322-
2333.

BINKENSTEIN J., RENOULT, J. P. & SCHAEFER, H. M. (2013). Increasing land-use intensity decreases floral colour
diversity of plant communities in temperate grasslands. Oecologia 173, 461-471.

BIRKHOFER K., BIRD, T., BILDE, T., & LUBIN, Y. (2014). Spatial patterns of social spider colonies in Namibia reflect
habitat features and dispersal modes. Transactions of the Royal Society of South Africa 69, 157-163.
BIRKHOFER K., WOLTERS, V., & DIEKOTTER, T. (2014). Grassy margins along organically managed cereal fields
foster trait diversity and taxonomic distinctness of arthropod communities. Insect Comnservation and

Diversity 7, 274-287.

BOLNICK D. I., AMARASEKARE, P., ARAUJO, M. S., BURGER, R., LEVEN, J. M., NOVAK, M., RUDOLF, V. H. W.,
SCHREIBER, S. J., URBAN, M. M., VASSEUR, D. A. (2011). Trends in Ecology and Evolution 26, 183-
192.BOMMARCO R., KLEIN, D. & POTTS, S. G. (2013). Ecological intensification: harnessing ecosystem
services for food security. Trends in Ecology and Evolution 28.

33



789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839

BORSCHIG C., KLEIN, M. A., VON WEHRDEN, H. & KRAUSS, J. (2013). Traits of butterfly communities change from
specialist to generalist characteristics with increasing land-use intensity. Basic and Applied Ecology 14,
547-554.

BOTTRELL D. G. & BARBOSA, P. (1998). Manipulating Natural Enemies by Plant Variety Selection and
Modification: A Realistic Strategy? Annual Review of Entomology 43, 347-367.

BRONTE D. & SAASTAMOINEN, M. (2012). Dispersal syndromes in butterflies and spiders. in, Dispersal ecology and
evolution (Eds., Clobert, J., Baguette, M., Benton, T. G., & Bullock J. M.), Oxford Scholarship Online,
pp161-170 doi: 10.1093/acprof:0s0/9780199608898.003.0013

BROSE U. (2010). Body-mass constraints on foraging behaviour determine population and food-web dynamics.
Functional Ecology 24, 28-34.

CAMPBELL A. J., BIESMEIER, J. C., VARMA, V. & WACKERS, F. L. (2012). Realizing multiple ecosystem services
based on the response of three beneficial insect groups to floral traits and trait diversity Basic and Applied
Ecology 13, 363-370.

CHOWN S. L. & TERBLANCHE, J. S. (2007). Physiological diversity in insects: ecological and evolutionary contexts.
Advances in Insect Physiology 33, 50-152.

CLASSEN A., PETERS, M. K., FERGER, S. W., HELBIG-BONITZ, M., SCHMACK, J. M., MAASSEN, G., SCHLEUNING, M.,
KALKO, E. K. V., BOHNING-GAESE, K. & STEFFAN-DEWENTER, 1. (2014). Complementary ecosystem
services provided by pest predators and pollinators increase quantity and quality of coffee yields.
Proceedings of the Royal Society B-Biological Sciences 281, 20133148.

DANIEL T. L., KINGSOLVER, J. G. & MEYHOFER, E. (1989). Mechanical determinants of nectar feeding energetics in
butterflies: muscle mechanics, feeding geometry, and functional significance. Oecologia 79, 66-75.

DE BELLO F., LAVERGNE, S., MEYNARD, C. N., LEPS, J. & THUILLER, W. (2010). The partitioning of diversity:
showing Theseus a way out of the labyrinth. Journal of Vegetation Science 21, 992-1000.

DESNEUX N. & O'NELL, R. J. (2008). Potential of an alternative prey to disrupt predation of the generalist predator,
Orius insidiosus, on the pest aphid, Aphis glycines, via short-term indirect interactions. Bull. Entomol. Res.
98, 631-639.

Dias A. T. C.,, BERG, M. P., DE BELLO, F., VAN OOSTEN, A. R., BiLA, K., & MORETTI, M. (2013). An experimental
framework to identify community functional components driving ecosystem processes and services
delivery. Journal of Ecology 101, 29-37.

DiAz S., KATTGE, J., CORNELISSEN, J. H. C., WRIGHT, I. J., LAVOREL, S., DRAY, S., REU, B., KLEYER, M., WIRTH,
C., PRENTICE, I. C., GARNIER, E., BONISCH, G., WESTOBY, M., POORTER, H., REICH, P. B., MOLES, A. T.,
DICKIE, J., GILLISON, A. N., ZANNE, A. E., CHAVE, J., WRIGHT, S. J., SHEREMET’EV, S. N., JACTEL, H.,
BARALOTO, C., CERABOLINI, B., PIERCE, S., SHIPLEY, B., KIRKUP, D., CASANOVES, F., JOSWIG, J. S.,
GUNTHER, A., FALCZUK, V., RUGER, N., MAHECHA, M. D. & GORNE, L. D. (2016). The global spectrum of
plant form and function. Nature 529, 167-171.

DiAz S., LAVOREL, S., DE BELLO, F., QUETIER, F., GRIGULIS, K. & ROBSON, T. M. (2007). Incorporating plant
functional diversity effects in ecosystem service assessments. Proceedings of the National Academy of
Sciences 104, 20684-20689.

DICKS L. V., VIANA, B., BOMMARCO, R., BROSI, B., DEL CORO ARIZMENDI, M., CUNNINGHAM, S. A., GALETTO, L.,
HiLL, R., LOPES, AV., PIRES, C., TAKI, H. & POTTS, S. G. (2016). Ten policies for pollinators Science 354:
975-976.

DIEHL E., MADER, V. L., WOLTERS, V. & BIRKHOFER, K., (2013). Management intensity and vegetation complexity
affect web-building spiders and their prey. Oecologia 173, 579-589.

DIEHL E., SERADA, E., WOLTERS, V. & BIRKHOFER, K. (2013). Effects of predator specialization, host plant and
climate on biological control of aphids by natural enemies: a meta-analysis. Journal of Applied Ecology 50,
262-270.

FAHRIG L., BAUDRY, J., BROTONS, L., BUREL, F. G., CRIST, T. O., FULLER, R. J., SIRAMI, C., SIRIWARDENA, G. M.
& MARTIN, J.-L. (2011). Functional landscape heterogeneity and animal biodiversity in agricultural
landscapes. Ecology Letters 14, 101-112.

FELDHAAR H. (2011). Bacterial symbionts as mediators of ecologically important traits of insect hosts. Ecological
Entomology 36, 533-543.

34



840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889

FIEDLER A. K. & LANDIS, D. A. (2007a). Attractiveness of Michigan native plants to arthropod natural enemies and
herbivores. Environmental Entomology 36, 751-765.

FIEDLER A. K. & LANDIS, D. A. (2007b). Plant Characterises Associated with Natural Enemy Abundance at
Michigan Native Plants Environmental Entomology 36, 878-886.

FINKE D. L. & DENNO, R. F. (2006). Spatial refuge from intraguild predation: Implications for prey suppression and
trophic cascades. Oecologia 149, 265-275.

FRUND J., DORMANN, C. F., HOLZSCHUH, A. & TSCHARNTKE, T. (2013). Bee diversity effects on pollination depend
on functional complementarity and niche shifts. Ecology 94, 2042-2054.

GAGIC V., PETROVIC-OBRADOVIC, O., FRUND, J., KAVALLIERATOS, G., ATHANASSIOU, C. G., STARY, P. &
TOMANOVIC, Z. (2016). The effects of aphid traits on parasitoid host use and specialist advantage. PLoS
ONE doi: 10.1371/journal.pone.0157674

GAMEZ-VIRUES S., PEROVIC, D. J., GOSSNER, M. M., BORSCHIG, C., BLUTHGEN, N., JONG, H. D., SIMONS, N. K.,
KLEIN, A.-M., KRAUSS, J., MAIER, G., SCHERBER, C., STECKEL, J., ROTHENWOHRER, C., STEFFAN-
DEWENTER, 1., N.WEINER, C., WEISSER, W., WERNER, M., TSCHARNTKE, T. & WESTPHAL, C. (2015).
Landscape simplification filters species traits and drives biotic homogenization. Nature Communications
6:8568.

GRIME J. P. (1998). Benefits of plant diversity to ecosystems: immediate, filter and founder effects. Journal of
Ecology 86, 902-910.

GURR G. M., Lu, Z., ZHENG, X., XU, H., ZHU, P., CHEN, G., YAO, X., CHENG, J., ZHU, Z., CATINDIG, J. L.,
VILLAREAL, S., CHIEN, H. V., CUONG, L. Q., CHANNOO, C., CHENGWATTANA, N., LAN, L. P., HaI1, L. H.,
CHAIWONG, J., NicoL, H. 1., PEROVIC, D. J., WRATTEN, S. D. & HEONG, K. L. (2016). Multi-country
evidence that crop diversification promotes ecological intensification of agriculture. Nature Plants
d0i:10.1038/nplants.2016.14

GURR G. M., WRATTEN, S. D., LANDIS, D. A., & YOU M. (2017). Habitat Management to Suppress Pest Populations:
Progress and Prospects. Annual Review of Entomology 62, 91-109. DOI: 10.1146/annurev-ento-031616-
035050

HANSON H. I., BIRKHOFER, K., SMITH, H. G., PALMU, E., & HEDLUND, K. (2017). Agricultural land use affects
abundance and dispersal tendency of predatory arthropod. Basic and Applied Ecology 18, 40-49.

HaNsoN H. 1., PALMU, E., BIRKHOFER, K., SMITH, H. G. & HEDLUND. K. (2016). Agricultural land use determines
the trait composition of ground beetle communities. PLoS ONE, doi: 10.1371.journal.pone.0146329

HOLLAND J. D., FAHRIG, L. & CAPPUCCINO, N. (2005). Fecundity determines the extinction threshold in a Canadian
assemblage of longhorned beetles (Coleoptera: Cerambycidae). Journal of Insect Conservation 9, 109-119.

HoLT R. D. (2010). Toward a trophic island biogeography: reflections on the interface of island biogeography and
food web ecology. In The Theory of Island Biogeography (ed. J. B. Losos and R. E. Ricklefs), pp. 143-185.
Princeton University Press, Princeton, USA.

HoLt R. D., LAWTON, J. H,, POLIS, G. A. & MARTINEZ, N. D. (1999). Trophic rank and the species—area
relationship. Ecology 80, 1495-1504.

HOLZSCHUH A., STEFFAN-DEWENTER, I. & TSCHARNTKE, T. (2010). How do landscape composition and
configuration, organic farming and fallow strips affect the diversity of bees, wasps and their parasitoids?
Journal of Animal Ecology 79, 491-500.

HOMBURG K., HOMBURG, N., SCHAFER, F., SCHULDT, A. & ASSMANN, T. (2013). carabids.org - A dynamic online
database of ground beetle species traits (Coleoptera, Carabidae). In Insect Conservation and Diversity.

HORTAL J., DE BELLO, F., ALEXANDRE, F., DINIZ-FILHO, J., LEWINSOHN, T. M., LOBO, J. M. & LADLE, R. J. (2015).
Seven shortfalls that beset large-scale knowledge on biodiversity. Annual Review of Ecology, Evolution and
Systematics 46, 523-549.

IBANEZ S., ARANE, F. & LAVERGNE, S. (2016). How phylogeny shapes the taxonomic and functional structure of
plant-insect networks. Oecologia 180, 989-1000.

IDRIs A. B. & GRAFIUS, E. (1997). Nectar-collecting behavior of Diadegma insulare (Hymenoptera:
Ichneumonidae), a parasitoid of diamondback moth (Lepidoptera: Plutellidae). Environmental Entomology
26, 114-120.

35



890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938

INOUYE D. W. (1983). The ecology nectar robbing. In The biology of nectaries (ed. B. Barbara and E. Thomas), pp.
153-173. Columbia University Press, New York.

JONSSON M., STRAUB, C. S., DIDHAM, R. K., BUCKLEY, H. L., CASE, B. S., HALE, R. J., GRATTON, C. & WRATTEN,
S. D. (2015). Experimental evidence that the effectiveness of conservation biological control depends on
landscape complexity. Journal of Applied Ecology 52, 1274-1282.

KEITT T. H., URBAN, D. L. & MILNE, B. T. (1997). Detecting critical scales in fragmented landscapes. Conservation
Ecology 1, 4.

KLATT B. K., BURMEISTER, C., WESTPHAL, C., TSCHARNTKE, T. & VON FRAGSTEIN, M. (2013). Flower Volatiles,
Crop Varieties and Bee Responses. PLoS One 8, €72724.

KRUESS A. & TSCHARNTKE, T. (1994). Habitat fragmentation, species loss, and biological control. Science 264,
1581-1584.

KRUESS A. & TSCHARNTKE, T. (2000). Species richness and parasitism in a fragmented landscape: experiments and
field studies with insects on Vicia sepium. Oecologia 122, 129-137.

KUNSTLER G., FALSTER, D., COOMES, D. A., Hul, F., KooymMAN, R. M., LAUGHLIN, D. C., POORTER, L.,
VANDERWEL, M., VIEILLEDENT, G., WRIGHT, S. J., AIBA, M., BARALOTO, C., CASPERSEN, J.,
CORNELISSEN, J. H. C., GOURLET-FLEURY, S., HANEWINKEL, M., HERAULT, B., KATTGE, J., KUROKAWA,
H., ONODA, Y., PENUELAS, J., POORTER, H., URIARTE, M., RICHARDSON, S., RUIZ-BENITO, P., SUN, L.-F.,
STAHL, G., SWENSON, N. G., THOMPSON, J., WESTERLUND, B., WIRTH, C., ZAVALA, M. A., ZENG, H.,
ZIMMERMAN, J. K., ZIMMERMANN, N. E. & WESTOBY, M. (2016). Plant functional traits have globally
consistent effects on competition. Nature 529, 204-207.

LALIBERTE E. & TYLIANAKIS, J. M. (2012). Cascading effects of long-term land-use changes on plant traits and
ecosystem functioning. Ecology 93, 145-155.

LANDIS D. A., WRATTEN, S. D. & GURR, G. M. (2000). Habitat management to conserve natural enemies of
arthropod pests in agriculture. Annual Review of Entomology 45, 175-201.

LAVOREL S. & GARNIER, E. (2002). Predicting changes in community composition and ecosystem functioning from
plant traits: revisiting the Holy Grail. Functional Ecology 16, 545-556.

LAVOREL S., STORKEY, J., BARDGETT, R. D., DE BELLO, F., BERG, M.-P., LE ROUX, X., MORETTI, M., MULDER, C.,
DiAz, S. & HARRINGTON, R. (2013). Linking functional diversity of plants and other trophic level for the
quantification ecosystem services. Journal of Vegetation Science 24, 941-948.

LEIBOLD M. A., HOYOAK, M., MOUQUET, N., AMARASEKARE, P., CHASE, J. M., HOOPES, M. F., HOLT, R. D.,
SHURIN, J. B., LAW, R., TLIMAN, D., LOREAU, M. & GONZALEZ, A. (2004). The metacommunity concept: a
framework for multi-scale community ecology. Ecology Letters 7, 601-613.

LENAERTS M., ABID, L., PAULUSSEN, C., GOELEN, T., WACKERS, F., JACQUEMYN, H. & LIEVENS, B. (2016). Adult
parasitoids of honeydow-producting insects prefer honeydew sugars to cover their energetic needs. Journal
of Chemical Ecology, 42, 1028-1036.

LEONHARDT S. D., WALLACE, H. M., BLUTHGEN, N. & WENZEL, F. (2015). Potential role of environmentally
derived cuticular compounds in stingless bees. Chemoecology 25, 159-167.

LEVINE J. (2015). A trail map for trait-based studies. Nature, 525, 515-518.

LIERE H., KiM, T. N., WERLING, B. P., MEEHAN, T. D., LANDIS, D. A. & GRATTON, C. (2015). Trophic cascades in
agricultural landscapes: indirect effects of landscape composition on crop yield. Ecological Applications.
Ecological Applications 25, 652-661.

LIESS M., SCHAFER, R. B., SCHRIEVER, C. A. (2008). The footprint of pesticide stress in communities — Species
traits reveal community effects of toxicants. Science of the Total Environment 406, 484-490.

LOSEY J. E. & VAUGHAN, M. (2006). The Economic Value of Ecological Services Provided by Insects. BioScience
56,311-322.

MaaAs B., CLOUGH, Y. & TSCHARNTKE, T. (2013). Bats and birds increase crop yield in tropical agroforestry
landscapes. Ecology Letters.

MACFADYEN S., DAVIES, A. P. & ZALUCKI, M. P. (2015). Assessing the impact of arthropod natural enemies on
crop pests at the field scale. Insect Science 22, 20-34.

36



939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988

MADER V., BIRKHOFER, K., FIEDLER, D., THORN, S., WOLTERS, V., & DIEHL, E. (2016). Land use at different
spatial scales alters the functional role of web-building spiders in arthropod food webs. Agriculture,
Ecosystems and Environment 219, 152-162.

MAREDIA K. M., GAGE, S. H., LANDIS, D. A. & WIRTH, T. M. (1992). Visual response of Coccinella
septempunctata (L.), Hippodamia parenthesis (Say), (Colepotera: Coccinellidae), and Chrysoperla carnea
(Stephens), (Neuroptera: Chrysopidae) to colors. Biological Control 2, 253-256.

MARTIN-QUELLER E. & SAURA, S. (2013). Landscape species pools and connectivity patterns influence tree species
richness in both managed and unmanaged stands. Forest Ecology and Management 289, 123-132.

MATSON P. A., PARTON, W. J., POWER, A. G. & SWIFT, M. J. (1997). Agricultural intensification and ecosystem
properties. Science 277, 504-509.

MATTHIOPOULOS J., HEBBELEWHITE, M., AARTS, G. & FIEBERG, J. (2011). Generalized functional responses for
species distributions. Ecology 92, 583-589.

MCCORMICK A. C., UNSIKER, S. B. & GERSHENZON, J. (2012). The specificity of herbivore-induced plant volatiles
in attracting herbivore enemies. Trends in Plant Science 17, 303-310.

MCcCGILL B. J., ENQUIST, B. J. WEIHER, E. & WESTOBY, M. (2006). Rebuilding community ecology from functional
traits. Trends in Ecology & Evolution 21, 178-185.

MINDEN V. & KLEYER, M. (2011). Testing the effect-response framework: key response and effect traits
determining above-ground biomass of salt marshes. Journal of Vegetation Science 22, 87-401.

MITSUNAGA T., SHIMODA, T., MUKAWA, S., KOBORI, Y., GOTO, C., SUZUKI, Y. & YANO, E. (2012). Color and
height influence the effectiveness of an artificial feeding site for a larval endoparasitoid, Cotesia vestalis
(Haliday) (Hymenoptera: Braconidae). JARQ 46, 161-166.

MORETTI M., DE BELLO, F., IBANEZ, S., FONTANA, S., PEZZATTI, G. B., DzIOCK, F., RIXEN, C. & LAVOREL, S.
(2013). Linking traits between plants and invertebrate herbivores to track functional effects of land-use
changes. Journal of Vegetation Science 24, 949-962.

MORETTI M. Dias, A. T. C., DE BELLO, F., ALTERMATT, F., CHOWN, S. L., AZCARATE, F. M., BELL, J. R,
FOURNIER, B., HEDDE, M., HORTAL, J., IBANEZ, S., OCKINGER, E., SOUSA, J. P., ELLERS, J. & BERG, M. P.
(2017) Handbook of protocols for standardized measurement of terrestrial invertebrate functional traits.
Functional Ecology, 31, 558-567.

NATHAN R. (2006). Long-Distance Dispersal of Plants. Science 313, 786-788.

Nock C. A, VOGT, R.J. & BEISNER, B. E. (2016). Functional Traits. eLS. 1-8. John Wiley & Sons, Ltd: Chichester.
DOI: 10.1002/9780470015902.40026282

NYFFELER M., OLSON, E. J. & SYMONDSON, W. O. C. (2016). Plant-eating by spiders. Journal of Arachnology 44,
15-27.

PAROLIN P., BRESCH, C., PONCET, C. & DESNEUX, N. (2012). Functional characteristics of secondary plants for
increased pest management. International Journal of Pest Management 58, 369-377.

PARR C. L., DUNN, R. R., SANDERS, N. J., WEISER, M. D., PHATAKIS, M., BisHop, T. R., FITZPATRICK, M. C.,
ARNAN, X., BACCARO, F., BRANDAO, C. R. F., CHICK, L., DoNoOS, D. A., FAYLE, T. M., GOMEZ, C.,
GROSSMAN, B., MUNYAIL T., C., PACHECO, R., RETANA, J., ROBINSON, A., SAGATA, K., SILVA, R., R.,
TISTA, M., VASCONCELOS, H., YATES, M. & GIBB, H. (2016). Global Ants: a new database on the
geography of ant traits (Hymenoptera: Formicidae). Insect Conservation and Diversity.
doi:10.1111/icad.12211

PEROVIC D.J., GAMEZ-VIRUES, S., BORSCHIG, C., KLEIN, A.-M., KRAUSS, J., STECKEL, J., ROTHENWOHRER, C.,
ERrASMI, S., TSCHARNTKE, T. & WESTPHAL, C. (2015). Configurational landscape heterogeneity shapes
functional community composition of grassland butterflies. Journal of Applied Ecology 52, 505-513.

PEROVIC D. J., GURR, G. M., RAMAN, A. & NIcOL, H. 1. (2010). Effect of landscape composition and arrangement
on biological control agents in a simplified agricultural system: A cost—distance approach. Biological
Control 52,263-270.

PEY B., LAPORTE, B. & HEDDE, M. (2014). BETSI database http://betsi.cesab.org/

PLECAS M., GAGIC, V., JANKOVIC, M., PETROVIC-OBRADOVIC, O., KAVALLIERATOS, N. G., TOMANOVIC, Z., THIES,
C., TSCHARNTKE, T. & CETKOVIC, A. (2014). Landscape composition and configuration influence cereal

37


http://betsi.cesab.org/

989

990

991

992

993

994

995

996

997

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039

aphid-parasitoid-hyperparasitoid interactions and biological control differentially across years. Agriculture
Ecosystems & Environment 183, 1-10.

PoOTTS S. G., BIESMEUER, J. C., KREMEN, C., NEUMANN, P., SCHWEIGER, O. & KUNIN, W. E. (2010). Global
pollinator declines: trends, impacts and drivers. Trends in Ecology & Evolution 25, 345-353.

POTTS S. G., VULLIAMY, B., ROBERTS, S., O’TOOLE, C., DAFNI, A., NE’EMAN, G. & WILLMER, P. G. (2004). Nectar
resource diversity organizes flower-visitor community structure. Entomologia Experimentalis et Applicata
113, 103-107.

RADER R., BARTOMEUS, I., TYLIANAKIS, J. M. & LALIBERTE, E. (2014). The winners and losers of land use
intensification: pollinator community disassembly is non-random and alters functional diversity. Diversity
and Distributions 20, 908-917.

RAMSDEN M. W., MENENDEZ, R., LEATHER, S. R. & WACKERS, F. (2014). Optimizing field margins for biocontrol
services: The relative role of aphid abundance, annual floral resources, and overwinter habitat in enhancing
aphid natural enemies. Agriculture Ecosystems & Environment 199, 94-104.

RAND T. A. & TSCHARNTKE, T. (2007). Contrasting effects of natural habitat loss on generalist and specialist aphid
natural enemies. Oikos 116, 1353-1362.

REBEK E. J., SADOF, C. S. & HANKS, L. M. (2005). Manipulating the abundance of natural enemies in ornamental
landscapes with floral resource plants. Biological Control 33,203-216.

REISS J., BRIDLE, J. R.,, MONTOYA, J. M. & WOODWARD, G. (2009). Emerging horizons in biodiversity and
ecosystem functioning research. . Trends in Ecology & Evolution 24, 505-514.

RicotTA C. & MORETTI, M. (2011) CWM and Rao’s quadratic diversity: a unified framework for functional
ecology. Oecologia 167, 181-188.

ROGERS C. E. (1985). Extrafloral nectar: entomological implications. Bulletin of the Entomological Society of
America 31, 15-20.

RooOT R. B. (1976). Organization of a plant-arthropod association in simple and diverse habitats: the fauna of
collards (Bassica oleracea). Ecological Monographs 43, 95-124.

ROSAS-GUERRERO V., AGUILAR, R., MARTEN-RODRIGUEZ, S., ASHWORTH, L., LOPEZARAIZA-MIKEL, M., BASTIDA,
J. M. & QUESADA, M. (2014). A quantitative review of pollination syndromes: do floral traits predict
effective pollinators? Ecology Letters 17, 388-400.

ROSENHEIM J. A. & CORBETT, S. A. (2003). Omnivory and the indeterminacy of predator function: can a knowledge
of foraging behavior help? Ecology 84, 2438-2448.

ROSENHEIM J. A. & HARMON, J. P. (2006). The influence of intraguild predation on the suppression of a shared prey
population: an empirical assessment. In Trophic and guild interactions in biological control (ed. J. Brodeur
and G. Boivin), pp. 1-20. Springer, Dordrecht, The Netherlands.

RUDOLF V. H. W. (2012). Seasonal shifts in predator body size diversity and trophic interactions in size-structured
predator—prey systems. Journal of Animal Ecology 81, 524-532.

RosADO B. H. P., Dias, A. T. C. & MATTOS, E. A. (2013). Going back to basics: importance of ecophysiology
when choosing functional traits for studying communities and ecosystems. Natureza & Conservagdo 11, 1-
8.

RUSCH A., BIRKHOFER, K., BOMMARCO, R., SMITH, H. G., & EKBOM, B. (2014). Management intensity at field and
landscape levels affects the structure of generalist predator communities. Oecologia 175, 971-983.

RUSCH A., BIRKHOFER, K., BOMMARCO, R., SMITH, H. G., EKBOM, B. (2015). Predator body sizes and habitat
preferences predict predation rates in an agroecosystem. Basic and Applied Ecology 16, 250-259.

RyaLL K. L. & FAHRIG, L. (2006). Response of predators to loss and fragmentation of prey habitat: a review of
theory. Ecology 87, 1086-1093.

RYTWINSKI T. & FAHRIG, L. (2011). Reproductive rate and body size predict road impacts on mammal abundance.
Ecological Applications 21, 589-600.

SCHLEUNING M., FRUND, J. & GARCIA, D. (2015). Predicting ecosystem functions from biodiversity and mutualistic
networks: an extension of trait-based concepts to plant-animal interactions. Ecography 38, 1-13.

ScHMITZ O. J. (2008). Effects of predator hunting mode on grassland ecosystem function. Science 319, 952-954.

SCHEIDER F. D., SCHEU, S. & BROSE, U. (2012). Body mass constraints on feeding rates determine the
consequences of predator loss. Ecology Letters 15, 436-443.

38



1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090

SECRETARIAT OF THE CONVENTION ON BIOLOGICAL DIVERSITY (2014). Global Biodiversity Outlook 4. Montreal,
Canada: CBD

SETTELE J., FELDMANN, R. & REINHARDT, R. (1999). Die Tagfalter Deutschlands, 1st edition. Ulmer Verlag,
Germany, Eugen Stuttgart.

SHIPLEY B., DE BELLO, F., CORNELISSEN, J. H. C., LALIBERTE, E., LAUGHLIN, D. C. & REICH, P. B. (2016).
Reinforcing loose foundation stones in trait-based plant ecology. Oecologia 180, 923-931.

SIMMONS A. T. & GURR, G. M. (2004). Trichome-based host plant resistance of Lycopersicon species and the
biocontrol agent Mallada signata: are they compatible? Entomologia Experimentalis et Applicata 113, 95-
101.

SIMPSON M., GURR, G. M., SIMMONS, A. T., WRATTEN, S. D., JAMES, D. G., LEESON, G., NicOL, H. I., & ORRE-
GORDON, G. U. S. (2011). Attract and reward: combining chemical ecology and habitat manipulation to
enhance biological control in field crops. Journal of Applied Ecology 48, 580-590.

SPEIGHT M. C. D., CASTELLA, E., OBRDLIK, P. & BALL, S. (2011). Syrph the Net: The database of European
Syrphidae (Diptera), vol. 65. Syrph the Net publications Dublin.

SSYMANK A. & GILBERT, F. (1993). Anemophilous pollen in the diet of Syrphid flies with special reference to the
leaf feeding strategy occurring in Xylotini (Diptera: Syrphidae). Deutsche Entomologiste Zeitschrift 40,
245-258.

STEFFAN-DEWENTER 1. & TSCHARNTKE, T. (2000). Butterfly community structure in fragmented habitats. Ecology
Letters 3, 449-456.

STEPHENS M. J., FRANCE, C. M., WRATTEN, S. D. & FRAMPTON, C. (2005). Enhancing biological control of
leafrollers (Lepidoptera: Tortricidae) by sowing buckwheat (Fagopyrum esculentum) in and Orchard.
Biocontrol Science and Technology 8, 547-558.

STORKEY J., BROOKS, D., HAUGHTON, A., HAWES, C., SMITH, B. M. & HOLLAND, J. M. (2013). Using functional
traits to quantify the value of plant communities to invertebrate ecosystem service providers in arable
landscapes. Journal of Ecology 101, 38-46.

STORKEY J., DORING, T., BADDELEY, J., COLLINS, R., RODERICK, S., JONES, H. & WATSON, C. (2015a).
Engineering a plant community to deliver multiple ecosystem services. Ecological Applications. 25, 1034-
1043.

STORKEY J., DORING, T., BADDELEY, J., COLLINS, R., RODERICK, S., STOBART, R., JONES, H. E. & WATSON, C.
(2015b). A framework for designing multi-functional crops. Aspects of Applied Biology 129, 7-12.

STRAUB C. S., FINKE, D. L. & SNYDER, W. E. (2008). Are the conservation of natural enemy biodiversity and
biological control compatible goals? Biological Control 45,225-237.

TILMAN D., REICH, P. B., KNOPS, J., WEDIN, D., MIELKE T. & LEHMAN, C. (2001). Diversity and productivity in a
long-term grassland experiment. Science 294, 843-845.

TOMPKINS J., WRATTEN, S. D. & WACKERS, F. L. (2010). Nectar to improve parasitoid fitness in biological control:
does the sucrose: hexose ratio matter? Basic and Applied Ecology 11, 264-271.

TSCHARNTKE T., KLEIN, A. M., KRUESS, A., STEFFAN-DEWENTER, 1. & THIES, C. (2005). Landscape perspectives
on agricultural intensification and biodiversity - ecosystem service management. Ecology Letters 8, 857-
874.

TSCHARNTKE T. & KRUESS, A. (1999). Habitat fragmentation and biological control. In Theoretical Approaches to
Biological Control (ed. B. A. Hawkins and H. V. Cornell), pp. 190-205. Cambridge University Press,
Cambridge.

TSCHARNTKE T., TYLIANAKIS, J. M., RAND, T. A., DIDHAM, R. K., FAHRIG, L., BATARY, P., BENGTSSON, J.,
CLOUGH, Y., CrisT, T. O., DORMANN, C. F., EWERS, R. M., FRUND, J., HOLT, R. D., HOLZSCHUH, A.,
KLEIN, A. M., KLEUN, D., KREMEN, C., LANDIS, D. A., LAURANCE, W., LINDENMAYER, D., SCHERBER, C.,
SODHI, N., STEFFAN-DEWENTER, I., THIES, C., VAN DER PUTTEN, W. H. & WESTPHAL, C. (2012).
Landscape moderation of biodiversity patterns and processes - eight hypotheses. Biological Reviews 87,
661-685.

TURLINGS T. C. J. & WACKERS, F. L. (2004). Recruitment of predators and parasitoids by herbivore-damaged plants.
In Cambridge, UK (ed. R. T. Cardé and J. Millar), pp. 21-75. Cambridge University Press, Advances in
insect chemical ecology.

39



1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137

URBAN D. & KEITT, T. (2001). Landscape connectivity: a graph-theoretic perspective. Ecology 82, 1205-1218.

VAN DEN BRINK P. J., BAIRD, D. J., BAVECO H. (J. M.) & FOCKS, A. (2013). The use of traits-based approaches and
eco(toxico)logical models to advance the ecological risk assessment framework for chemicals. Integrated
Environmental Assessment and Management 9, e47-¢57

VAN RDN P. C. J. & WACKERS, F. L. (2016). Nectar accessibility determines fitness, flower choice and abundance of
hoverflies that provide natural pest control. Journal of Applied Ecology.

VANCE M. D., FAHRIG, L. & FLATHER, C. H. (2003). Relationship between minimum habitat requirements and
annual reproductive rates in forest breeding birds. Ecology 84, 2643-2653.

YATES M., ANDREW, N. R., BINNS, M. & GIBB, H. (2014). Morphological traits: predictable response to
macrohabitats across a 300 km scale. PeerJ doi: 10.7717/peer;j.271

VATTALA H. D., WRATTEN, S. D., PHILLIPS, C. B. & WACKERS, F. L. (2006). The influence of flower morphology
and nectar quality on the longevity of a parasitoid biological control agent. Biological Control 39, 179-185.

VET L. E. M., WACKERS, F. L. & DICKE, M. (1991). How to hunt for hiding hosts: the reliability-detectability
problem in foraging parasitoids. Netherlands Journal of Zoology 61,202-213.

VIOLLE C. ENQUIST, B. J., MCGILL, B. J., JIAN, L., ALBERT, C. HL, HULSHOF, C., JUNG, V., & MESSIER, J. (2012).
The return of the variance: intraspecific variability in community ecology. Trends in Ecology and Evolution
27, 244-252.

WACKERS F. L. (1994). The effect of food deprivation on the innate visual and olfactory preferences in Cotesia
rubecula. Journal of Insect Physiology 40, 641-649.

WACKERS F. L. (2001). A comparison of nectar- and honeydew sugars with respect to their utilization by the
hymenopteran parasitoid Cotesia glomerata. Journal of Insect Physiology 47, 641-649.

WACKERS F. L. (2004). Assessing the suitability of flowering herbs as parasitoid food sources: Flower attractiveness
and nectar accessibility. Biological Control 29,307-314.

WACKERS F. L. (2005). Suitability of (extra-)floral nectar, pollen, and honeydew as insect food sources. In Plant-
provided food fo carnivorous insects (ed. F. L. Wickers, P. C. J. v. Rijn and J. Bruin), pp. 17-74.
Cambridge University Press, Cambridge.

WACKERS F. L. (2008). Expoliting honeydew as a food sources. Making the best of a bad meal? Biological Control
45, 240-247.

WACKERS F. L., BJORNSEN, A. & DORN, S. (1996). A comparison of flowering herbs with respect to their nectar
adccessibility for the parasitoid Pimpla turionellae. Prodeedings of Experimental and Applied Entomology
7, 177-182.

WACKERS F. L. & VAN RDN, P. C. J. (2012). Pick and Mix: Selecting Flowering Plants to Meet the Requirements of
Target Biological Control Insects. In Biodiversity and Insect Pests: Key Issues for Sustainable Management
(ed. G. M. Gurr, S. D. Wratten, W. E. Snyder and D. M. Y. Read), pp. 139-165. John Wiley & Sons, Ltd.

WANNER H., GU, H., GUNTHER, D., HEIN, S. & DORN, S. (2006). Tracing spatial distribution of parasitism in fields
with flowering plant strips using stable isotope marking. Biological Control 39, 240-247.

WINKLER K., WACKERS, F., BUKOVINSZKINE-KISS, G. & VAN LENTERENA, J. (2006). Sugar resources are vital for
Diadegma semiclausum fecundity under field conditions. Basic and Applied Ecology 7 133-140.

WINKLER K., WACKERS, F. L., KAUFMAN, L. V., LARRAZ, V. & VAN LENTEREN, J. C. (2009). Nectar exploitation
by herbivores and their parasitoids is a function of flower species and relative humidity. Biological Control
50, 299-306.

WoLtz J. M. & LANDIS, D. A. (2014). Coccinellid response to landscape composition and configuration.
Agricultural and Forest Entomology 16, 341-349.

Woob S. A., KARp, D. S., DECLERCK, F., KREMEN, C., NAEEM, S. & PALM, C. A. (2015). Functional traits in
agriculture: agrobiodiversity and ecosystem services. Trends in Ecology and Evolution 30, 531-539.

40



1138

1139

1140

1141

1142

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

Figures and Tables

Table 1. Examples of trait-based studies relevant to biological control and representing partial

steps in the multi-trophic response—effect model.

Table 2. Arthropod traits identified to underpin response to environmental and trophic filters, and

the ecological mechanisms that drive them.

Figure 1. Arthropod traits related to activity period, feeding specialisation, body size, and
mobility (a) are known to be filtered by in-field management intensity (local) and landscape
simplification (landscape) (b), creating distinct differences within the expression of traits related

to ecosystem service delivery of biological control in the community (c).

Figure 2. Schematic of the multi-trophic response-effect trait model adapted to biological control,
showing how ecosystem service delivery is mediated through a series of filters. Environmental
filters, such as in-field management intensity and landscape simplification, filter environmental
response traits of plants and arthropods. Trophic effect traits of the plant community in-turn filter
arthropod trophic response traits. Ecosystem effect traits of the resultant arthropod natural enemy
community will determine the delivery of biological control services, but these traits are firstly
determined by the series of filters described above. Traits in smaller solid-bordered boxes are
linked across filters and may limit response diversity; traits in broken-bordered boxes are linked

across trophic levels and drive trophic interactions.
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Figure 3. Schematic of trait linkage analysis (based on Moretti et al. 2013). Proportional
abundance and traits of each taxa (plants and arthropods) used to relate responses to filters (via
multiple tables multivariate approaches or via trait indices for regression analysis). Partial
correspondence analysis is then used to link responses to environmental filters (Step 1), and to
plant traits to arthropod traits (Steps 2), and biological control services (Steps 3). Full
correspondence analysis is finally used to identify plant and arthropod traits that link with

environmental filters and biocontrol services (Step 4).
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1  Table 1. Examples of trait-based studies relevant to biological control and representing partial steps in the multi-trophic response—effect model

2
Reference Study taxa Environmental response traits Trophic response traits Effect
Gamez-Virués et al., 2015  arthropod community arthropod response traits to local
management intensity and landscape
simplification — body size, feeding
specialization
Fiedler & Landis 2007h plant and arthropod community plant effect traits — peak bloom,
floral area, maximum flower
height, colour, hue, chroma,
corolla size
van Rijn & Wacker 2016 Episyrphus balteatus (Diptera: syrphid response traits — proboscis  potential
Syrphidae), length, parasitism*
32 plant species plant effect traits — critical flower
depth
Winkler et al., 2007 Diadegma semiclausum (Hymenoptera: head capsule width — corolla depth  parasitism

Ichneumonidae) and Plutella. xylostella
(Lepidoptera: Plutellidae), Fagopyrum
esculentum

3 *indicated by adult longevity. Empty cells indicated that the information was not recorded.



5
6

Table 2. Arthropod traits identified to underpin responses to environmental and trophic filters, and the ecological mechanisms

links with: blooming period

longer access
Diurnal period and temporal avoidance

that drive them
Arthropod traits Trait type Other traits to consider in concert Ecological mechanism Driven by
Body size Environmental interacts with: wing length, dispersal mode Greater dispersal ability Dominance
response Higher nutritional requirements Dominance
Trophic response interacts with: trophic level, mouthpart morphology, activity ~Access to nectar Dominance
time (diurnal)
links with: corolla depth and width, nectar volume, activity ~Competition/resource partitioning Complementarity
period (annual rhythm)
Ecosystem effect co-correlated with: dispersal ability Complementarity, intra-guild predation =~ Complementarity
interacts with: phenology, hunting mode
links with: body size of prey
Feeding Environmental interacts with: reproductive potential, dispersal ability, trophic =~ Sampling effects (resource availability) = Dominance
specialization response level
Ecosystem effect co-correlated with: trophic level Generalist predators Dominance
interacts with: phenology
Dispersal tendency  Environmental co-correlated with: activity period, reproductive potential Resource locating, response to Dominance
response (clutch size), generations per year (voltinism), age at maturity  disturbance events
interacts with: feeding specialization
Activity period Environmental co-correlated with: reproductive potential (clutch size), Greater opportunity to response to Dominance
(annual rhythm) response generations per year (voltinism), dispersal ability disturbances
Trophic response co-correlated with: dispersal ability Activity period should match nectar Dominance
links with: blooming period availability
interacts with: body size, trophic level, extra-floral nectaries Wider range in flowering time provides Complementarity
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