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Abstract
The challenge to reconcile agricultural production with the conservation of biodiversity and associated ecosystems
services has triggered interest in the design of pest suppressive landscapes. However, the uniqueness of species-speciﬁc responses to management and landscape context hamper our ability to make generalizations for landscape
design, and we often lack quantitative indicators to make inferences about the pest suppressive potential of landscape
designs. Here I examine the literature to underpin design principles based on source-sink theory. The potential of
landscapes to support herbivore populations is associated with the area of source habitat, source strength, and the
ability of herbivores to detect host plants. The potential of natural enemies to suppress herbivore populations is associated with their potential for numerical response, time to colonization and natural enemy diversity. Insecticide applications and other intensive management practices can turn treated ﬁelds into sinks. The analysis reveals that
landscape features or management practices inﬂuence multiple processes at the same time, and that well-documented
landscape features associated with high pest suppression potential generally discourage herbivores and/or favour natural enemies. The evaluation of landscapes in terms of source habitats for speciﬁc herbivores and their natural enemies
may reveal context-speciﬁc information that allow a better quantitative understanding of pest suppression potential of
landscapes.
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Introduction
Agroecosystems and the landscapes in which they are
embedded need to be managed to achieve multiple outcomes to balance food production with environmental
sustainability and the conservation of biodiversity and
the associated ecosystem services (Kremen & Merenlender, 2018). Agricultural intensiﬁcation has enabled a
boost in crop productivity through the large-scale monocropping of a relatively low number of crops, often in
combination with external inputs and intensive management practices. However, this agricultural model has contributed to biodiversity loss and environmental
degradation (Campbell et al., 2017; Seibold et al., 2019).
Concerns that widespread agricultural intensiﬁcation
erodes biodiversity and the ecosystem services on which
crop production relies, have sparked calls for a transition
to more diverse and nature-inclusive farming systems
(Lichtenberg et al., 2017; Tamburini et al., 2020).
Pest management is a fundamental part of this transition
to a more sustainable agricultural system. Invertebrate pests
cause substantial crop losses (Savary et al., 2019; Sharma et
al., 2017), which are predicted to increase with ongoing climate warming (Deutsch et al., 2018). In addition, the negative side effects of pesticides on human health and
biodiversity, especially pollinators and natural enemies,
have been well documented (Wagner, 2020; Woodcock et
al., 2017). Yet, reliance on pesticides is difﬁcult to change
because of the multiple drivers that enforce positive feedback between pesticide use and pest pressure (Bakker et al.,
2020). There is growing societal recognition for the need to
rethink our farming and food system, which has resulted, for
instance, in the EU Farm to Fork strategy aiming for a 50%
reduction in pesticide use in 2030 as compared to 2020, and
to reverse biodiversity losses. However, it is still unclear
how this ambition can be realized.
Ecological redesign of agricultural landscapes has been
proposed as an avenue to strengthen the capacity of landscapes to support biodiversity and capitalize on the associated ecosystem services (Haan et al., 2021; Landis, 2017;
Thomine et al., 2021; Tscharntke et al., 2021). These principles are grounded in a rapidly increasing number of studies
on relationships between species responses to farm management and landscape heterogeneity (Martin et al., 2019;
Tscharntke et al., 2021), and how this translates to provision
of arthropod-mediated ecosystem services (Dainese et al.,
2019; Tamburini et al., 2020). However, there are still several challenges. For instance, relationships between landscape metrics and pest control services can be contextspeciﬁc and therefore unpredictable (Karp et al., 2018;
Tscharntke et al., 2016), and we often lack quantitative
measures for making reasonable inferences about whether a
certain design will meet expectations.
Design-based approaches that capture the underlying population processes (i.e. birth, death, immigration and emigration) and ecological requirements of species involved in

natural pest regulation may offer scope to address the above
challenges. From an arthropod herbivore point of view, one
can distinguish bottom-up effects, i.e. life support functions
provided by the landscape (e.g. host plants), top-down
effects caused by predation of parasitism inﬂicted by natural
enemies, and disturbances caused by management practices
(e.g. insecticide applications) which may impact both herbivores and their natural enemies. The extent to which habitats
provide life support functions and are affected by disturbances determine whether habitats act as source habitats, sink
habitats or neutral habitats. In source habitats birth rates
exceed death rates and emigration rates exceed immigration
rates, and this is often tightly related to the productivity of
the habitat (Dreyer & Gratton, 2014). In sink habitats death
rates exceed birth rates and immigration rates are higher
than emigration rates (Pulliam, 1988). While neutral habitats
do not result in net changes in population size, these habitats
may still be important by offering refuge or food resources.
Habitat patches are connected by movement of individuals,
giving rise to metapopulation dynamics, whereby the extent
of exchange will be determined by species behaviour and
traits (e.g., dispersal capacity) in combination with habitat
characteristics, such as the ﬂoristic composition and the
associated food resource availability, of the habitats that
need to be traversed (Dunning et al., 1992; Tscharntke &
Brandl, 2004). While such a functional approach may
require the collection of speciﬁc ecological data, inclusion
of this level of detail may offer a better mechanistic understanding of the processes underlying natural pest suppression, and the spatial and temporal scales at which they
operate, to make more context-speciﬁc predictions about
pest suppressive landscape designs (Fahrig et al., 2011).
Here I present an overview of processes that are associated with the capacity of the landscape to support herbivore
and natural enemy populations, and how these ultimately
inﬂuence the pest suppressive potential of landscapes. First,
I discuss agroecosystem properties and management practices that inﬂuence processes related to bottom-up and topdown herbivore regulation. Next I discuss how intensive
management practices may turn treated ﬁelds into sinks.
Then I end with a discussion of how these insights may be
used to address current challenges for landscape design. It is
not my intention to provide a full review of the literature,
but rather illustrate relevant examples with selected references.

Bottom-up effects
Area of source habitat: Specialist insect herbivores are
confronted with landscape mosaics consisting of patches of
host plants embedded in a matrix of unsuitable food plants,
while the availability of host plants for generalist herbivores
will generally be higher (Fig. 1). A herbivore’s host plant
range thus determines the amount and spatial distribution of
food resources in the landscape and the associated area of
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Fig. 1. Schematic illustration of how a landscape (A) may be perceived by different species groups based on the resources that they need.
White and black areas indicate low and high resource levels. The pollen beetle Meligethes aeneus is an example of a specialist herbivore on
oilseed rape (B), the green peach aphid Myzus persicae is a generalist herbivore feeding on alfalfa and oilseed rape (C), the parasitoid Tersilochus heterocerus is a specialist natural enemy of pollen beetle larvae (D), and Chrysoperla carnea larvae are generalist natural enemies, feeding on aphids and other herbivores in cereal, alfalfa, oilseed rape, forest edges, and ﬁeld margins (E). Resource provision is dynamic because
it depends on ﬂowering times, crop phenology and may be affected by intensive management practices, such as herbicide use. The ﬁgure
shows a snapshot in time and the spatial distribution of resources at other times in the year may be different.

potential source habitat. The resource concentration hypothesis predicts that the availability of host plants can support
the potential of numerical increase of herbivores (Root,
1973). Such bottom-up effects of host plant availability are
common and have been widely reported (O’Rourke et al.,
2011; Paredes et al., 2021; Schellhorn et al., 2008; Zhao et
al., 2015). Crop habitats are often dominant and conspicuous
habitats in agricultural landscape mosaics, and potential
source habitats for herbivores (Fig. 2). Indeed, immature
stages of herbivores with a pest status were more abundant
in crops than on native plants, indicating that crops are
important reproduction habitats for pests, and to a much
lesser degree for predators (Bianchi et al., 2013b). Nevertheless, semi-natural habitat may also act as source for herbivores when these habitats support host plants and suitable
hibernation conditions (Tscharntke et al., 2016). For
instance, exotic weeds and grasses, but not native plants,
supported Rutherglen bugs (Nysius vinitor) populations in
Australian agricultural landscapes (Parry et al., 2015). Such
host plant bottom-up effects can be strong. For instance,
Kebede et al. (2019) found that the proportion of maize crop
in the surrounding landscape was strongly and positively
associated with the stemborer infestation in maize crops and
overrode ﬁeld level management factors and local crop
diversiﬁcation strategies. Yet, herbivores may exhibit

species-speciﬁc aggregation responses, which may manifest
as concentration or dilution effects. For instance, cereal leaf
beetle had higher abundance in wheat in cereal-dominated
landscapes (Kheirodin et al., 2020), while rape pollen beetle,
Meligethes spp., had lower abundance in oil seed rape in
landscapes dominated by oilseed rape crops (Schneider et
al., 2015). Although the density of herbivores in crops is
highly relevant because it is a proxy for crop injury, for the
population dynamics and potential carry over of herbivores
to the following season, the number of herbivores generated
at the landscape level is a more meaningful variable because
a relatively low infestation level across a large area can still
lead to a substantial herbivore load. Thus, host plant availability in space and time, which may entail crop and noncrop species, can be an important driver of herbivore population dynamics (Fig. 2).
Host plant apparency: Herbivores must ﬁnd host plants
for feeding and oviposition. Host ﬁnding success will determine which part of the host plant population will support
herbivore reproduction and therefore moderates the source
strength of a habitat. The probability that host plants are
found by herbivores will depend on many factors, including
host ﬁnding behaviour, distance of the host plant from the
herbivore’s location, ﬁeld size, the plant assemblage where
the host plant is embedded, and the presence of potential
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Fig. 2. Schematic representation of how a crop-dominated (A) and more heterogeneous landscape (B) may function in terms of source habitats for herbivores and natural enemies at the ﬁeld level (C and D) and landscape level (E and F). Bars indicate the source strength of habitats
for herbivores (red) and natural enemies (blue). Panels (C) and (E) correspond with landscape (A), and panels (D) and (F) with landscape (B).
Disturbances caused by intensive management practices can turn source habitats into sinks, and reduce herbivore and natural enemy abundances.

barriers for detection/movement (Finch & Collier, 2000;
Root, 1973). While insect herbivores may exhibit a range of
host plant ﬁnding behaviours, there is a clear tendency that
herbivore densities are lower in diversiﬁed than in simple
plant assemblages, such as large-scale monoculture crops,
because host plants are more difﬁcult to ﬁnd (Tooker et al.,
2012). In a meta-analysis Wan et al. (2020) found that

increased plant species richness reduced herbivore abundance and crop injury (Table 1), and this ﬁnding is likely the
outcome of a combination of reduced host plant ﬁnding and
increased suppression by more abundant natural enemy
communities. However, these relationships can be speciesand scale-speciﬁc, and more likely to be found for specialist
herbivores than generalist herbivores, and in small scale
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Table 1. Indicators for (source-sink) processes associated with management practices and habitat types at local and landscape scale for herbivores and natural enemies. Source area indicates the area of source habitat for herbivores and source strength the potential of a habitat to support herbivore reproduction. “+”: positive response; “-”: negative response; “+/-” : positive or negative response dependent on plant species;
“0”: neutral response; and empty cells indicate unknown or variable responses. Response indicators are indicative and can be contextdependent.
Herbivore
Source area
Field scale
Crop/cultivar type
Polyculture
Artiﬁcial fertilizer use
Herbicide use
Insecticide use
Harvest
Irrigation
Field size
Landscape scale
Flower strips
Crop diversity
Semi-natural habitat
Edge density

+/0
0
0
0
+
+/+/+/0

Host plant apparency

Source strength

-

+/+

+
0
+
+

-

plots than in larger plots (Bommarco & Banks, 2003).
Besides plant species mixtures, plant intraspeciﬁc diversity,
such as variety mixtures, may have similar effects (Tooker
et al., 2012). Host plant apparency effects may also play out
at scales beyond the ﬁeld. For instance, interspeciﬁc crop
diversity was negatively associated with crop damage
inﬂicted by oligophagous herbivores, such as cereal aphids,
rice stem borers, and corn borers, but had no effect on damage caused by polyphagous pests such as cotton bollworms
and armyworms (Sheng et al., 2017). However, the negative
associations between herbivore abundance and crop diversity may also be explained by enhanced top-down suppression by natural enemies (Maisonhaute et al., 2017; Redlich
et al., 2018). Studies that disentangled bottom-up and topdown effects indicated that top-down forces are often stronger than bottom-up forces, but not necessarily in agricultural
systems (Vidal & Murphy, 2018), and that in grassland systems arthropod predators beneﬁt more strongly from increasing plant diversity than herbivores (Barnes et al., 2020).
Therefore, host plant apparency can inﬂuence herbivore
communities via a combination of bottom-up and top-down
effects.
Source strength: Host plant quality is tightly linked with
the herbivores’ capacity for reproduction and can therefore
be used as an indicator for the strength of source habitats.
Insect herbivores rely on the consumption of plant materials
to obtain water and nutrients for their survival and development, but in the meantime they have to cope with plant
chemical and physical defences (Schoonhoven et al., 2005).
Plant resistance traits may involve direct defences, which
affect host plant preference or herbivore survival and reproductive success. For instance, plants may deter insect

Natural enemy
Numerical response
+/+
-

+
0
+/+/+/-

+
+
+
+

Time to colonization

Diversity

0
0
0
0
0
0
-

+/+
0
-

+

+
+
+
+

+
+

-

herbivores by mechanical defences, such as hairs, trichomes
and waxy leaves, or by the production of toxic chemicals
that either kill or retard the development of herbivores (War
et al., 2012). Resistance traits may also involve indirect
defences through natural enemies by the release of volatiles
that attract natural enemies of the herbivores (Aartsma et al.,
2017) or by providing food resources for natural enemies,
such as extra ﬂoral nectar (War et al., 2012). However, in
some crops, such as cabbage, plant breeding has strongly
focussed on the selection for desirable agronomic traits, and
this selection has reduced concentrations of toxic chemicals
compared to their wild relatives, leaving crop plants more
vulnerable to pest species (Gols et al., 2008). Host plant
quality can be inﬂuenced by a range of factors, including
amount of fertilization, fertilizer type, irrigation, and choice
of cultivar (Han et al., 2019; Rusch et al., 2010) and age of
the plant (Costamagna et al., 2007) (Table 1). The amount
and type of fertilizer may inﬂuence plant nutritional and
defensive traits and therefore alter the palatability of host
plants for insect herbivores. Insect herbivores generally
respond positively to synthetic NPK fertilisers (Zhao et al.,
2015), whereby sucking insects show a stronger response
than chewing insects (Butler et al., 2012). However, the
effects of organic fertilizers on herbivores can be variable.
For instance, pests showed a positive response to plant compost-based fertilizers and a negative response to manure
(Garratt et al., 2011). Irrigation can improve plant vigour
and consequently increase development rates and survival
of herbivores (Han et al., 2014). Therefore, the choice of
crop and cultivar, and management practices, such as fertilizer input and irrigation, may affect the strength of crops as
source habitats for herbivores (Table 1).
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Fig. 3. Schematic representation of a colonization process of natural enemies from ﬁeld margins into arable ﬁelds in landscapes with a coarse
(A) and ﬁne grain size (B). Red arrows indicate the direction of colonization, ﬁeld margins are indicated in blue, crop areas colonized by natural enemies indicated in orange, and areas colonized by herbivores (but not yet by natural enemies) in yellow. Landscapes with a coarse grain
size have a larger area where herbivores can reproduce with limited top-down natural enemy control than ﬁne grained landscapes, leading to
differences in source strength (C and D). Bars indicate the source strength of habitats for herbivores (red) and natural enemies (blue).

Top-down effects
Numerical response: The suppression of herbivores in
crops requires the presence of sufﬁcient natural enemies to
obtain a meaningful reduction in herbivore density and the
subsequent release of plants from herbivore pressure. The
numerical response of natural enemies is therefore tightly
linked with the area and strength of source habitats for natural enemies. Semi-natural habitats have often been identiﬁed
as reservoirs of natural enemies (Bianchi et al., 2006; Chaplin-Kramer et al., 2011; Tscharntke et al., 2021), but also
crops can potentially support high natural enemy densities
(Bianchi et al., 2013b) (Table 1). The capacity of the landscape to support natural enemies can be strengthened by
establishment of habitats that support ecological requisites
of natural enemies, such as pollen and (extraﬂoral) nectar,
alternative prey or hosts, refuge and hibernation habitat
(Gurr et al., 2017). Floral plant resources can be provided by
a wide range of habitats, but the different habitat areas and
ﬂowering plant communities result in marked differences in
amounts of nectar provided (Baude et al., 2016) and ﬂoral
resources in and around arable ﬁelds can be reduced by herbicide applications and fertilization (Kleijn & Snoeijing,

1997) (Table 1). Furthermore, many predators and parasitoids can only access nectar on plant species where it is not
too deep hidden in the corolla (van Rijn & W€ackers, 2016),
and there may be gaps in resource availability during the
growing season (Schellhorn et al., 2015). Sown ﬂower strips
are popular conservation biological control measures, but
ﬂowering plant species need to be carefully selected because
herbivores may also beneﬁt from the offered ﬂoral resources
(Winkler et al., 2010). A meta-analysis revealed that ﬂower
strips can increase pest control services in adjacent ﬁelds by
16%, even though the pest suppressive effect is often
restricted to the direct vicinity of the strip (Albrecht et al.,
2020) (Table 1). Flower strips and other linear herbaceous
semi-natural habitats can also be suitable hibernation habitats for predators (Galle et al., 2018; Geiger et al., 2008).
Since food resources for natural enemies are often ephemeral and scattered across the landscape (Iuliano & Gratton,
2020), and many natural enemy species have carnivorous
immature stages while depending on ﬂoral food resources as
adults, ﬁne-scale, heterogeneous landscapes may be best
suited to provide a diverse palette of resources in a spatially
restricted area, which falls within the reach of their dispersal
capacity (Haan et al., 2021; Haan et al., 2020) (Fig. 3). The
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numerical response is therefore strongly related to the proportion of the landscape that can support resources and other
life support functions for natural enemies, and ﬁne-scale
landscapes with a high edge density are likely to support
higher numbers of natural enemies that have a limited dispersal capacity (Martin et al., 2019).
Time to colonization: An early time of arrival of natural
enemies in crop ﬁelds can slow down the build-up of herbivore populations of crops, particularly for fast reproducing
herbivores, such as aphids and white ﬂies, because the
removal of a herbivore early in the growing season can prevent a high future reproduction of this herbivore. This mechanism has been demonstrated in simulation models (Chang
& Kareiva, 1999; van der Werf, 1995) and conﬁrmed in ﬁeld
experiments in the temperate zone and in the tropics (Costamagna & Landis, 2006; Costamagna et al., 2015; Landis &
Van der Werf, 1997; Settle et al., 1996). Theory suggests
that the time to colonization will increase in a non-linear
fashion with increasing distance between origin of dispersal
and target site (Bianchi et al., 2009). A landscape-scale
experiment conﬁrmed that early and continuous predator
access to aphids resulted in higher aphid suppression than
late and shorter predator access, but these responses were
landscape-speciﬁc (Costamagna et al., 2015). This highlights that the time of colonization is moderated by the interplay between species traits related to dispersal and habitat
use, and properties of the landscape, such as spatial grain,
habitat shape and connectivity (Bianchi et al., 2010; Haan et
al., 2020; Martin et al., 2016). Even though crop colonisation patterns of natural enemies can be erratic in the early
growing season (Bianchi et al., 2015; Kristensen et al.,
2013), there is now a solid body of evidence underlining the
importance of a ﬁne grain size with high edge density to support effective densities of ﬂying and ground-dwelling natural enemies to regulate herbivores (Haan et al., 2020; Martin
et al., 2019) (Table 1; Fig. 3). While these patterns can be
explained by several processes (including numerical
response), these are also in line with an expected early time
to colonization in landscapes with short distances between
origin of dispersal and target sites.
Natural enemy diversity: The diversity of natural enemy
communities may inﬂuence the potential for top-down herbivore suppression via several mechanisms, including complementarity and sampling effects and intraguild predation,
and depending on the balance of these effects the relationship may turn out to be positive or negative (Letourneau et
al., 2009; Tscharntke et al., 2005). While there are cases that
a single or few natural enemies can exert effective biocontrol
(Myers et al., 1989; Rodriguez & Hawkins, 2000), there is
growing consensus that the relationships between natural
enemy and pest suppression are generally positive. For
instance, in a meta-analysis 70% of the 250 studies reported
positive relationships between the number of natural enemy
species and herbivore suppression (Letourneau et al., 2009).
Another meta-analysis showed that herbivore suppression in
crops was positively related to the diversity of natural
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enemies, and responded more strongly to the diversity than
the abundance of natural enemies (Dainese et al., 2019).
Several landscape metrics have been associated with the
diversity of natural enemies. At the within-ﬁeld level,
diverse plant communities may support diverse arthropod
communities, including natural enemies (Schaffers et al.,
2008) (Table 1). Organic farming has on average a 30%
higher overall species richness and 12% higher predator
richness than conventional farming, but depends on species
group and crop studied, and is greater in landscapes with
higher land-use intensity (Tuck et al., 2014). Organic farming can increase natural enemy richness and abundance
(Bengtsson et al., 2005; Letourneau et al., 2009; Lichtenberg
et al., 2017), evenness and pest suppression (Crowder et al.,
2010). Small-scale landscapes with more than 20% seminatural habitat and a high crop diversity have good potential
to support high biodiversity and beneﬁt from elevated levels
of ecosystem services, including herbivore suppression
(Chaplin-Kramer et al., 2011; Garibaldi et al., 2020; Martin
et al., 2016; Tscharntke et al., 2021) Table 1). In a study that
differentiated between landscape conﬁguration, habitat and
landscape diversity, the species richness of staphylinids, parasitoids, syrphids, and predatory wasps were most strongly
affected by landscape conﬁguration with higher richness in
ﬁne than in coarse-grain landscapes (Martin et al., 2016)
(Table 1). Landscapes with high conﬁgurational and compositional heterogeneity and extensive crop management therefore have good potential to support diverse natural enemy
communities.

Sink habitats
Habitats can turn into sinks as a result of declining
resource availability or quality to support arthropod reproduction, which can be associated with crop senescence (Costamagna et al., 2007), or by disturbances that reduce
arthropod populations (Tooker et al., 2020). Agricultural
management practices is a widespread and frequent cause
for mortality in arthropod communities in agricultural land.
Nevertheless, the quantiﬁcation of impacts of management
practices on arthropod communities in terms of ‘sink
strength’, i.e., the relative difference of the population size
before and after the disturbance, has received relatively limited attention. Here I will discuss impacts of disturbances on
arthropod communities caused by mechanical and chemical
treatments.
Mechanical operations: Mechanical operations in arable
crops and grassland, including ploughing, non-inversion tillage, mechanical weed control and harvest, can have substantial impacts on local arthropod communities (Thorbek &
Bilde, 2004). Impacts include direct mortality due to the
mechanical disturbance, and indirect effects due to the
changes in vegetation structure and associated resource provision. While mechanical management consistently negatively inﬂuences arthropod abundances, different
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management operations and techniques can impact species
groups differently. For instance, carabid and staphylinid
beetles were less vulnerable to mechanical operations than
spiders (Thorbek et al., 2004), and meadow harvesting using
cutter bar mowers caused less mortality than rotary mowers
or ﬂail mowers (Humbert et al., 2009). As a consequence,
direct impacts of mechanical operations are variable and
inﬂicted predator mortality rates ranging from 25 to 60% in
grass and cereal for single operations (Thorbek et al., 2004).
For meadow harvesting, mean mortality rates of arthropods
(including herbivores, predators and pollinators) ranged
between 18 and 66% (Humbert et al., 2009). A combination
of operations which are common for cutting grass for silage
and autumn cultivation resulted in a reduction of linyphiid
spider populations by 56 96%, while heavy grazing of
grassland by sheep virtually removed all spiders (Thomas &
Jepson, 1997). However, the impacts of harvesting may be
reduced when refuge strips are left in the ﬁeld (Hossain et
al., 2002). Field level operations may also inﬂuence surrounding areas because this may trigger dispersal of grounddwelling-predators from the crop (Thorbek et al., 2004), or
aerial dispersal of linyphiid spiders (Thomas et al., 1997).
Insecticide use: Insecticide use is a standard pest management practice in conventional farming systems. On the short
term, insecticides are usually effective in reducing herbivore
populations, but often also impact natural enemies (Janssen
& van Rijn, 2021). For instance, a pyrethroid insecticide
(Deltamethrin) caused a 56% reduction in herbivores and
87% reduction of predators in soybean (Macfadyen &
Zalucki, 2012). Even if natural enemies are not directly
killed by insecticides, they may suffer from sublethal effects
affecting longevity, fecundity, sex ratio and behaviour (Desneux et al., 2007), or indirect effects, such as depletion of
prey or host resources. There is a wide range of active ingredients with varying mode of actions and application methods
(e.g. foliar spray, seed treatments), which can impact species
groups differently. The impact of insecticide applications
will determine the sink strength of the treated ﬁeld for speciﬁc taxa, whereby synthetic insecticides generally have a
broader spectrum of target species and may inﬂict a higher
mortality than biopesticides (Copping & Menn, 2000). Furthermore, depending on the properties of the insecticide
product and application method, herbivores and natural enemies may be exposed to insecticides for different periods of
time. In neonicotinoid seed coating treatments, for instance,
these periods last for 6-7 weeks (Seagraves & Lundgren,
2012).
Insecticides may inﬂuence communities of natural enemies in and around treated ﬁelds in different ways. First,
insecticide applications can hamper the recolonization of
crops, leading to a slow and reduced recovery of natural
enemy populations (Gagic et al., 2019) and a relatively steep
distance decay function of parasitism from the ﬁeld edge
towards the ﬁeld centre (Krimmer et al., 2021). Establishment of in-ﬁeld refuge habitat, such as beetle banks, may
partly remediate this effect for ground-dwelling predators

(Lee et al., 2001). Second, arthropod communities outside
the ﬁeld may be exposed to insecticides, as some insecticides, such as neonicotinoids, can easily spread in the environment (Goulson, 2013). Third, since natural enemies are
generally mobile, insecticide-treated ﬁelds may also impact
natural enemies in the surrounding area that visit the treated
ﬁeld, the so-called action at a distance effect (Spromberg et
al., 1998). In line with this hypothesis, the abundance of
predators and parasitoids in ﬁeld margins was negatively
associated with indicators of insecticide use within 1 km
around the sampling location, but not with insecticide use in
the adjacent ﬁeld (Bakker et al., 2022). The impacts of insecticides on arthropod communities therefore not only take
place at the ﬁeld scale, but also at the landscape scale.
While decision making on insecticide use is ultimately
done by farm managers, the intensity of insecticide use
depends strongly on the crop type (Larsen & Noack, 2017;
Larsen et al., 2019; Meehan & Gratton, 2016). For instance,
wheat hardly received insecticides, carrot had an intermediate insecticide load of 24 kg/ha, and grapes received on average 49 kg/ha in California (Larsen et al., 2017).
Furthermore, insecticide use was positively associated with
ﬁeld size (Larsen et al., 2017), farm size (Meehan et al.,
2016) and landscape simpliﬁcation (Meehan & Gratton,
2015; Meehan et al., 2011), although the strength and direction of these landscape effects can vary over years (Larsen,
2013). Gagic et al. (2021) explained the associations of ﬁeld
size and landscape context on the intensity of insecticide use
by pest colonization dynamics. In small cotton ﬁelds surrounded by landscapes with 20 to 30% seminatural habitat,
pest mirid immigration was relatively late and low, resulting
in less spraying while producing the highest cotton yields
(Gagic et al., 2021). Thus, insecticide applications indicate
on the one hand the response of farmers to reduce herbivore
populations in their crops, which is the ultimate outcome of
multitrophic interactions in and around the crop ﬁeld, and
on the other hand insecticides can disrupt herbivore-natural
enemy interactions which are key for supporting the pest
regulation function in agroecosystems.

A way forward?
Source-sink dynamics of herbivores and natural enemies
and their interactions are governed by different processes at
the same time. Landscape features that have been identiﬁed
as important for sustaining functional biodiversity, such as
crop diversity and landscape conﬁguration, tend to have a
negative effect on bottom-up forces to support herbivores
and a positive effect of top-down processes mediated by natural enemies (Table 1). The simultaneous interplay of different processes can give raise to complex population patterns
in time and space. For instance, source habitats for herbivores often also become source habitats for natural enemies
as these habitats offer prey or hosts, but there is a time-lag in
herbivore and natural enemy population cycles (Janssen et
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al., 2021). Disturbances, such as insecticide applications or
mechanical operations, may turn source habitats into sinks,
but pest resurgence in treated ﬁelds may then turn these
ﬁelds in sources again at a later stage. At the same time these
disturbances may trigger dispersal of arthropods to nearby
habitats, leading to a local increase in arthropod numbers in
surrounding areas (Rand et al., 2006). Furthermore, insecticide use disrupts the population build-up of herbivores in
host crops and may mask relationships between host crop
area and herbivore abundance (Veres et al., 2013) or give
rise to thresholds in the area exposed to insecticides beyond
which natural enemies can no longer establish (Bianchi et
al., 2013a). Insecticide use has also been linked with regime
shifts in ladybeetle and soybean aphid population dynamics
in Midwest US, where boom-bust cycles transitioned to a
more stable dynamic after the introduction and wide spread
adoption of soybean seed coated with neonicotinoid insecticide (Bahlai et al., 2015). Accounting for the processes
underlying source-sink dynamics of herbivores and natural
enemies may allow us to better explain and understand the
complex emergent patterns observed and may be helpful for
the design of pest suppressive landscapes (Box 1).
Despite the recent advances in the research ﬁeld, landscape design is still hampered due to at least two challenges.
First, the often species-speciﬁc relationships make the outcomes of herbivore-natural enemy interactions context-speciﬁc and hard to predict (Karp et al., 2018). This underlines
the need to better account for the ecological requirements of
organisms (in terms of host plants, prey/host availability,
nectar and pollen resources and hibernation habitat), and dispersal capacity and movement behaviour. More studies are
needed that include biologically meaningful variables
besides broad land use categories. For instance, accounting
for the presence of host plant species (Bahlai et al., 2010;
Chaplin-Kramer & Kremen, 2012) or ﬂower abundance
(Kleijn & van Langevelde, 2006) can reveal a better mechanistic insight in species responses. Furthermore, detailed ﬂoral resource maps have been generated for the early and late
season to explain bumblebee colony performance and the
abundance of pests and natural enemies in wheat ﬁelds
(Eckerter et al., 2020; Gonzalez et al., 2022). These studies
found that while ﬂoral food resources are important, ﬂoral
resource availability alone does not fully explain species
responses, indicating that other factors are also important.
Future work that captures the ecological requisites of species
or species groups that share relevant traits may offer important insights to develop more mechanistic and context-speciﬁc design principles (Schellhorn et al., 2015).
Second, principles for ecological design principles are
often descriptive, and do not always provide quantitative
guidelines for design, triggering “how much is enough”
questions (Fahrig, 2001; Garibaldi et al., 2020). The mapping of the area and strength of source and sink habitats
can provide a spatially-explicit and quasi-quantitative overview of the population processes taking place in the
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Box 1. Mapping of source-sink dynamics.
Arthropods need to ﬁnd patchily distributed and ephemeral
resources in landscape mosaics for survival and reproduction,
but are also exposed to disturbances. Mapping the host plants
(e.g., crops) of herbivores can provide information on the area
and spatial distribution of source habitats (Fig. 2). For agricultural pest species crop hosts are usually well known. For natural
enemies the presence of habitats that provide ﬂoral resources (if
relevant) or hibernation habitat can be mapped, such as ﬁeld
margins and habitat edges, as well as habitats that provide
(alternative) prey or hosts. The strength of source habitats for
herbivores and natural enemies can be informed by the density
of immature stages, and area of source habitats may be estimated by the area of (crop) habitat where immature stages are
found (Fig 2C and D). This information may be available from
scouting reports, or can be obtained by conducting ﬁeld surveys
at different times in the growing season. Moreover, the abundance of immature and adult natural enemies in samples can be
used as a proxy for the numerical response, while the number of
natural enemy species in the sample may inform natural enemy
diversity. Early season assessments may reveal useful information on the time to colonization of natural enemies in crops.
The immature herbivore and natural enemy load within an area
of interest can then be estimated by multiplying the area of
source habitats with strength of source habitats (sensu Bianchi
et al., 2017) (Fig. 2E & F). The ratio between (immature) herbivore and natural enemy load may be used as an indicator of the
pest suppressive potential of landscapes along the same lines as
pest-natural enemy ratios are used for decision support for
insecticide applications at the ﬁeld scale (Zhang & Swinton,
2009). The relevant spatial scales to assess pest-natural enemy
ratios is contingent on the dispersal capacity of the arthropods
of interest, and can be the (within) ﬁeld scale for relatively poor
dispersers to the landscape scale for good dispersers (Fig. 3).
Fields that have been subject to mechanical operations or
treated with insecticides can be indicated as sink habitats and
have limited potential for reproduction in the short term, and
this is particularly the case for natural enemies with a low number of generations per year.

landscape (Box 1). Movement from source habitats might
be visualised by buffer areas around habitats when information about the dispersal ability is available. Alternatively,
estimates of the spatial extent of ecosystem services around
source habitats may be obtained using distance-weighted
regression approaches (Goedhart et al., 2018; Lowe et al.,
2022). Although simplistic in the sense that the often
strong temporal dynamics are ignored, this approach may
reveal that landscapes may be pest suppressive because
they disfavour herbivores (e.g. limited source area, source
strength and/or host plant apparency) or have a high potential to support effective populations of natural enemies
(high source area and source strength, short distances from
source habitat to target crops, and presence ﬂoristically
diverse habitats; Box 1).
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Conclusions

Acknowledgments

While agricultural landscapes need to fulﬁl multiple
functions, such as food production, water and climate regulation, supporting biodiversity and ecosystem services is
also of paramount importance. Principles for the ecological
design of agricultural landscapes have been proposed in
several studies and are well-grounded in empirical observations and practical experience (e.g., Fischer et al. 2006,
Haan et al. 2021, Landis 2017, Tscharntke et al. 2021).
These principles revolve, among others, around compositional and conﬁgurational landscape heterogeneity,
reduced ﬁeld sizes, management of habitats to provide
resource continuity for beneﬁcial organisms, and manage
timing of disturbance events. The current analysis indicated that there is also mechanistic support for these principles, and reinforces the need to consider species’
ecological requisites to make inferences about the pest suppressive potential of landscapes for speciﬁc herbivore
groups (Fahrig et al., 2011).
Ecological design principles are typically used in a qualitative manner to inform landscape design. The evaluation
of landscapes in terms of source and sink habitats may be
useful for a more quantitative appraisal of the pest suppressive potential of landscapes. However, the functioning of
crop habitats in terms of sources or sinks can be highly
dynamic as managed crop habitats can quickly turn from a
source into a sink after ﬁeld operations. This indicates that
‘disturbance ecology’ should be an integral part of the ecological design principles. However, there is a general paucity of explicit data on source and sink strength of habitats.
For instance, mechanical ﬁeld operations, such as harvesting, are potentially as disruptive for vegetation-dwelling
arthropods as insect applications, but this have only been
quantiﬁed for a limited set of taxa and applications. Moreover, the consequences of disturbances on the spatial distribution of arthropods is still poorly understood. With the
growing body of literature on species responses to landscape and management practices, and by a better integration of the insights obtained by empirical and theoretical
studies, we should be able to strengthen our understanding
of the interplay of processes that underly the emergent patterns of pest suppression at the landscape scale. These
insights can then further sharpen ecological design rules
and be part of the urgently needed transformation towards
multifunctional landscapes that support biodiversity and
ecosystem services.
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