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Conservation biological control (CBC) seeks to promote the occurrence of natural

enemies of agricultural pests by managing habitat to provide key resources in and

around farm fields. In particular, vegetation diversity may help ensure temporal resource

continuity such that natural enemies are less likely to experience detrimental gaps or

bottlenecks as they move through and use different habitats. While the conceptual value

of resource continuity has long been recognized by CBC researchers and practitioners,

empirical studies have tended to focus on snapshots in space and time. Here we

review how continuity of trophic (food) and structural (shelter) resources affect natural

enemy conservation and pest control outcomes within farm fields and across agricultural

landscapes. Key trophic resources include alternative prey and non-prey food (such

as floral nectar and pollen), which can bolster natural enemy nutrition when pests

are scarce. Vegetative and non-vegetative structural resources can protect enemies

when crop fields are disturbed and provide important overwintering habitat in temperate

regions. Within fields, non-crop plantings such as wildflower strips or beetle banks

are the most popular habitat management strategies, but temporal intercropping,

asynchronous planting/harvesting, and the construction of artificial shelters have high

potential to contribute to resource continuity. Analogously, semi-natural habitat at the

landscape scale may contribute to resource continuity in some cases, but crop diversity,

asynchrony, and urban habitat can also be important. Simultaneous consideration of

resource diversity and continuity could generate better predictions and more targeted

management interventions for particular pest and enemy assemblages. Future research

should strive to expand our understanding of natural enemy resource requirements in

space and time.

Keywords: habitat management, natural enemies, agroecology, predator-prey interactions, landscape ecology,

entomology

INTRODUCTION

Farmers, scientists, and policymakers are increasingly looking for ways to “ecologically intensify”
agricultural production to meet the needs of human populations while minimizing negative effects
on the environment and protecting biodiversity (Bommarco et al., 2013; Tittonell, 2014; Kleijn
et al., 2019). Habitat management is often promoted as a promising strategy for managing insect
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pests while avoiding the downsides of indiscriminate insecticide
use (Landis et al., 2000; Gurr et al., 2017). This typically
entails diversifying fields and landscapes to minimize the
occurrence of herbivores and promote their natural enemies,
an approach known as conservation biological control (CBC;
Begg et al., 2017). CBC constitutes a shift from the presently
dominant “curative” approach to pest control, focused on the
use of pesticides once pest problems arise, to a preventative
paradigm that relies on biodiversity conservation to support
agricultural production. Yet such a shift requires agroecological
approaches supported by theoretical underpinnings
and a technical infrastructure that enable ecological
intensification in ways that are good for farming and the
broader environment.

Many principles and practices associated with CBC are
thousands of years old (Shields et al., 2019). For example, there
are records of farmers in fourth century China manipulating
weaver ant nests in citrus orchards to protect the fruit from
pests (Huang and Yang, 1987), and indigenous farmers across
the tropics engage in various cultural practices to avoid
pest outbreaks (Morales, 2002). However, formal scientific
investigations by ecologists and entomologists are relatively
young (Shields et al., 2019). A classic paper by Root (1973)
sparked significant interest in the “enemies hypothesis,” which
posits that predators and parasitoids should benefit more from
plant diversity than their herbivore prey, increasing the ratio of
natural enemies to pests and providing top-down control. This
early formulation explicitly recognized the potential importance
of resource continuity in time for natural enemies. Root
(1973) writes:

“A greater diversity of prey/host species and microhabitats is
available within complex environments, such as most natural,
compound communities. As a result, relatively stable populations
of generalized predators and parasites can persist in these habitats
because they can exploit the wide variety of herbivores which

become available at different times.”

However, most studies and syntheses of CBC research have
ignored temporal dynamics and focused on snapshots of insect
populations in space (i.e., in focal crop fields) and at particular
times (i.e., during the growing season of the focal crop).
Furthermore, researchers frequently assume but rarely measure
or directly account for the resource complementation in time that
Root (1973) described.

While some studies have demonstrated that diverse fields
(Letourneau et al., 2011; Dassou and Tixier, 2016) and landscapes
(Chaplin-Kramer et al., 2011; Dainese et al., 2019) can promote
more natural enemies and fewer pests than monocropped
systems, it is by no means a guarantee (Tscharntke et al.,
2016; Karp et al., 2018). Uncertainty about the effectiveness
of habitat management, high risk aversion, and perception of
non-crop habitat as a likely source of pests make farmers
wary of adopting preventative pest management approaches
(Salliou and Barnaud, 2017; Chaplin-Kramer et al., 2019; Shields
et al., 2019). The challenge for agroecologists is to improve the
scientific basis for habitat management while accounting for the

context-dependency of pest and natural enemy dynamics (Settele
and Settle, 2018). Temporal resource patterns are increasingly
recognized as a crucial aspect of agroecosystem context, with
many calling for more rigorous consideration in CBC research
(Welch and Harwood, 2014; Schellhorn et al., 2015; Haan et al.,
2020; Spiesman et al., 2020).

Here, we review the role of temporal resource continuity—
and its opposite, discontinuity—for CBC in agricultural systems.
While temporal resource patterns are likely to be important
across agroecosystems globally, a persistent bias in CBC research
toward the developed world (Wyckhuys et al., 2013; Peñalver-
Cruz et al., 2019) makes examples from tropical regions scarce;
thus, the empirical cases we draw upon come primarily from
temperate regions, with a few key exceptions. We begin by
outlining a conceptual framework for understanding how and
in what instances temporal continuity may be important for
facilitating desirable pest and enemy population dynamics. We
then use this framework to summarize published studies that
explicitly consider the temporal dimensions of different types
of resources and habitat management strategies. Our systematic
review of the literature focuses on top-down control by natural
enemies, but we acknowledge that temporal resource patterns
are also highly relevant to bottom-up processes (i.e., Root’s
“resource concentration hypothesis”; Root, 1973); accordingly,
we include a brief discussion of these considerations. We
conclude by proposing a new framework for predicting and
evaluating the effects of heterogeneous resources on arthropods
in agroecosystems that distinguishes temporal considerations
from diversity per se, and offering recommendations for
future research.

CONCEPTUAL FRAMEWORK: DEFINING
RESOURCES, CONTINUITY, AND SCALE

The collection of organisms that function as “natural enemies”
of crop pests is incredibly broad and diverse, ranging from
vertebrates to viruses. Even within the narrower grouping
of arthropod natural enemies on which we focus here,
species have considerable variation in their life history
traits including diet breadth, mobility, voltinism, longevity,
and habitat requirements. Accordingly, the particular
resources in question, as well as the spatial and temporal
scales relevant to patterns of resource continuity are highly
context dependent. Nevertheless, the ecological processes
underlying resource use and population dynamics are
largely generalizable.

In simplified agroecosystems with just one or few annual crop
types, resource scarcity is likely for significant portions of the
year or growing season (e.g., before planting or after harvest),
even if these resources may be occasionally abundant (i.e., a
resource pulse; Ostfeld and Keesing, 2000; Yang et al., 2008). This
situation creates discontinuity for organisms in need of resources
over extended periods of time (Figure 1A). In contrast, complex,
diversified, and/or perennial systems may include multiple types
of crop or non-crop vegetation with different phenologies,
providing more continuous resources over time (Figure 1B).
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FIGURE 1 | Conceptual representation of how resources may vary through time in heterogeneous agroecosystems. (A) Depicts hypothetical low-continuity scenarios
in a single farm field or an entire agricultural landscape. In these scenarios, natural enemy populations are limited by overwintering habitat and experience a resource
gap in the early season. (B) Depicts high-continuity scenarios where enemies have sufficient resources available at all times.

Promoting the successful development and persistence of
abundant natural enemy populations in agroecosystems thus
requires “linking the resource chain” (Schellhorn et al., 2015)
through time by ensuring that the appropriate trophic and
structural resources are locally or regionally accessible—that
is, within farm fields or in the surrounding landscape. This
principle has been recognized for a different group of beneficial
arthropods, wild and managed bees, and such “feast-famine”
conditions have been shown to be important for pollinators
and pollination services (Mallinger et al., 2016; Dolezal et al.,
2019; Hemberger et al., 2020). Similar temporal dynamics are
likely to be consequential for natural enemies and pest control
(Schellhorn et al., 2015).

In the short term (i.e., the span of a single growing season),
ensuring temporal resource continuity could be beneficial for
promoting early recruitment of natural enemies to subsequent
crops. The importance of early predation or parasitism for
effective pest suppression is well-established in theoretical
predator-prey population models (Ekbom et al., 1992; van
der Werf, 1995). Thus, manipulating resources to attract and
maintain natural enemies within crop fields could provide
farmers with immediate pest control benefits. In the longer term,
resource continuity is important for shoring up the stability of
natural enemies by reducing gaps and bottlenecks that may result
in the failed development of entire generations and ultimately
reduced population sizes (Schellhorn et al., 2015).

Like all organisms, arthropod natural enemies rely upon two
broad categories of resources in order to carry out their life cycles:
food, or trophic resources, and shelter, or structural resources. In
addition to crop pests, trophic resources include alternative prey

as well as non-prey food such a floral nectar and pollen (Figure 2;
section Trophic Resources). Structural resources include both
short term refugia from disturbance as well as longer-term
shelter such as overwintering sites (Figure 2; section Structural
Resources). Because natural enemies are mobile, traversing
multiple resource patches within and/or across generations,
individuals, or populations may benefit from the ability to
acquire resources from multiple patches of the same habitat
type (landscape supplementation), while some may necessitate
distinct resources from spatially segregated habitats (landscape
complementation; Dunning et al., 1992). For many arthropods,
particular trophic or structural resources requirements may vary
across life stages or seasons. For example, a parasitoid wasp
may feed and develop inside a caterpillar during its larval stage
but benefit from nectar as an adult (varied trophic resources
requirements). Alternatively, predatory beetles may forage in
herbaceous vegetation as both larvae and adults during warm
months but aggregate in wooded areas to overwinter (varied
structural resource requirements). Proponents of CBC frequently
recognize the relevance of organism movement from natural
vegetation to crops, but spillover in the opposite direction is
equally important from the perspective of continuous resource
access and population persistence (Rand et al., 2006; Blitzer et al.,
2012).

As mentioned above, the life history traits of the arthropod
enemies in a particular agroecosystem will dictate the relevant
spatial and temporal extents of resource access and use. For
example, the distance over which a species is able to disperse
or forage has substantial bearing on the scale at which
habitat patches could feasibly contribute to temporal resource
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FIGURE 2 | Graphical schematic of the relationships between key natural enemy resources and habitat features that may contribute to their continuity or discontinuity
at two management scales (described in section Conceptual Framework: Defining Resources, Continuity, and Scale). Boxes correspond to subsequent sections
detailing how and in what instances different resource types, trophic (i.e., food) or structural (i.e., shelter), may be important for natural enemies (section Resources for
Natural Enemies: Trophic and Structural), and management features that contribute to resource continuity both within-fields and across agricultural landscapes
(section Creating Continuity: Habitat Features in Fields and Landscapes). Arrow labels refer to rows in Table 1 listing examples of studies that describe each of four
scale-by-resource interactions. Photos via Shutterstock, standard license.

continuity; large-bodied species with strong flight ability would
be influenced by conditions at greater spatial extents than small,
ground-dwelling species. Similarly, a long-lived species with a
single generation per year would require a different duration of
resource access in order for conditions of “temporal continuity”
to be met than a short-lived species with many generations per
year. In other words, it remains crucial to take an “organism’s eye

view” of the world when determining ecologically relevant scales
of investigation and manipulation (Wiens, 1989).

At the same time, we identify two scales relevant to farmers
and other land stewards for temporal resource management
in agroecosystems: within a single crop field (field level) and
across multiple fields and adjacent non-crop areas (landscape
level). Field scale management features that have the potential
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to generate or increase temporal resource continuity for natural
enemies include cover crops, relay crops, and living mulches,
non-crop plantings, and structural enhancements such as
overwintering shelters (Figure 2; section In-Field Features). In
studies of the landscape ecology of predator-prey interactions,
so-called “semi-natural habitat,” or non-crop vegetation around
farm fields, is the landscape-level feature most often considered
to enhance natural enemy populations and pest control outcomes
(Chaplin-Kramer et al., 2011; Karp et al., 2018; Dainese et al.,
2019), but others may include landscape-scale crop diversity,
asynchronous planting/harvesting, and urban development
(Figure 2; section Landscape Features).

Importantly, resource type and management scale interact
to affect natural enemy populations. That is, continuities or
discontinuities can arise in both trophic and structural resources
at field or landscape scales (Figure 2 and Table 1). In the
following sections, we explore each of these interactions by
highlighting examples from a systematic review of the peer-
reviewed literature that relate temporal resource continuity and
natural enemies in agroecosystems. For simplicity, we describe
resource type and management scale separately, with examples
of particular scale-by-resource combinations throughout.

To conduct our review, we used ISI Web of Science
to search peer-reviewed English-language literature through
February 2020. To capture research on pest control, we used
the topic terms “pest suppression” OR “pest control” OR “pest
regulation” OR “biological control” OR “biocontrol” OR “natural
enem∗”; to capture temporal dimensions, we used “continu∗” OR
“complement∗” OR “perennial” OR “tempor∗” OR “asynch∗” OR
“early season” OR “late season” OR “overwinter∗”; to capture
habitat management features at multiple scales we used “habitat”
OR “cover crop∗” OR “relay crop∗” OR “living mulch” OR
“fallow” OR “landscape diversi∗” OR “landscape complexity.”
This search returned 752 results. We then reviewed titles and

abstracts for relevance, resulting in a final set of 55 papers. From
these we extracted the geographic location (country or U.S. state)
in which field work was conducted, the cropping system, the
scale(s) (field or landscape) of manipulation or observation, the
habitat feature(s) observed or manipulated, the resource type(s)
(trophic or structural) considered, the pest and natural enemy
group(s) studied, and a brief summary of the main findings
(Supplementary Table 1).

RESOURCES FOR NATURAL ENEMIES:
TROPHIC AND STRUCTURAL

Trophic Resources
For the purpose of pest control, the most relevant trophic
resources that natural enemies consume are the pests themselves.
While facilitating larger or more continuous pest populations
could provide an ample food supply for enemies, this is obviously
an undesirable situation for crop production. On the other hand,
secondary pests or non-pest prey may contribute to the stability
of biocontrol without increasing crop damage. The presence
of alternative prey is sometimes shown to disrupt effective
biocontrol if generalist predators prefer to consume alternative
prey compared to pests (Koss and Snyder, 2005). Yet, it has also
been hypothesized that the early presence of alternative prey (i.e.,
a temporally complementary resource for enemies) could build
up predator populations to such an extent that large population
size compensates for reduced individual predation (Harwood
and Obrycki, 2005). In other words, temporal separation in the
presence of alternative prey and primary pests may contribute to
“apparent competition” between prey species (Langer andHance,
2004; Blitzer and Welter, 2011), mitigating the negative effect of
preferential feeding on non-pests. Similarly, a modeling study
by Spiesman et al. (2020) showed that fields or landscapes that

TABLE 1 | Representative studies of temporal resource continuity for natural enemies in agroecosystems across trophic and structural resource types (sections Trophic
Resources and Structural Resources) and landscape and field scales (sections In-Field Features and Landscape Features).

Management scale Resource type References

A Field Trophic Langer and Hance, 2004; Litsinger et al., 2006; Schmidt et al., 2007; Yoo
and O’Neil, 2009; Unruh et al., 2012; Segoli and Rosenheim, 2013; Villegas
et al., 2013; Derocles et al., 2014; Damien et al., 2017; Nelson et al., 2018

B Structural Halaj et al., 2000; Sorribas et al., 2016; Boinot et al., 2019; Ganser et al.,
2019

Both/Unmeasured Hossain et al., 2002; Men et al., 2004; Prasifka et al., 2006; Dong et al.,
2012; Koch et al., 2015; Ramsden et al., 2015; Tsutsui et al., 2016;
Pellissier and Jabbour, 2018; Toivonen et al., 2018; Bowers et al., 2020

C Landscape Trophic Settle et al., 1996; Prasifka et al., 2004; Pfannenstiel et al., 2012; Heimoana
et al., 2017; Bertrand et al., 2019

D Structural Öberg et al., 2007; Royauté and Buddle, 2012; Roume et al., 2013; Sarthou
et al., 2014; Raymond et al., 2015; Hanson et al., 2017; Gallé et al., 2018;
Mestre et al., 2018; Ng et al., 2018; Sutter et al., 2018; Knapp et al., 2019

Both/Unmeasured Alignier et al., 2014; Bianchi et al., 2015; Macfadyen et al., 2015; Duflot
et al., 2016, 2017; Ardanuy et al., 2018; Aviron et al., 2018; Sann et al.,
2018; Yang et al., 2018; Nardi et al., 2019

Letters correspond to arrows in Figure 2.
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contain resource patches with non-overlapping phenologies and
distinct specialist prey communities could avoid the build-up of
large pest populations by providing continuous food for mobile
generalist predators at the landscape scale.

Temporally complementary alternative prey can occur in the
focal crop itself or in adjacent vegetation. A study in Indiana
(USA) soybean fields found that minute pirate bugs benefited
from the presence of thrips early in the growing season and
prevented soybean aphid outbreaks later (Yoo and O’Neil, 2009).
Prasifka et al. (2004) used stable isotope analysis to show that
lady beetles feeding on aphids in grain sorghum emigrated to
nearby cotton fields when the sorghum senesced, and remained
in cotton even in the absence of aphids; when aphids were
present in cotton they switched their diets, enhancing biocontrol.
Similarly, leafroller parasitoids in Washington (USA) fruit
orchards benefited from rose and strawberry plantings that
provided a key overwinter host (Pfannenstiel et al., 2012; Unruh
et al., 2012). Adjacent vegetation may also provide alternative
prey that keep natural enemies near crop fields during periods
of disturbance such as harvest (Villegas et al., 2013) or pesticide
application (Heimoana et al., 2017). Nevertheless, in some cases
the prey species found in adjacent vegetation may be inadequate
alternative prey for agriculturally-relevant natural enemies, and
therefore fail to contribute to temporal resource continuity and
improved pest control outcomes (Derocles et al., 2014).

Non-prey foods such as nectar, pollen, seeds, and fungi
may also be vital to the energetic and nutritional requirements
of natural enemies, with some species even requiring non-
prey food to complete their life cycles (Wäckers et al., 2005;
Lundgren, 2009). Plant- and fungus-derived foods can be
especially important for predator and parasitoid subsistence
when prey are scarce (e.g., Eubanks and Denno, 1999). Floral
resources such as nectar and pollen have been well-studied in the
CBC literature, especially for parasitoids (Tylianakis et al., 2004;
Lee and Heimpel, 2005, 2008), but temporal dimensions are not
often considered explicitly. Continuous access to floral resources
has been shown to benefit parasitoids (Segoli and Rosenheim,
2013) and hoverflies (van Rijn et al., 2013) in lab settings, with
implications for how flowers are managed in the field. For
example, Segoli and Rosenheim (2013) show that leafhopper
parasitoids in wine grape vineyards are sugar-limited, especially
in autumn, and suggest that planting late-season flowers could
enhance their biocontrol potential.

The importance of phenologically complementary floral
resources has also been demonstrated recently for natural
enemies at the landscape scale. Bertrand et al. (2019) quantified
pollen use by a lady beetle and lacewing species throughout the
course of a growing season in German and Swiss agricultural
landscapes. They observed a clear shift from tree-derived to
herbaceous pollen over time, and found that the majority of
pollen came from non-crop plants even in areas dominated
by farmland. This indicates that diverse, temporally continuous
non-prey food is a key resource for natural enemy populations in
agricultural landscapes.

Finally, natural enemies themselves may function as
“alternative prey” in some cases (i.e., intraguild predation or
cannibalism; Rosenheim et al., 1995). Although theory predicts

that such antagonistic interactions between enemies should
have negative consequences for biocontrol, this prediction
is infrequently borne out in practice (Janssen et al., 2006;
Rosenheim and Harmon, 2006). From the perspective of
temporal resource continuity, intraguild predation could be
beneficial if the presence of intraguild prey acts as an additional
trophic resource that enables the persistence of the intraguild
predator during times of extraguild prey scarcity; however, we
did not encounter any examples of this phenomenon in our
literature search.

Structural Resources
In addition to food, natural enemies require appropriate
habitat structure for growth & development, sheltering from
predation and disturbance, reproduction, and in temperate
climate zones, overwintering (Landis et al., 2000). Gontijo (2019)
recently reviewed the engineering of natural enemy shelters
to enhance CBC in crop fields, highlighting the importance
that vegetative and artificial structures can have in providing
suitable microclimatic conditions and protection from intraguild
predation and pesticide exposure, in addition to providing
supplemental food resources (discussed in section Trophic
Resources above). While sheltering can improve conditions
for predators in the middle of the growing season—such as
protecting them from desiccation in high sun conditions (Diehl
et al., 2012)—it may be especially important during periods
when crop fields are bare or sparse. For example, Tsutsui et al.
(2016) found that spiders in Japanese rice agroecosystems relied
on the complementary use of irrigation and drainage ditches
during periods when paddies were dry, suggesting that providing
essential microhabitats could be important at particular times of
the season.

Because highly intensified crop fields provide little suitable
substrate outside of the growing season, overwintering habitat
is likely to be a key limiting structural resource for natural
enemies in temperate agroecosystems. In studies from European
oilseed rape landscapes, overwintering spider density was found
to be significantly higher in natural areas than crop fields
(Mestre et al., 2018), and ground beetle-to-pollen beetle ratio was
greatest in forest edges, especially those with high litter cover
and compact soil (Sutter et al., 2018). In the absence of semi-
natural landscape features, in-field enhancements (see section
In-Field Features) have the potential to provide supplemental
overwintering habitat to natural enemies. In one study from
Switzerland, perennial wildflower strips were found to host
significantly more overwintering spiders, ground beetles, rove
beetles, and hoverflies than adjacent wheat fields, but plowing
strips during the overwintering period reversed any benefits
they provided (Ganser et al., 2019). In an alley cropped
agroforestry system, Boinot et al. (2019) found that more
predators, and disturbance-sensitive ground beetle species in
particular, overwintered in understory vegetation strips than
crop alleys, suggesting that the structural complexity created by
the trees could enhance biocontrol services during the growing
season. Finally, even in perennial systems where cropland itself
may be a suitable overwintering habitat for some natural enemy
species, supplementary habitat may be valuable for others. For
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example, several species of lacewings in Spanish fruit orchards
tended to overwinter in nearby shelterbelts and disperse to fruit
trees the following spring, while others remained on fruit trees
year-round (Sorribas et al., 2016).

In summary, both trophic and structural resources within and
outside of crop fields that complement the availability of prey
are essential for sustaining long-lived, mobile natural enemies in
agroecosystems. Agricultural systems that retain such temporally
complementary resources are likely to have a greater potential
for pest suppression within a crop by supporting robust natural
enemy communities through periods of low pest abundance.

CREATING CONTINUITY: HABITAT
FEATURES IN FIELDS AND LANDSCAPES

In-Field Features
Within individual farms or crop fields, there are a variety
of habitat features and management techniques that could
provide natural enemies with temporally continuous trophic and
structural resources. Within a farm, local non-crop vegetation
has long been studied for its potential value to beneficial insects
and may be especially important before crops begin growing
and after they are harvested. Grassy field margins, wildflower
plantings, and beetle banks, are common examples of such non-
crop features. This vegetation can often simultaneously offer
both food and shelter for natural enemies. Ramsden et al.
(2015) evaluated the relative importance of alternative prey,
floral resources, and overwintering habitat provided by managed
field margins to flying natural enemies of aphids in winter
wheat by manipulating the type of vegetation present. They
found that floral resources had the strongest effect, significantly
increasing wheat aphid parasitism rates, as well as the abundance
of hoverflies, lady beetles, and lacewings, particularly at the
beginning of the growing season. Perennial wildflower strips have
also been documented to support ground dwelling predators
early in the season and facilitate their subsequent movement
to adjacent barley better than non-flowering grasses (Toivonen
et al., 2018). Yet in some cases, vegetation phenology may be
more important than floral resources per se. Comparing the value
of riparian buffers planted with cool- vs. warm-season grass
mixes for natural enemies in maize and soybean, Nelson et al.
(2018) expected the warm season plantings to perform better due
to the greater abundance of flowering species included in the
seedmix. However, they found that cool season grasses promoted
earlier, more abundant ground- and canopy-dwelling enemies
in crop fields. They attributed this to phenological differences
between plantings, positing that the cool season grasses provide
more continuous substrate and beneficial microhabitat for prey
and predators early in the season. It is important to note that
while managed non-crop vegetation frequently promotes early-
season natural enemy abundance in the planting itself, benefits do
not always spill over to the adjacent crop (Pellissier and Jabbour,
2018).

Cover crops, relay crops, and living mulches are within-field
vegetation management strategies that could also promote
temporal resource continuity. Cover crops are regularly

promoted for their soil-building (Blanco-Canqui et al., 2015)
and weed suppression (Osipitan et al., 2018) properties, but may
also provide valuable habitat for beneficial insects outside of
the focal crop growing season. Bowers et al. (2020) show that
rye and clover cover crops increase early season recruitment of
natural enemies to Georgia (USA) cotton fields and decrease
thrips abundance, while rye cover crops also decreased boll
injury by stink bugs. In France, flowering brassica cover crops
increased parasitism rates of aphids in adjacent cereals, likely
attributable to the early nectar resources they provide (Damien
et al., 2017). Even when cover crops fail to enhance natural
enemy recruitment to crop fields (Fox et al., 2016), they have
been shown to depress pest populations by other mechanisms in
some cases (Hooks et al., 2013; Koch et al., 2015).

In relay cropping systems, crops that have different
phenologies are planted in the same field, and the first (early
season or fast growing) crop is harvested before the second (late
season or slow growing) crop. This strategy has proven especially
effective in promoting early recruitment of lady beetles to control
aphids in wheat-cotton (Men et al., 2004) and rye-wheat (Dong
et al., 2012) relay cropping systems in China, as well as soybean
planted into an alfalfa living mulch in Iowa (USA) (Schmidt
et al., 2007). Alfalfa-clover living mulch has also been effective
in increasing ground beetle abundance and predation of the
European corn borer in an Iowa maize-soy-forage rotation
(Prasifka et al., 2006).

For crops that can accommodate multiple harvest dates, such
as alfalfa and other forages, asynchronous strip harvesting may
promote the persistence of natural enemy populations in the field
throughout the harvest season. This practice was popularized in
California alfalfa fields (Stern et al., 1964; Summers, 1976) and
its benefits for enemy conservation and pest suppression have
been extensively documented in Australian production systems
(Hossain et al., 2000, 2001, 2002). Similar results have been found
in other parts of the world (Samu, 2003; Rakhshani et al., 2010).

Finally, non-vegetative within-field enhancements have the
potential to provide resources for natural enemies and keep them
around in the absence of crops. Halaj et al. (2000) note that the
establishment of straw shelters in crop fields is a millennia-old
practice used by Chinese farmers to create a refuge for spiders
during periods of disturbance. They found dramatic increases in
predator abundance and diversity in shelters compared to open
fields, as well as one-third less insect damage to soybean seedlings
near shelters. The use of artificial shelters for structural resource
continuity is generally uncommon but has received particular
attention in orchard systems (Horton et al., 2002; Horton, 2004;
Kawashima and Jung, 2010; Yanik et al., 2011).

Landscape Features
At the landscape scale, semi-natural habitat (i.e., non-crop
vegetation patches) is perhaps the most investigated feature
presumed to benefit natural enemy conservation and biocontrol
services through its combined effects on both trophic and
structural resource continuity for natural enemies. Semi-natural
habitats are expected to improve temporal continuity because
they are comprised of long-lived, perennial species that undergo
minimal disturbance. Studies often measure the proportion
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of semi-natural landcover in a given area (e.g., 1 km radius)
surrounding a crop field and relate this attribute to pest or enemy
responses. The amount of surrounding semi-natural habitat
sometimes correlates with the early-season abundance of natural
enemies in crop fields (Alignier et al., 2014; Bianchi et al., 2015;
Raymond et al., 2015; Wilson et al., 2017), suggesting its function
as overwintering habitat and potential contribution to temporal
resource continuity. Semi-natural habitat here is inferred to be
a proxy for some limiting trophic or structural resources at low
levels within crop fields themselves. However, these potentially
limiting resources are rarely measured directly. When resources
are measured, there tends to be substantial local heterogeneity in
the quality of semi-natural habitat (Sarthou et al., 2014; Holland
et al., 2016; Bartual et al., 2019), and this discrepancy could
partially explain why it is an inconsistent predictor of CBC
outcomes (Karp et al., 2018).

In addition to habitat amount, landscape configuration
strongly affects pests, enemies, and crop yield, though temporal
dimensions remain largely under-explored (Haan et al., 2020).
One robust finding across temperate agricultural landscapes is
that habitat edges tend to support more diverse, abundant ground
beetle (Roume et al., 2013; Duflot et al., 2017; Ng et al., 2018;
Knapp et al., 2019) and spider communities (Öberg et al., 2007,
2008; Royauté and Buddle, 2012; Mestre et al., 2018) in and
around cereal fields, particularly early in the growing season.
This observation demonstrates the contribution of semi-natural
vegetation in patchy landscapes to overwintering habitat and
timely recruitment of predators to crop fields (Bertrand et al.,
2016; Gallé et al., 2018).

Non-crop habitat is not the only landscape feature that may
promote desirable pest and enemy dynamics in agricultural
landscapes. The heterogeneity of farmland itself is increasingly
recognized for its relevance to biodiversity conservation
(Perfecto et al., 2019; Sirami et al., 2019) and ecosystem service
provisioning (Vasseur et al., 2013; Cohen and Crowder, 2017;
Redlich et al., 2018). In particular, crop diversity at the landscape
scale could offer temporally complementary resource patches
to mobile generalists that can make use of different habitats
throughout the growing season, as well as “bridge” semi-
natural habitat and annual cropland by providing connectivity
in time and space. For example, Nardi et al. (2019) used
network analysis to show that while forest habitats hosted spider
communities distinct from those in annual crop fields, perennial
crops and meadows played a key role in facilitating dispersal
across agricultural landscapes. Studying ground beetles in maize,
Aviron et al. (2018) found that the presence of semi-natural
areas did not enhance farmland species, but connectivity to
winter cereal crops promoted short-winged species, whereas
Duflot et al. (2016) saw no evidence of complementation
between cereal and maize fields. In some cases, spatio-temporal
resource complementation may benefit generalist pests but not
predators (Macfadyen et al., 2015; Ardanuy et al., 2018). Finally,
diverse crop types can act as temporally complementary sources
of natural enemy population from distinct functional groups
throughout the growing season. One study illustrating this point
in Swedish agricultural landscapes found that predators emerged
and dispersed early in the season from sugar beet fields, while

later in the season grasslands were an important spider source
and wheat fields were an important rove beetle source (Hanson
et al., 2017).

In regions with year-long growing seasons, asynchronous
planting of a focal crop can be an effective way to ensure resource
continuity for natural enemies across the landscape. There is a
longstanding debate in theoretical models and pest management
policy about the value of synchronous vs. asynchronous planting
for pest control, with the classic example coming from tropical
rice systems (Ives and Settle, 1997). Settle et al. (1996)
demonstrated that generalist predators were more abundant, and
pest suppression was improved, with asynchronous planting and
in the presence of alternative, detritivorous prey that provided
continuous trophic resources and boosted their early population
size. Subsequent work in tropical rice systems has corroborated
these results, showing that asynchronous planting is sometimes
more beneficial for natural enemies of rice pests than crop
diversity or semi-natural habitat (Litsinger et al., 2006; Dominik
et al., 2018; Sann et al., 2018).

Recently, an additional landscape element that has received
scientific attention and which has the potential to affect resource
continuity and pest control is the presence of developed or
urban habitat. Long written-off as irrelevant to conservation,
cities are increasingly recognized as remarkably complex,
heterogenous patchworks that harbor abundant and diverse
insect communities (New, 2015) and have the potential to
support insect-mediated ecosystem services (Gardiner et al.,
2013; Lin et al., 2015). Urban habitat features are important for
pest and enemy dynamics within small urban agroecosystems
(Gardiner et al., 2014; Egerer et al., 2017; Gardiner and Harwood,
2017; Philpott and Bichier, 2017), but may also influence nearby
natural (Spear et al., 2018), and agricultural areas. Yang et al.
(2018) found that lady beetle abundance in wheat fields was
correlated with the proportion of dwellings in the surrounding
area, but only in the early season, likely because human
structures provide valuable overwintering habitat to beetles.
Urban warming may also contribute to earlier emergence and
faster development times in cities, but these effects seem more
pronounced for pests than natural enemies (Dale and Frank,
2014; Meineke et al., 2014).

Overall, a variety of habitat features at both the field
and landscape scales could promote or interfere with natural
enemies’ continuous access to key resources. Beyond the non-
crop or semi-natural vegetation present in agroecosystems, crop
diversity, management schedules, and non-vegetative structures
may also be advantageous targets for manipulation to improve
conservation and pest control.

BOTTOM-UP PROCESSES AND
RESOURCE DISCONTINUITY FOR PESTS

The research summarized above primarily focuses on the value
of resource continuity for predators and parasitoids, beneficial
species whose presence is desirable in agroecosystems. However,
it is worth noting that temporal resource patterns can also be
manipulated to generate resource discontinuities for undesirable
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species. One example of this is practiced at the field scale, where
the rotation of annual crops has been used for thousands of
years to disrupt the inter-annual life cycles of pathogens and
insect pests (Bullock, 1992). Longer, more diverse crop rotations
have been shown to decrease insect pest pressure in a variety
of crops including canola (Harker et al., 2015), maize (Brust
and King, 1994), and potato (Hare, 1990; Kabaluk and Vernon,
2000). In some cases, pests may evolve resistance to simple
rotation schemes (e.g., corn rootworm in North America; Gray
et al., 2009). Although crop rotation could potentially disrupt
resource continuity for top-down control within crop fields, some
studies have found neutral or positive effects on natural enemies
(O’Rourke et al., 2008; Dunbar et al., 2016). The consequences
of crop rotation for pests and enemies at the landscape scale
are poorly characterized, but nevertheless a potentially important
temporal consideration for CBC (Rusch et al., 2013; Bertrand
et al., 2016).

Other cultural controls can interfere with the habitat
requirements of insect pests. For example, plastic or
biodegradable mulches can be used to alter the microclimate
within crop canopies and on the soil surface, deterring or killing
insect herbivores (Kasirajan and Ngouajio, 2012). Similarly, the
isolation or removal of infested fruits can interrupt resource
access for pests (Chouinard et al., 2016; Leach et al., 2018).
Non-crop vegetation could also be managed to disrupt resource
continuity for pests, such as by removing alternative host plants
in the landscape. For example, Parry et al. (2019) demonstrate
that exotic weeds in found in alfalfa fields and pasture in
Australia act as early season hosts for a native hemipteran
pest, the Rutherglen bug, and suggest that reducing weeds
in these habitats could disrupt temporal resource continuity
and facilitate better landscape-scale management. Similarly,
soybean aphids and their overwinter host European buckthorn
constitute two key pillars of an “invasional meltdown” North
America; removing buckthorn in the landscape could promote
the suppression of soybean aphid as well as other co-invaders
(Heimpel et al., 2010).

DISCUSSION

Diversity and Continuity: The “What” and
“When” of Resources in Agroecosystems
In Root’s (1973) initial formulation of the enemies hypothesis,
improved temporal resource continuity for natural enemies
is a corollary to plant diversity. In other words, one reason
agroecosystem diversification is presumed to be beneficial for
natural enemy conservation and top-down pest suppression
is because it decreases the likelihood enemies will encounter
a period of resource scarcity, allowing populations to persist
and grow. This is one among several potential mechanisms
by which diversification may benefit natural enemies (e.g.,
nutritional enhancement provided by more diverse diets; Root,
1973; Russell, 1989). Disentangling the contributions to natural
enemy response of resource diversity per se and resources
continuity could be a fruitful direction for CBC research. For
example, natural enemy diets could be manipulated in a factorial

experiment crossing high and low temporal continuity with
high and low nutritional diversity, measuring physiological,
developmental, or survivorship outcomes. Clarifying the
mechanisms by which diversification is likely to benefit
enemies in specific contexts could inform more useful habitat
management schemes that address relevant resource deficiencies.

When considering resource continuity and resource diversity
separately, four broad types of agroecosystems are apparent
(Figure 3A). In low diversity systems such as crop monocultures,
resources may be either ephemeral (as is the case for the
commercial production of many annual crops around the
world) or long-lasting (as in orchards or perennial forage crops,
for example). Similarly, high diversity systems can encompass
mixtures of plants with similar phenologies (“synchronous
polyculture,” such as many classic companion plants) or
temporally distinct phenologies (“asynchronous polyculture,”
such as relay or cover crops). Given the findings from studies
on resource pulse-consumer interactions in natural ecosystems
(Ostfeld and Keesing, 2000; Yang et al., 2010), we would
predict that the nature of the effects of resource patterns in
agroecosystems will depend on the specific life history traits
and resource requirements of relevant pest and enemy species.
Accordingly, resource continuity and/or diversity could in some
cases be manipulated to facilitate optimal pest management
outcomes. We describe the application of this framework
for three relevant traits: habitat/diet breadth (generalists vs.
specialist; Figure 3B), voltinism (univoltine vs. multivoltine;
Figure 3C), and mobility (high vs. low mobility; Figure 3D).

We expect that habitat generalists are likely perform better
relative to specialists in cropping systems with heterogeneous,
temporally complementary resources (Figure 3B, top right
quadrant) because, all else being equal, they have the ability to
move and exploit a diversity of resources in habitats that become
available at different points in time. In contrast, specialists are
more likely to perform better in simplified systems (Figure 3B,
bottom left quadrant) because they are well-adapted to such
ephemeral environments (Wissinger, 1997). Results in diverse
but fleeting (Figure 3B, top left quadrant) or homogenous
perennial systemsmay bemore variable (Figure 3B, bottom right
quadrant). This suggests that effective management of pests with
field or landscape diversification practices would be more likely
under scenarios in which the targeted pests are specialists (and
only occur in the crop or limited number of alternative habitats)
that are attacked by generalist natural enemies which can bolster
their populations by accessing resources in a diversity of habitats.
In contrast, diversification may be less effective if key pests and
enemies have similar habitat or diet breadths.

An organism’s voltinism, or the number of generations it
completes in a year, is also relevant to how a population may
respond to changes in resources over time. For univoltine species,
adequate capture of resourcesmay in some cases be achieved even
when trophic resources are fleeting—as long as food is available
during the organism’s phenological growth and development
window. Individuals may remain in their dormant life stage for
the rest of the year (provided adequate structural resources) when
trophic resources are not available. Multivoltine species, on the
other hand, require host plants (in the case of pests) or prey
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FIGURE 3 | Framework for analyzing resource patterns in agroecosystems incorporating both diversity and continuity dimensions. (A) Depicts four broad
agroecosystem types in each quadrant. (B–D) Speculate how different arthropod life history traits (habitat/diet breadth, voltinism, and mobility) may interact with
resource conditions. Symbols correspond to expectations of positive (+), negative (–), or mixed effects (±) on species with a given life history trait.

(in the case of enemies) at multiple time points (for each
generation), and thus stand to suffer more from resource
gaps (Figure 3C, left quadrants). Enhancing trophic resource
continuity may therefore be more likely to improve pest control
outcomes when natural enemies are multivoltine. Univoltine
natural enemies, on the other hand, would not be as sensitive
to variability in trophic continuity or diversity (since they are
presumably adapted to coincide with their prey), but enhancing
structural resource continuity may benefit univoltine enemies
if they are limited by appropriate substrate for their non-
feeding (e.g., overwintering) phase. The consequences of resource
diversity per se would be a function of diet breadth (i.e.,
Figure 3B), rather than voltinism.

As previously mentioned, the distance which a species is
able to travel to disperse or forage in large part determines
the spatial scale at which resource distribution patterns affect
population dynamics. Species’ mobility may also matter for
the ability of resource manipulation to enhance pest control
outcomes by influencing their fidelity to a given area. If highly
mobile species (e.g., wind-dispersers, strong fliers, or crawlers)
experience resource gaps locally they may leave in search of
resources elsewhere (e.g., the harlequin lady beetle; Osawa, 2000;
Forbes and Gratton, 2011). If the species in question are pests this
dynamic would be desirable, but if they are enemies it could result

in reduced top-down control of subsequent pests. In contrast,
low-mobility species (e.g., small ground dwellers) may be unable
to escape local resource scarcity and die from starvation, or
persist long enough to respond to a resource influx (i.e., new
crop growth or pest outbreak) when it arrives. Accordingly,
engineering resource gaps may be desirable when pests are highly
mobile but enemies are not (Figure 3D, left quadrants). As with
voltinism, the consequences of resource diversity will depend on
whether arthropods can take advantage of few or many resource
types in the agroecosystem.

By explicitly assessing the temporal resource dimensions for
both natural enemies and their pests, in addition to diversity per
se, the conceptual framework presented here could serve as a
valuable starting point for testing novel agroecosystem designs
for pest management within a field, farm, or landscape.

Research Outlook and Conclusion
The temporal dynamics of food and shelter resources for
arthropods can have important consequences for natural enemy
conservation and pest control services in agroecosystems. By
shifting focus away from habitat features themselves and
toward the underlying mechanisms that drive insect-mediated
processes and functions, the temporal continuity framework
described here can generate more accurate predictions and
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targeted management interventions for CBC. Within fields,
habitat management with temporal complementation in mind
could maintain the pest control benefits of diversification while
minimizing negative effects of direct plant competition that
result in yield losses (Letourneau et al., 2011), since the benefits
of diversity are spaced over time. At the landscape scale, it
could point to natural enemy conservation strategies that do
not necessitate taking land out of production—i.e., by growing
phenologically complementary crops rather than just restoring
long-lived semi-natural habitats (Schellhorn et al., 2015).

It is important that researchers and practitioners maintain a
strong systems approach to CBC that accounts for arthropod
dynamics at appropriate spatial extents and temporal resolutions.
What happens in crop fields at peak growing season is certainly
important, but for pest control service providers it is not
the only place or time that matters (Vasseur et al., 2013).
Landscape-scale studies rightfully acknowledge the effects that
landscape context may have, but it is insufficient to assume
what resources the habitat patches surrounding a focal crop
field actually provide based on coarse land cover classifications
alone (Cohen and Crowder, 2017). Directly measuring these
resources, their use, and the movement of natural enemies
over time typically provides a clearer picture of the roles
that spatial and temporal heterogeneity play in conservation
and ecosystem service delivery. Furthermore, more studies that
measure resource patterns before planting, after harvest, and
during overwintering periods could deepen our understanding
of resource gaps and be crucial for achieving natural enemy
conservation objectives. Studies focusing on the temporal
dimensions of pest and enemy resources are particularly lacking
in the tropics and sub-tropics (at least in papers published in
English). This is unfortunate, as tropical agroecosystems may
be especially poised to take advantage of temporal resource
manipulation due to the long (and in some cases continuous)
growing season in these regions. Expanding the geographic scope
of temporally-focused CBC research would be invaluable for
clarifying the idiosyncratic mechanisms that drive arthropod

community dynamics in specific local contexts as well as patterns
that repeat across the globe.

To facilitate the wider adoption of a pest management
paradigm that emphasizes preventing outbreaks rather than
treating them after they have occurred, farmers need reliable
management techniques that in many cases depend on sufficient
natural enemy populations to keep herbivores in check. Ensuring
the availability of the limiting resources that these enemies
need to persist on farms and in agricultural landscapes requires
attention to their continuity over time. By studying and
manipulating this resource continuity, CBC research may be able
to advance agricultural practices that sustain both people and the
diverse organisms on which we depend.
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