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Abstract

Ecological pest management seeks to improve pest control through the manipulation of ecological processes
that promote natural enemies and suppress pests. These approaches can involve cultural practices such as
reduced tillage, increased use of non-crop plants that provide food and shelter for natural enemies, and
intercropping to enhance the abundance and diversity of natural enemies. A major assumption of ecological
pest management is that these activities can be equally effective for all insect herbivores. Here, I propose that
these strategies may only be effective for a subset of pests and geographic regions because most insect pests
have complex evolutionary histories that make them difficult to manage. I discuss how crop domestication and
human-mediated migration are major evolutionary events that shape the geography of interactions between
plants, herbivores, and natural enemies. Insect herbivores can evolve to be pests through three major modes:
1) herbivores associated with the crop wild ancestor may shift onto the domesticated crop, 2) herbivores may
host-shift from native host plants onto an introduced crop, or 3) human-mediated migration can introduce
insect pests into new cropping regions. The resulting geographic structure can influence the success of pest
management by altering ecological factors such as: species distributions, patterns of biodiversity, community
structure, and natural enemy attack rates. I discuss how the different modes of insect pest evolution structure a
set of relevant questions and approaches for ecological pest management. By acknowledging how agricultural
history and geography shape the ecology and evolution of insect pests, we may collectively develop a better
capacity to identify where and how ecological pest management approaches can be most broadly effective.
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Introduction

Ecological pest management seeks to improve pest control through the manipulation of ecological processes that
promote natural enemies and suppress pests (National Research Council, 1996). Ecological pest management
can be viewed as a subset of Integrated Pest Management, but with a greater emphasis on preventative pest
control strategies such as: increased soil organic matter, reduced soil tillage, conservation of non-crop habitat,
vegetation management to enhance natural enemies and deter pests, increased crop diversity, and the use
of biological control agents (Landis et al., 2000; Zehnder et al., 2007). Management approaches that focus
on retaining and promoting the biological diversity of natural enemies (predators and parasitoids) within
agroecosystems are also called conservation biological control (van Driesche et al., 2008), which emphasizes
enhancing densities of natural enemies already present in the environment.
A core premise of ecological pest management is that increasing biodiversity in agroecosystems to mimic
natural ecosystems will reduce insect outbreaks (Root, 1973; Risch, 1987; Landis et al., 2000), ideas that
have resonated with the sustainable agriculture community (Soule and Piper, 1991; Jackson et al., 2002). For
example, increasing plant diversity leads to greater food (insect prey and nectar) and shelter for natural enemies
(Landis et al., 2000; Zehnder et al., 2007; Fiedler et al., 2008). Also, increasing intraspecific crop diversity and
breeding for resistant crop varieties can slow the rate of growth of insect pest populations (Price et al., 2011;
Tooker and Frank, 2012). While ecological pest management has enjoyed many successes, there has been
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Figure 1

Insect herbivores can evolve to
become pests under the following
conditions.
A) Insect herbivores may be
associated with the wild ancestor
and shift to feed on the crop
following domestication. Example:
the stemboring caterpillar Diatraea
grandiosella (Lepidoptera: Crambidae),
previously associated with teosinte,
Zea mays ssp. parviglumis, likely
shifted onto maize Zea mays
ssp. mays during domestication
(Rosenthal and Dirzo, 1997; de
Lange et al., 2014). B) Insects may
host shift from their original host
plant onto an introduced crop
plant. Example: the European
corn borer, Ostrinia nubilalis
(Lepidoptera: Crambidae) shifted
from feeding on mugwort
(Artemisia vulgaris L.) and hop
(Humulus lupulus L.) onto maize
following its introduction into
Europe in the 1500s (Bourguet
et al., 2014). C) Insect herbivores
associated with the crop plant
can be introduced to other
cropping regions around the
world. Example: the cotton
bollworm, Helicoverpa armigera
and the corn earworm, H. zea
(Lepidoptera: Noctuidae), both
attack maize. H. armigera likely
colonized the Americas ∼1.5–2
million years ago, and gave rise to
the closely related H. zea, and the
two species can successfully mate
together (Behere et al., 2007).
Both H. armigera and H. zea are
maize pests in South America,
after the recent introduction
of the former; they are maize
pests throughout the world,
with Helicoverpa zea distributed
throughout the Americas and
H. armigera throughout Europe,
Africa, Asia, Australia, and
Oceania (http://www.cabi.org/
isc/datasheet/26757, http://www.
cabi.org/isc/datasheet/26776).
doi: 10.12952/journal.elementa.000106.f001

little discussion on whether the same approaches can be applied broadly to different pests and geographic
locations. In this paper, I contend that the evolutionary histories of insect pests are centrally important in
influencing the success of ecological pest management.
Humans have strongly shaped the evolutionary histories of insect agricultural pests (Fig. 1), resulting in
three major modes of evolution for agricultural pests. First, insect herbivores previously adapted to the crop
wild ancestor can shift onto the domesticated crop (Fig 1a; Chen et al., 2015a). Second, insect herbivores
can host shift from their native host plants onto introduced crops (Fig 1b; Bush, 1969; Shiral and Morimoto,
1999; Calcagno et al., 2007). Third, human-aided migration supports the invasion of insect herbivores to
new geographic regions (Fig. 1c; Grapputo et al., 2005; Guillemaud et al., 2015). These three pathways are
not mutually exclusive, as insects can evolve to be pests through a combination of these processes. Since
geographical distributions of wild relatives can be globally fragmented, complex scenarios are possible for
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how pests evolve (Nardi et al., 2010). Therefore, native and invasive insect pests have different but equally
complex ecological and evolutionary histories that contribute to the difficulty in managing these pests (Rebe
et al., 2004; Alvarez et al., 2005; Alyokhin et al., 2008; Medina et al., 2012; Rinkevich et al., 2012; Chu et al.,
2013; Leiss et al., 2013; Piiroinen et al., 2013).
Human-mediated introductions shape geographical patterns of biodiversity, influencing the balance
between coevolved and novel species within food webs. Patterns of biodiversity are strongly determined by
geography; for example, plant endemicity is the most important predictor of the diversity and complexity
of arthropod food webs (Burghardt and Tallamy, 2013). When plants are transported to new regions during
human-mediated migration, the majority of coevolved herbivores and natural enemies are left behind in
the region of origin (van den Bosch, 1971). Most studies on ecological pest management and insect-plant
interactions have been conducted in the United States, Europe, Australia, and New Zealand (Gurr et al.,
2012), developed countries where agriculture consists primarily of introduced crops that support novel food
webs with species assemblages derived from host-shifts and introductions. In contrast, relatively little is
known on how domestication and cultivation should influence ecological pest management within a crop’s
region of origin. The majority of domesticated crops originate from what is considered the developing world,
regions such as Central America, South America, Central Africa, Middle East, South Asia to Southeast
Asia, and East Asia (Vavilov, 1926, 1951; Meyer et al., 2012), where sympatric wild ancestors and crops host
endemic food webs (Chen et al., 2015a). But comparatively less funding for research in these regions means
that novel food webs in developed countries have been more extensively studied than endemic food webs in
the centers of origin of major crops.
The objective of this commentary is to develop a broader vision for ecological pest management that accounts
for how geography and agricultural history can influence the structure and function of food webs. I discuss
how the major modes of pest evolution shape patterns of insect-plant interaction and natural enemy activity.
Using specific examples, I illustrate how pest evolution scenarios can complicate ecological pest management.
In closing, I present a framework on how the modes of pest evolution should shape the relevant questions and
approaches for future research needed to better resolve the role of geography in ecological pest management.

Crop domestication

Crop domestication has been considered one of the key developments that enabled the rise of major civilizations
(Diamond, 2002; Gepts, 2004; Fuller et al., 2014). As early as 13,000 years ago (Hillman et al., 2001), different
groups of people gradually domesticated crop plants to become the major food crops eaten widely today
(Khoury et al., 2014). Although wild ancestors tend to be much more widely distributed than domesticated
crops (Smartt and Simmonds, 1995), many crops originate from distinct geographic regions, which have
been called Vavilov centers (Vavilov, 1926, 1951; Evans, 1993; Meyer et al., 2012). Phytophagous insects
and plants have interacted for hundreds of millions of years, prior to the emergence of domesticated crops
(Chen et al., 2015a). Therefore, agricultural crops are a recent ecological phenomenon for insect assemblages
adapted to utilize wild ancestors.
Crop domestication can have complex effects on tritrophic interactions and pest control (Chen et al.,
2015a). Insect herbivores typically perform better on agricultural plants than on wild ancestors, due to
reductions in secondary compounds during crop domestication (Harvey et al., 2007; Rodriguez-Saona et al.,
2011; Dávila-Flores et al., 2013; Szczepaniec et al., 2013; Turcotte et al., 2014). Crop domestication may
facilitate herbivore populations in other ways as well. Herbivores can be less attacked (Chen and Welter,
2005) and gain greater protection from their natural enemies on domesticated crops compared to their wild
ancestors (Chen & Welter, 2003, 2007). Specialized natural enemies can be less attracted to domesticated
crops than wild ancestors (Gols et al., 2011). Although herbivore guilds appear to differ in their responsiveness
to selection on some plant traits more than others, herbivores frequently respond positively to selection on
traits targeted by domestication (Chen et al., 2015b).
The sunflower moth, Homoeosoma electellum (Lepidoptera: Pyralidae), the major pest of sunflowers in
North America exemplifies how crop domestication can disrupt tritrophic interactions. The moth is far more
abundant and less parasitized (< 5%) in agricultural sunflower fields than in neighboring wild sunflower fields
(Chen and Welter, 2002). In common garden studies, agricultural sunflowers host higher sunflower larval
densities than wild sunflowers (Chen and Welter, 2005). Behavioral studies confirm that female moths are
more attracted to land on agricultural flowers and lay more eggs on them (Chen and Welter, 2003). However,
the major parasitoid of H. electellum, Dolichogenidea homoeosomae (Hymenoptera: Braconidae) forages much
more poorly on agricultural flowers and is less successful in attacking larvae on them (Chen and Welter, 2003).
Moth larvae develop faster on agricultural sunflowers compared to wild sunflowers (Chen and Welter, 2005,
2007). By developing faster, larvae on agricultural sunflowers are able to grow more quickly and burrow deeper
in the developing seeds, where they are effectively protected from parasitism (Chen and Welter, 2007). In
summary, crop domestication appears to have created enemy-free space for H. electellum, which may explain
why the moth is the most important pest of sunflowers in North America (Charlet et al., 1997).
Elementa: Science of the Anthropocene • 4: 000106 • doi: 10.12952/journal.elementa.000106
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Crop domestication can also alter secondary chemistry, altering tritrophic interactions. Domestication
of the cabbage, Brassica oleraceae L., for instance, has reduced the concentration of glucosinolates, secondary
compounds that are highly toxic to generalist herbivores. By reducing levels of glucosinolates, cabbage
domestication has benefitted a generalist moth, Mamestra brassicae (Lepidoptera: Noctuidae), more than a
specialist moth, Pieris rapae (Lepidoptera: Pieridae) (Gols et al., 2008). Crop domestication has also allowed
parasitoids to perform better on M. brassicae. Endoparasitoids of M. brassicae depend upon the performance
of the host larvae, so endoparasitoids attacking M. brassicae benefit more from domestication than specialist
parasitoids that attack P. rapae. Crop domestication can also affect the release of herbivore-induced volatile
compounds, which are plant signals that parasitoids use to locate their caterpillar hosts. For example, Gols
et al. (2011) found that the parasitoid Cotesia rubecula (Hymenoptera: Braconidae) was more attracted to wild
cabbage than cultivated cabbage, due to the presence of isothiocyanates in wild cabbage. If parasitoids are less
attracted to crop plants, there may be lower overall parasitoid recruitment to agricultural fields.
It is important to recognize, however, that crop domestication may not always disrupt tritrophic interactions.
Many herbivores may be less common on domesticated crops than on their wild ancestors (Chen et al.,
2013, 2015a), specialist herbivores can perform more poorly on domesticated crops (Chacon-Fuentes et al.,
2015), and parasitoids may be unaffected or even more inclined to attack larger herbivores on crop plants
(Benrey et al., 1998; Campan and Benrey, 2004). Although herbivores are generally expected to benefit
from domestication, predicting the community-wide effects of crop domestication on pest control remains
challenging due to variation in behavior of individual herbivore and parasitoid species (Chen et al., 2015b).
More research is needed to understand how native ecosystems that support wild ancestors differ from
agroecosystems in a crop’s region of origin. In addition to the direct effects of domestication on species
interactions, cultivation of domesticated crops can also alter patterns of biodiversity, community dominance,
presence of natural enemies, and impact of natural enemies (Teetes and Randolph, 1969; Chen and Welter,
2002, 2005; Chen and Bernal, 2011; Chen et al., 2013). Studies that aim to disentangle the relative effects of
domestication and cultivation on biodiversity would provide insight on how the origins of agriculture may lead
to the deregulation of native pests. If domestication disrupts species interactions, then there is potential for
breeding efforts to reintroduce traits that may have been lost from the crop gene pool during domestication.
If cultivation more strongly causes losses in diversity and community function, then conservation biological
control approaches could be more effective in attracting and retaining natural enemies within agroecosystems.

Human-mediated migration of crops triggers host shifts

Following the early history of crop domestication in centers of origin, different groups of people introduced
crops into new geographic regions as they migrated around the world (Abbo et al., 2006; Roullier et al., 2013).
During the 1500s, the global exchange of crop plants particularly intensified, a period dubbed the Columbian
Exchange (Crosby, 1972). The level of global trade during the Columbian Exchange was unprecedented, and
was a major force in shaping the current global distribution of crops (Mann, 2012). Despite geographically
disparate origins for domestication events (Smartt and Simmonds, 1995), human-mediated migration of
food crops has led to a homogenization of the major food crops around the world (Khoury et al., 2014).
When crops are introduced into new regions, a portion of the native herbivore assemblage may shift
onto the introduced crop. Approximately 60% of agricultural insect pests in the US are estimated to have
host-shifted onto introduced crops (Pimentel, 1991). Indeed, host shifts by native insects onto introduced
plants are the most widely reported cases of rapid evolution within the Anthropocene (Carroll, 2007). Novel
food webs associated with introduced crops show some general patterns. First, host shifts appear to be highly
localized. For example, only 15% of the insect herbivores associated with cacao are found in more than a
single cacao production area (Strong, 1974). Second, the likelihood of host shifts is dependent upon the
degree of genetic relatedness between the introduced crop and native host plant. Introduced plants that are
phylogenetically distant from the local flora are less colonized by native insect herbivores than more closely
related ones (Hill and Kotanen, 2009). Across 900 lepidopteran food webs, Pearse and Altermatt (2013) found
that host shifts onto introduced plants by native herbivores is phylogenetically constrained. Third, the length
of time since introduction influences herbivore diversity. The number of herbivore species associated with
crop plants increases asymptotically based upon the length of time since crop introduction and the amount
of area under cultivation (Strong, 1974; Strong et al., 1977; Banerjee, 1981). Finally, an increase in human
trade tends to increase the likelihood of herbivore recruitment onto introduced crops (Ezcurra et al., 1978;
Hulme, 2009). As a result, patterns of biodiversity in agriculture result from a complex interplay between
natural history, agricultural history, and patterns of global migration and trade.
Conservation biological control has assumed that herbivore populations feeding on native plants are
genetically similar to host-shifted populations on introduced crops, but recent evidence challenges this idea.
Native herbivore populations that shift onto agricultural crops can become genetically differentiated from
populations that remain on the original host plant (Vialatte et al., 2005; Michel et al., 2010; Lavandero et al., 2011;
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Midamegbe et al., 2011; Barman et al., 2012; Bourguet et al., 2014). Because host shifts create new ecological
opportunities for herbivores, population can diverge via ecological speciation in sympatry (Bush, 1969;
Berlocher and Feder, 2002). Native and host-shifted populations that are genetically structured may differ
phenotypically in traits such as defense against natural enemies, host use, and seasonal adaptations.
Host shifts by native herbivores can lead to a loss in pest control., For example, the introduction of apples
by Europeans to the Northeastern US in the 1800s caused the native apple maggot, Rhagoletis pomonella
Walsh (Diptera: Tephridae) to shift from feeding on hawthorn, Craetagus spp., onto apple (Bush, 1969).
Apple and hawthorn flies show clear evidence for differences in reproductive isolation, host odor preferences,
and genetic differentiation throughout the US (Feder and Filchak, 1999; Filchak et al., 2000; Michel et al.,
2010). Apple flies emerge an average three weeks earlier than hawthorn flies (Feder and Filchak, 1999).
By shifting onto apple, R. pomonella reduced its exposure to natural enemies. Rhagoletis pomonella is less
attacked by parasitoids on apple than on its native hawthorn tree (13% vs. 46%; Feder, 1995). Host shifts by
insect herbivores also appear to create new ecological niches for parasitoids to exploit as well. For instance,
association with R. pomonella on apple appears to have caused all three of its major parasitoids to show signs
of incipient speciation (Forbes et al., 2009; Hood et al., 2015).
The introduction of maize into Europe in the 1500s caused the European corn borer, in the genus Ostrinia,
to host shift from mugwort, Artemisia vulgaris, onto maize (Martel et al., 2003). Moth populations on maize
are reproductively isolated from populations that feed on mugwort (Calcagno et al., 2007; Bourguet et al.,
2014). The two host races also appear to be genetically isolated. Mugwort moths emerge a mean 10 days earlier
than moths associated with maize (Thomas et al., 2003). Furthermore, the two subpopulations respond to
different isomeric blends of pheromone, which cases them to be reproductively isolated (Thomas et al., 2003).
By shifting onto maize, O. nubilis was able to escape many of its natural enemies and reduce its mortality due
to parasitism (Thomas et al., 2003; Pelissie et al., 2010).
Host shifts by herbivores onto novel crops appears to disrupt natural enemies. In order to improve
ecological pest management, more effort is needed to determining how pest have evolved to utilize novel
host plants, and whether these novel adaptations may in turn limit conservation biological control. Insect
herbivores appear to adapt to novel hosts and cropping systems more easily than do their natural enemies
(Hare, 1990; Gratton and Welter, 1999; Toepfer and Kuhlmann, 2004; Pelissie et al., 2010). By feeding on
introduced crops, insect herbivores may adapt to novel physical, chemical, semiochemical, and phenological
plant traits. These changes may hamper natural enemy activity. Although some natural enemies were found
to follow herbivores onto introduced crops with varying degrees of success (Forbes et al., 2009; Pelissie et al.,
2010; Hood et al., 2015), other natural enemies are not able to utilize novel host plants or cropping systems
(Charlet and Brewer, 1999; Chen and Welter, 2002; Chen et al., 2013) More research is needed to determine
whether natural enemies can behaviorally adapt to novel plant traits, and if there are evolutionary barriers
to successful pest control.

Human-mediated migration of invasive pests

As agricultural crops were introduced into new geographic regions, insect herbivores capable of exploiting the
crops frequently accompanied them, giving rise to globally invasive pests (Elton, 1958; Ezcurra et al., 1978;
Mann, 2012). Many herbivores that develop a close association with a crop have the potential to become globally
invasive pests. Introduced insect herbivores can evolve to be pests through the following means: adaptation
to the crop following domestication and cultivation (Medina et al., 2012; Chen et al., 2013, 2015a), host
shifts from congeneric plant species (Berlocher, 1984; Nardi et al., 2010; Izzo et al., 2014), or host shifts from
more distantly-related host plant taxa (Bush, 1969; Shiral and Morimoto, 1999; Forister et al., 2007; Pelissie
et al., 2010). Insect herbivores evolve to become invasive pests along a generalized trajectory: host association
with the crop plant, evolution of invasive traits, and post-colonization evolution within the invaded region.
In contrast to the two previous modes of pest evolution where evolution happens in a particular geographic
region, invasive species occupy broad distributions, and subpopulations can evolve different adaptations in
any number of geographic locations.
After adapting to crop plants, insect pests can evolve adaptations suitable for human-altered environments,
allowing these populations to serve as the source for new invaders to colonize other geographic regions
(Hufbauer et al., 2012). Adaptation to human-altered environments may involve greater tolerance of
physiological stress, increased population growth rates, and higher levels of disturbance (Hufbauer et al.,
2012). Particularly invasive populations may also arise in a secondary location, and then serve as a source for
widely successful invaders, a phenomenon called the ‘bridgehead effect’ (Lombaert et al., 2010). For example,
the invasion of the western corn rootworm, Diabrotica virgifera virgifera (Coleoptera: Chrysomelidae) into
Europe conforms to the bridgehead scenario. The beetle is native to Mexico (de Lange et al., 2014), but
the invasive populations that colonized Europe evolved in the US (Miller et al., 2005; Ciosi et al., 2008).
Therefore, human-mediated migration of insect pests can involve complex invasion pathways that can shape
the genetic diversity of insect pests.
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Invasions create new opportunities for insect herbivores to rapidly adapt to novel introduced environments
(Sakai et al., 2001; Lee, 2002). Human-mediated migration may somehow promote the evolution of introduced
pest species, especially if species are selected to adapt to local environmental and agricultural conditions
(Thrall et al., 2011; Hufbauer et al., 2012). While some pests appear to show significant post-colonization
evolution, others do not appear to have evolved significantly. The limited evidence is mixed. For instance,
the green peach aphid, Myzus persicae (Hemiptera: Aphididae) has not appeared to evolve in a significant
way following its global invasion (Bacigalupe et al., 2013). On the other hand, the Colorado potato beetle,
Leptinotarsa decemlineata (Coleoptera: Chrysomelidae) is thought to originate from the highlands of Mexico
(Tower, 1906; Casagrande, 1987; Jacques, 1988). The beetle has evolved greater cold tolerance and overwintering
strategies allowing it to expand northwards into temperate regions (Izzo et al., 2013; Lehmann et al., 2014).
In addition, the beetle has expanded its host range from wild Solanum hosts to include several crop plants
such as potato, eggplant, and tomato ( Jacques, 1988; Lu et al., 2001; Izzo et al., 2014). Finally, the beetle has
repeatedly been able to evolve resistance to all of the major insecticides (Alyokhin et al., 2008). As a result, the
beetle is the most important global pest of potatoes and is distributed throughout the Northern Hemisphere
(Weber, 2003). The ability of the beetle to rapidly evolve adaptations to novel climates may have allowed it to
escape its major natural enemies. Among the many natural enemies attacking the beetle in Mexico (Cappaert
et al., 1991), none of them can adequately control the beetle because they cannot persist in colder temperate
climates (Lashomb, 1987; Hilbeck and Kennedy, 1996; O’Neil et al., 2005).
Cosmopolitan insect pests present the ultimate challenge for ecological pest management. For example,
the Mediterrean fruit fly, Ceratitis capitate Wiedemann (Diptera: Tephritidae) is considered one of the most
feared and destructive insect pests (Aluja and Mangan, 2008). The fly has a host range of over 300 plants
(Liquido et al., 1991), and has invaded numerous countries in all of the major continents (Malacrida et al.,
2007). Genetic studies support the scenario that the medfly originated from Eastern Africa and spread to the
Mediterranean area (Bonizzoni et al., 2004). The global invasion of medfly has led to geographic populations
that vary in biologically and ecologically important phenotypic traits. Geographic medfly populations appear
to differ in adult life history traits (Diamantidis et al., 2009), reproductive courtship signaling (Diamantidis
et al., 2008), and response to selection (Diamantidis et al., 2011a). Despite originating from the same location,
geographic populations of medfly exhibit different population growth rates, suggesting that populations vary
in their invasion potential (Diamantidis et al., 2011b). It is important to note that none of the numerous
classical biological control projects targeting C. capitata have been successful (Ovruski et al., 2004; Garcia
and Ricalde, 2012; Vargas et al., 2012). As a result, area-wide management of the fly through mass releases of
sterile insects has been much more effective (Scolari et al., 2014). A lingering question is whether ecological
pest management is possible at all for globally invasive pests. The fly has established in such a wide range
of environmental conditions that developing successful classical biological control projects throughout the
introduced range seems difficult if not impossible to achieve.
Human-mediated migration has facilitated the ability of insect pests to exploit new territories and evade
their natural enemies. The assumption of classical biological control is that natural enemies found in the
region of origin are the most effective at controlling introduced insect herbivores and plants (van den Bosch,
1971). However, invasive species can evolve greater invasiveness in intermediary locations, where their native
natural enemies are not present. Under these circumstances, it is unclear where the most effective natural
enemies should be found.

Geography and pest control

A major unresolved question is whether community metrics such as higher biodiversity and abundance
or losses of key natural enemy species are important for pest control. The relationship between increased
biodiversity and pest control is mixed. Increases in natural enemy diversity can have positive, negative or no
effect on pest control (Straub et al., 2008). One possible reason for this mixed relationship may be a sampling
effect: the increase of biodiversity leads to a higher probability that a highly effective predator species will
be present (Straub and Snyder, 2006). If this finding is indicative of general patterns in the field, then the
geographic distribution of key natural enemy species may be more important than natural enemy diversity
and abundance in pest control success.
I propose that the mode of insect pest evolution structures a pest’s ecological interactions and the most
promising approaches towards control of that pest (Table 1). By incorporating a broader geographic perspective,
research studies could start to resolve the relative roles of domestication, cultivation, and human-aided
translocations in shaping the patterns of biodiversity and pest control. Table 1 describes a framework of open
questions for developing ecological pest management approaches. The questions and approaches vary greatly
in terms of risk, research investment, and likelihood of success.
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Table 1. Modes of insect pest evolution in agriculture, ecological observations, and possible impacts on pest control.
Each mode of insect pest evolution structures a set of relevant questions and possible approaches towards ecological
pest management
Pest evolution

Ecological
Observations

Impact on pest control

Relevant questions

Approaches towards pest
control in agroecosystems

Domestication

Crop domestication
can favor herbivores
but not natural enemies
(Chen et al., 2015a).

Insect herbivores may be
more difficult to control
on crop plants than on
their wild relatives.

Is there more existing
genetic variation in plant
resistance to coevolved
herbivores that may also
promote natural enemy
activity?

Genes for host plant resistance
may be found in wild ancestor
or relative populations for
herbivores.

How has cultivation
shaped insect-plant
interactions and natural
enemy activity?

Conservation biological
control approaches can
mitigate the negative effects of
cultivation.

Have natural enemies
adapted to domesticated
crops?

Identification of plant traits
that promote natural enemy
activity can be utilized
within breeding programs to
improve their efficiency on
domesticated crops.

Which non-crop plants
do endemic natural
enemies naturally utilize
in natural ecosystems?

Determine how native plants
that are used by natural
enemies can be incorporated
using habitat management
schemes.

Should there be genetic
variation in host plant
resistance to novel
herbivores that arrive via
host shifts?

Breeding for host plant
resistance may not be as
effective for novel insect
herbivores.

Have natural enemies
been able to follow
herbivores in cropping
systems?

Identify the key traits that
conserve natural enemies in
order improve the design for
conservation biological control
approaches.

Have natural enemies
learned or adapted to
locate their herbivorous
prey on a new host plant?

Examining whether natural
enemies can be selected to
improve their efficiency on the
novel host plants.

Which non-crop plants
do endemic natural
enemies naturally utilize
in natural ecosystems?

Determine how native plants
that are used by natural
enemies can be incorporated
using habitat management
schemes.

Should there be genetic
variation in host plant
resistance to novel pests?

Depending upon the
agricultural history of the
pests, breeding for host
plant resistance may not be
as effective for novel insect
herbivores.

How effective are native
natural enemies in
targeting novel hosts?

Determine whether native
natural enemies can be
selected to target novel hosts.

Do invasions promote
insect pest evolution?

Determine whether insect pest
evolution can be controlled.

What barriers exist for
classically-introduced
natural enemies to adapt
to novel environments and
ecological niches?

Identification of the key
barriers for natural enemy
adaptation. Can natural
enemies be selected to adapt to
novel environmental conditions
and ecological niches?

Which non-crop plants
within the introduced
region can provide
additional food and
shelter for natural
enemies?

Identifying plants that can
provide food, host alternative
non-pest herbivores, or shelter
can improve natural enemy
activity in agroecosystems.

Host shifts

Human-aided
transport

Host shifts of insect
herbivores occur more
readily between closely
related plant taxa than
distantly related taxa
(Hill and Kotanen,
2009, 2010).

Some invasive insect
herbivores appear
to readily adapt to
novel environmental
conditions (Izzo et al.,
2013; Lehmann et al.,
2014; Izzo et al., 2014).

Natural enemies may not
readily be able to follow
insect herbivores onto
novel host plants.

Natural enemies
may not be able to
adapt as readily to
novel environmental
conditions.

doi: 10.12952/journal.elementa.000106.t001
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For native herbivores that have evolved to become pests via domestication, more examination is to needed
to disentangle how domestication and cultivation influence species interactions (Table 1). Researchers are urged
to develop experimental designs that account both for domestication (genetic) and cultivation (environment)
factors. If cultivation practices have disrupted natural enemy activity, then utilizing conservation biological
control approaches will be a more promising approach towards pest control. On the other hand, if natural
enemy activity is disrupted by domestication, then more investigation is needed to determine whether plant
traits that promote natural enemy activity can be bred into the crop germplasm. Breeding for high levels
of plant resistance may be more effective against generalist herbivores than specialist herbivores, because
chewing specialist herbivores may already possess the biochemical pathways to detoxify specialized toxins
(Gols et al., 2008; Shlichta et al., 2014). For sap-sucking and galling herbivores, continued efforts to breed
for defense could be very important but the sustainability of resistance could be short-lived, because plants
and herbivores appear to be engaged in reciprocal defense and virulence responses (Smith and Chuang,
2014; Habachi-Houimli et al., 2015; Zhao et al., 2015). Finally, for natural enemies that have adapted to
domestication crops, it would be useful to understand how to increase their effectiveness. Could natural
enemies themselves be selected upon?
For herbivores that become pests via host shifts, the most important issue is to understand why natural
enemies cannot follow herbivores onto crop plants (Table 1). Is it due to plant effects or cultivation? As
discussed above, pests derived from host shifts occupy novel ecological niches. Should there be plant resistance
to insect herbivores that do not share a significantly coevolutionary history? The lack of shared history with
the target herbivores would suggest that plant resistance would be unlikely to be highly specialized. If native
natural enemies are unable to forage on novel crops, it is unclear as to how plant breeding could be effective for
enhancing natural enemy activity. Can natural enemy foraging behavior be selected for greater effectiveness?
If natural enemies are mainly inhibited by the hostile conditions of agricultural cultivation, then conservation
biological control approaches through habitat management will be more likely to be successful.
Human-mediated introductions of invasive insects present a different set of challenges for ecological pest
management. Given that invasive pests are selected to adapt to a wide range of geographic regions, climates,
cropping systems, and environments, which geographic populations of natural enemies are the most likely
to be successful? Attempts to manage invasive pests typically involve introductions of a small number of
parasitoid species through classical biological control rather than conservation biological control (Hawkins
et al., 1999; van Driesche et al., 2008). An important question is to determine whether native natural enemies
or natural enemies introduced from the region of pest origin may be more effective against invasive insect
pests (Michaud and Grant, 2005). Cases such as the Brown citrus aphid show how native natural enemies
can control introduced herbivores without the aid of a classically-introduced natural enemy (Michaud,
2002). Therefore, it is important not to discount the potential of conservation biological control approaches
for controlling invasive pests. If candidate natural enemies are not effective, which natural enemies may be
the most amenable to selection? Also, can native natural enemies be selected to attack novel hosts, or can
classically-introduced natural enemies adapt as easily to novel environmental conditions? Classically-introduced
natural enemies do not appear to adapt to novel climates and ecological niches as well as herbivores (Lashomb,
1987; Hilbeck and Kennedy, 1998; O’Neil et al., 2005), but it is possible that natural enemies may not have
to evolve as significantly in order to be successful (Roderick and Navajas, 2003).

Conclusions

Agricultural research seeks to extend the broad geographic distribution of crops, by breeding and supporting
crops to tolerate an increasingly wider array of environmental and biological challenges. Due to these efforts
over thousands of years, the same crop plants are found around the world, often hosting dramatically different
herbivore and natural enemy assemblages. Humans have shaped patterns of biodiversity, selection histories,
and the geographical distribution of traits within herbivore and natural enemy populations. By focusing on a
critical subset of questions based upon different modes of pest evolution, I urge researchers to work towards
developing a critical framework on where and how ecological pest management approaches can best be applied.
Ultimately, examining how humans have influenced the evolutionary ecology of insect-plant interactions is
important for understanding how we can collectively achieve truly sustainable pest management in different
geographic regions around the world.

References

Abbo S, Gopher A, Peleg Z, Saranga Y, Fahima T, et al. 2006. The ripples of ‘The Big (agricultural) Bang’: The spread of
early wheat cultivation. Genome 49: 861–863. doi: 10.1139/G06-049.
Aluja M, Mangan RL. 2008. Fruit fly (Diptera: Tephritidae) host status determination: Critical conceptual, methodological,
and regulatory considerations*. Annu Rev Entomol 53: 473–502. doi: 10.1146/annurev.ento.53.103106.093350.

Elementa: Science of the Anthropocene • 4: 000106 • doi: 10.12952/journal.elementa.000106

8

The role of geography in pest control
Alvarez N, McKey D, Hossaert-McKey M, Born C, Mercier L, et al. 2005. Ancient and recent evolutionary history of the
bruchid beetle, Acanthoscelides obtectus Say, a cosmopolitan pest of beans. Mol Ecol 14: 1015–1024. doi: 10.1111/j.1365294X.2005.02470.x.
Alyokhin A, Baker M, Mota-Sanchez D, Dively G, Grafius E. 2008. Colorado Potato Beetle Resistance to Insecticides.
Am J Potato Res 85: 395–413. doi: 10.1007/s12230-008-9052-0.
Bacigalupe LD, Barrientos K, Beckerman AP, Carter MJ, Figueroa CC, et al. 2013. Can invasions occur without change?
A comparison of G-matrices and selection in the peach-potato aphid, Myzus persicae. Ecol Evol 3: 5109–5118.
doi: 10.1002/ece3.883.
Banerjee B. 1981. An analysis of the effect of latitude, age and area on the number of arthropod pest species of tea. J Appl
Ecol 18: 339–342. doi: 10.2307/2402398.
Barman AK, Parajulee MN, Sansone CG, Suh CPC, Medina RF. 2012. Geographic pattern of host-associated differentiation
in the cotton fleahopper, Pseudatomoscelis seriatus. Entomol Exp Appl 143: 31–41. doi: 10.1111/j.1570-7458.2012.01232.x.
Behere GT, Tay WT, Russell DA, Heckel DG, Appleton BR, et al. 2007. Mitochondrial DNA analysis of field
populations of Helicoverpa armigera (Lepidoptera: Noctuidae) and of its relationship to H. zea. BMC Evol Biol 7: 117.
doi: 10.1186/1471-2148-7-117.
Benrey B, Callejas A, Rios L, Oyama K, Denno RF. 1998. The effects of domestication of Brassica and Phaseolus on the
interaction between phytophagous insects and parasitoids. Biol Control 11: 130–140.
Berlocher SH. 1984. Genetic changes coinciding with the colonization of California by the walnut husk fly, Rhagoletis
completa. Evolution 38: 906–918.
Berlocher SH, Feder JL. 2002. Sympatric speciation in phytophagous insects: Moving beyond controversy? Annu Rev
Entomol 47: 773–815. doi: 10.1146/annurev.ento.47.091201.145312.
Bonizzoni M, Guglielmino CR, Smallridge CJ, Gomulski MA, Malacrida R. 2004. On the origins of medfly invasion and
expansion in Australia. Mol Ecol 13: 3845–3855.
Bourguet D, Ponsard S, Streiff R, Meusnier S, Audiot P, et al. 2014. ‘Becoming a species by becoming a pest’ or how two
maize pests of the genus Ostrinia possibly evolved through parallel ecological speciation events. Mol Ecol 23: 325–342.
doi: 10.1111/mec.12608.
Burghardt KT, Tallamy DW. 2013. Plant origin asymmetrically impacts feeding guilds and life stages driving community
structure of herbivorous arthropods. Divers Distrib 19: 1553–1565. doi: 10.1111/ddi.12122.
Bush GL. 1969. Sympatric host race formation and speciation in frugivorous flies of the genus Rhagoletis (Diptera,
Tephritidae). Evolution 23: 237–251. doi: 10.2307/2406788.
Calcagno V, Thomas Y, Bourguet D. 2007. Sympatric host races of the European corn borer: Adaptation to host plants
and hybrid performance. J Evol Biol 20: 1720–1729. doi: 10.1111/j.1420-9101.2007.01391.x.
Campan E, Benrey B. 2004. Behavior and performance of a specialist and a generalist parasitoid of bruchids on wild and
cultivated beans. Biol Control 30: 220–228.
Cappaert D, Drummond F, Logan P. 1991. Incidence of natural enemies of the Colorado potato beetle, Leptinotarsa
decemlineata [Coleoptera: Chrysomelidae] on a native host in Mexico. BioControl 36: 369–378.
Carroll SP. 2007. Natives adapting to invasive species: Ecology, genes, and the sustainability of conservation. Ecol Res
22: 892–901. doi: 10.1007/s11284-007-0352-5.
Casagrande RA. 1987. The Colorado potato beetle: 125 years of mismanagement. Bull Entomol Soc Am 33: 142–150.
Chacon-Fuentes M, Parra L, Rodriguez-Saona C, Seguel I, Ceballos R, et al. 2015. Domestication in murtilla (Ugni
molinae) reduced defensive flavonol levels but increased resistance against a native herbivorous insect. Environ Entomol
44: 627–637. doi: 10.1093/ee/nvv040.
Charlet LD, Brewer GJ. 1999. Biological control of native and indigenous insect pests: Challenges, constaints, and potential.
Charlet LD, Brewer GJ, Franzmann B. 1997. Insect pests, in Schneiter AA, ed., Sunflower Technology and Production.
Madison, WI: American Society of Agronomy: pp. 183–261.
Chen YH, Bernal CC. 2011. Arthropod diversity and community composition on wild and cultivated rice. Agric For
Entomol 13: 181–189. doi: 10.1111/j.1461-9563.2010.00510.x.
Chen YH, Gols R, Benrey B. 2015a. Crop domestication and naturally selected species interactions. Annu Rev Entomol
60: 35–58.
Chen YH, Gols R, Stratton CA, Brevik KA, Benrey B. 2015b. Complex tritrophic interactions in response to crop
domestication: Predictions from the wild. Entomol Exp Appl 157: 40–59.
Chen YH, Langellotto GA, Barrion AT, Cuong NL. 2013. Cultivation of domesticated rice alters arthropod biodiversity
and community composition. Ann Entomol Soc Am 106: 100–110. doi: 10.1603/AN12082.
Chen YH, Welter SC. 2002. Abundance of a native moth Homoeosoma electellum (Lepidoptera: Pyralidae) and activity of
indigenous parasitoids in native and agricultural sunflower habitats. Environ Entomol 31: 626–636. doi: 10.1603/0046225X-31.4.626.
Chen YH, Welter SC. 2003. Confused by domestication: Incongruent behavioral responses of the sunflower moth, Homoeosoma
electellum (Lepidoptera: Pyralidae) and its parasitoid, Dolichogenidea homoeosomae (Hymenoptera: Braconidae), towards
wild and domesticated sunflowers. Biol Control 28: 180–190.
Chen YH, Welter SC. 2005. Crop domestication disrupts a native tritrophic interaction associated with the sunflower,
Helianthus annuus (Asterales: Asteraceae). Ecol Entomol 30: 673–683.
Chen YH, Welter SC. 2007. Crop domestication creates a refuge from parasitism for a native moth. J Appl Ecol 44: 238–245.
Chu C-C, Spencer JL, Curzi MJ, Zavala JA, Seufferheld MJ. 2013. Gut bacteria facilitate adaptation to crop rotation in
the western corn rootworm. P Natl Acad Sci USA 110: 11917–11922.
Ciosi M, Miller NJ, Kim KS, Giordano R, Estoup A, et al. 2008. Invasion of Europe by the western corn rootworm,
Diabrotica virgifera virgifera: Multiple transatlantic introductions with various reductions of genetic diversity. Mol
Ecol 17: 3614–3627.
Crosby AW. 1972. The Columbian Exchange: Biological and Cultural Consequences of 1492.Westport, CT: Greenwood
Publishing Group.
Elementa: Science of the Anthropocene • 4: 000106 • doi: 10.12952/journal.elementa.000106

9

The role of geography in pest control
Dávila-Flores AM, DeWitt TJ, Bernal JS. 2013. Facilitated by nature and agriculture: performance of a specialist herbivore
improves with host-plant life history evolution, domestication, and breeding. Oecologia 173: 1425–1437.
de Lange ES, Balmer D, Mauch-Mani B, Turlings TCJ. 2014. Insect and pathogen attack and resistance in maize and its
wild ancestors, the teosintes. New Phytol 204: 329–341.
Diamantidis AD, Carey JR, Nakas CT, Papadopoulos NT. 2011a. Ancestral populations perform better in a novel
environment: Domestication of Mediterranean fruit fly populations from five global regions. Biol J Linn Soc
102: 334–345. doi: 10.1111/j.1095-8312.2010.01579.x.
Diamantidis AD, Carey JR, Nakas CT, Papadopoulos NT. 2011b. Population-specific demography and invasion potential
in medfly. Ecol Evol 1: 479–488. doi: 10.1002/ece3.33.
Diamantidis AD, Carey JR, Papadopoulos NT. 2008. Life-history evolution of an invasive tephritid. J Appl Entomol
132: 695–705. doi: 10.1111/j.1439-0418.2008.01325.x.
Diamantidis AD, Papadopoulos NT, Nakas CT, Wu S, Müller HG, et al. 2009. Life history evolution in a globally invading
tephritid: Patterns of survival and reproduction in medflies from six world regions. Biol J Linn Soc 97: 106–117.
doi: 10.1111/j.1095-8312.2009.01178.x.
Diamond J. 2002. Evolution, consequences and future of plant and animal domestication. Nature 418: 700–707.
Elton CS. 1958. The Ecology of Invasions by Animals and Plants. London: Methuen.
Evans LT. 1993. Crop Evolution, Adaptation, and Yield. Cambridge, UK: Cambridge University Press.
Ezcurra E, Rapoport EH, Marino CR, Departamento CRM. 1978. The geographical distribution of insect pests. J Biogeogr
5: 149–157.
Feder JL. 1995. The effects of parasitoids on sympatric host races of Rhagoletis pomonella (Diptera: Tephritidae). Ecology
76: 801. doi: 10.2307/1939346.
Feder JL, Filchak KE. 1999. It’s about time: The evidence for host plant-mediated selection in the apple maggot fly,
Rhagoletis pomonella, and its implications for fitness trade-offs in phytophagous insects. Entomol Exp Appl 91: 211–225.
doi: 10.1046/j.1570-7458.1999.00486.x.
Fiedler AK, Landis DA, Wratten SD. 2008. Maximizing ecosystem services from conservation biological control: The role
of habitat management. Biol Control 45: 254–271. doi: 10.1016/j.biocontrol.2007.12.009.
Filchak KE, Roethele JB, Feder JL. 2000. Natural selection and sympatric divergence in the apple maggot Rhagoletis
pomonella. Nature 407: 739–742. doi: 10.1038/35037578.
Forbes AA, Powell THQ, Stelinski LL, Smith JJ, Feder JL. 2009. Sequential sympatric speciation across trophic levels.
Science 323: 776–779. doi: 10.1126/science.1166981.
Forister ML, Ehmer AG, Futuyma DJ. 2007. The genetic architecture of a niche: Variation and covariation in host use
traits in the Colorado potato beetle. J Evol Biol 20: 985–996. doi: 10.1111/j.1420-9101.2007.01310.x.
Fuller DQ, Denham T, Arroyo-Kalin M, Lucas L, Stevens CJ, et al. 2014. Convergent evolution and parallelism in plant
domestication revealed by an expanding archaeological record. P Natl Acad Sci USA 111: 6147–6152. doi: 10.1073/
pnas.1308937110.
Garcia F, Ricalde M. 2012. Augmentative biological control using parasitoids for fruit fly management in Brazil. Insects
4: 55–70. doi: 10.3390/insects4010055.
Gepts P. 2004. Domestication as a long-term selection experiment. Plant Breed Rev 24: 1–44.
Gols R, Bullock JM, Dicke M, Bukovinszky T, Harvey JA. 2011. Smelling the wood from the trees: Non-linear parasitoid
responses to volatile attractants produced by wild and cultivated cabbage. J Chem Ecol 37: 795–807.
Gols R, Wagenaar R, Bukovinszky T, van Dam NM, Dicke M, et al. 2008. Genetic variation in defense chemistry in wild
cabbages affects herbivores and their endoparasitoids. Ecology 89: 1616–1626. doi: 10.1890/07-0873.1.
Grapputo A, Boman S, Lindström L, Lyytinen A, Mappes J. 2005. The voyage of an invasive species across continents:
Genetic diversity of North American and European Colorado potato beetle populations. Mol Ecol 14: 4207–4219.
Gratton C, Welter SC. 1999. Does ‘enemy-free space’ exist? Experimental host shifts of an herbivorous fly. Ecology 80: 773–785.
Guillemaud T, Blin A, Le Goff I, Desneux N, Reyes M, et al. 2015. The tomato borer, Tuta absoluta, invading the Mediterranean
Basin, originates from a single introduction from Central Chile. Sci Rep 5: 8371. doi: 10.1038/srep08371.
Gurr GM, Wratten SD, Snyder WE. 2012. Biodiversity and Insect Pests. Oxford, U. K.: John Wiley & Sons, Inc.
Habachi-Houimli Y, Bouktila D, Sebei A, Makni H, Makni M. 2015. Surveying Hessian fly, Mayetiola destructor (Say)
(Diptera: Cecidomyiideae), in North Tunisia reveals changes in insect virulence and cultivar responses. Afr Entomol
23: 494–501.
Hare JD. 1990. Ecology and management of Colorado potato beetle. Annu Rev Entomol 41: 81–100.
Harvey JA, Gols R, Wagenaar R, Bezemer TM. 2007. Development of an insect herbivore and its pupal parasitoid reflect
differences in direct plant defense. J Chem Ecol 33: 1556–1569.
Hawkins BA, Mills NJ, Jervis MA, Price PW. 1999. Is the biological control of insects a natural phenomenon? Oikos
86: 493–506. doi: 10.2307/3546654.
Hilbeck A, Kennedy GG. 1996. Predators feeding on the Colorado potato beetle in insecticide-free plots and insecticidetreated commercial potato fields in Eastern North Carolina. Biol Control 6: 273–282.
Hilbeck A, Kennedy GG. 1998. Effects of temperature on survival and preimaginal development rates of Colorado potato
beetle on potato and horse-nettle: Potential role in host range expansion. Entomol Exp Appl 89: 261–269.
Hill SB, Kotanen PM. 2009. Evidence that phylogenetically novel non-indigenous plants experience less herbivory. Oecologia
161: 581–590. doi: 10.1007/s00442-009-1403-0.
Hill SB, Kotanen PM. 2010. Phylogenetically structured damage to Asteraceae: Susceptibility of native and exotic species
to foliar herbivores. Biological Invasions 12: 3333–3342.
Hillman G, Hedges R, Moore A, Colledge S, Pettitt P. 2001. New evidence of Lateglacial cereal cultivation at Abu Hureyra
on the Euphrates. The Holocene 11: 383–393.
Hood GR, Forbes AA, Powell THQ, Egan SP, Hamerlinck G, et al. 2015. Sequential divergence and the multiplicative
origin of community diversity. P Natl Acad Sci. doi: 10.1073/pnas.1424717112.

Elementa: Science of the Anthropocene • 4: 000106 • doi: 10.12952/journal.elementa.000106

10

The role of geography in pest control
Hufbauer RA, Facon B, Ravigné V, Turgeon J, Foucaud J, et al. 2012. Anthropogenically induced adaptation to invade
(AIAI): Contemporary adaptation to human-altered habitats within the native range can promote invasions. Evol
Appl 5: 89–101. doi: 10.1111/j.1752-4571.2011.00211.x.
Hulme PE. 2009. Trade, transport and trouble: Managing invasive species pathways in an era of globalization. J Appl Ecol
46: 10–18. doi: 10.1111/j.1365-2664.2008.01600.x.
Izzo VM, Hawthorne DJ, Chen YH. 2013. Geographic variation in winter hardiness of a common agricultural pest,
Leptinotarsa decemlineata, the Colorado potato beetle. Evol Ecol.
Izzo VM, Mercer N, Armstrong J, Chen YH. 2014. Variation in host usage among geographic populations of Leptinotarsa
decemlineata, the Colorado potato beetle. J Pest Sci 87: 597–608. doi: 10.1007/s10340-014-0578-2.
Jackson DL, Jackson LL, Bradley NL. 2002. The Farm as Natural Habitat: Reconnecting Food Systems with Ecosystems.Washington,
DC.
Jacques RL. 1988. The Potato Beetles. Leiden, The Netherlands: E.J. Brill.
Khoury CK, Bjorkman AD, Dempewolf H, Ramirez-Villegas J, Guarino L, et al. 2014. Increasing homogeneity in global food
supplies and the implications for food security. P Natl Acad Sci USA 111: 4001–4006. doi: 10.1073/pnas.1313490111.
Landis DA, Wratten SD, Gurr GM. 2000. Habitat management to conserve natural enemies of arthropod pests in
agriculture. Annu Rev Entomol 45: 175–201. doi: 10.1146/annurev.ento.45.1.175.
Lashomb JH. 1987. Parasitism of Leptinotarsa decemlineata (Say) eggs by Edovum puttleri Grissell (Hymenoptera:
Eulophidae): Effects of host age, parasitoid age, and temperature. Can Entomol 119: 75–85.
Lavandero B, Figueroa CC, Franck P, Mendez A. 2011. Estimating gene flow between refuges and crops: A case study of
the biological control of Eriosoma lanigerum by Aphelinus mali in apple orchards. PLoS One 6: e26694. doi: 10.1371/
journal.pone.0026694.
Lee CE. 2002. Evolutionary genetics of invasive species. Trends Ecol Evol 17: 386–391. doi: 10.1016/S0169-5347(02)02554-5.
Lehmann P, Lyytinen A, Piiroinen S, Lindström L. 2014. Northward range expansion requires synchronization of both
overwintering behaviour and physiology with photoperiod in the invasive Colorado potato beetle (Leptinotarsa
decemlineata). Oecologia 57–68. doi: 10.1007/s00442-014-3009-4.
Leiss KA, Cristofori G, van Steenis R, Verpoorte R, Klinkhamer PGL. 2013. An eco-metabolomic study of host plant
resistance to Western flower thrips in cultivated, biofortified and wild carrots. Phytochemistry 93: 63–70. doi: 10.1016/j.
phytochem.2013.03.011.
Liquido NJ, Shinoda LA, Cunningham RT. 1991. Host Plants of the Mediterranean Fruit Fly (Diptera, Tephritidae): An
Annotated World Review. Lanham, MD.: Entomological Society of America: pp. 1863–1878.
Lombaert E, Guillemaud T, Cornuet JM, Malausa T, Facon B, et al. 2010. Bridgehead effect in the worldwide invasion of
the biocontrol Harlequin Ladybird. PLoS One 5. doi: 10.1371/journal.pone.0009743.
Lu W, Kennedy GG, Gould F. 2001. Genetic analysis of larval survival and larval growth of two populations of Leptinotarsa
decemlineata on tomato. Entomol Exp Appl 99: 143–155. doi: 10.1046/j.1570-7458.2001.00812.x.
Malacrida A, Gomulski L, Bonizzoni M, Bertin S, Gasperi G, et al. 2007. Globalization and fruitfly invasion and expansion:
The medfly paradigm. Genetica 131: 1–9. doi: 10.1007/s10709-006-9117-2.
Mann CC. 2012. 1493: Uncovering the New World Columbus Created. New York: Vintage.
Martel C, Rejasse A, Rousset F. 2003. Host-plant-associated genetic differentiation in Northern French populations of
the European corn borer. Heredity 90: 141–149.
Medina RF, Reyna SM, Bernal JS. 2012. Population genetic structure of a specialist leafhopper on Zea: Likely anthropogenic
and ecological determinants of gene flow. Entomol Exp Appl 142: 223–235. doi: 10.1111/j.1570-7458.2012.01220.x.
Meyer RS, DuVal AE, Jensen HR. 2012. Patterns and processes in crop domestication: An historical review and quantitative
analysis of 203 global food crops. New Phytol 196: 29–48. doi: 10.1111/j.1469-8137.2012.04253.x.
Michaud JP. 2002. Classical biological control: A critical review of recent programs against citrus pests in Florida. Ann
Entomol Soc Am 94(5): 531–540. doi: 10.1603/0013-8746(2002)095[0531:CBCACR]2.0.CO;2.
Michaud JP, Grant AK. 2005. The biology and behavior of the longhorned beetle, Dectes texanus on sunflower and soybean.
J Insect Sci 5: 25–40.
Michel AP, Sim S, Powell THQ, Taylor MS, Nosil P, et al. 2010. Widespread genomic divergence during sympatric
speciation. P Natl Acad Sci USA 107: 9724–9729. doi: 10.1073/pnas.1000939107.
Midamegbe A, Vitalis R, Malausa T, Delava É, Cros-Arteil S, et al. 2011. Scanning the European corn borer (Ostrinia spp.)
genome for adaptive divergence between host-affiliated sibling species. Mol Ecol 20: 1414–1430. doi: 10.1111/j.1365294X.2011.05035.x.
Miller N, Estoup A, Toepfer S, Bourguet D, Lapchin L, et al. 2005. Multiple transatlantic introductions of the western
corn rootworm. Science 310: 992. doi: 10.1126/science.1115871.
Nardi F, Carapelli A, Boore JL, Roderick GK, Dallai R, et al. 2010. Domestication of olive fly through a multi-regional
host shift to cultivated olives: Comparative dating using complete mitochondrial genomes. Mol Phylogenet Evol
57: 678–686. doi: 10.1016/j.ympev.2010.08.008.
National Research Council. 1996. Ecologically Based Pest Management: New Solutions for a New Century. Washington,
DC: National Academy Press.
O’Neil RJ, Cañas LA, Obrycki JJ. 2005. Foreign exploration for natural enemies of the Colorado potato beetle in Central
and South America. Biol Control 33: 1–8., doi:10.1016/j.biocontrol.2005.01.010.
Ovruski SM, Schliserman P, Aluja M. 2004. Indigenous parasitoids (Hymenoptera) attacking Anastrepha fraterculus and
Ceratitis capitata (Diptera: Tephritidae) in native and exotic host plants in Northwestern Argentina. Biol Control
29: 43–57. doi: 10.1016/S1049-9644(03)00127-0.
Pearse IS, Altermatt F. 2013. Predicting novel trophic interactions in a non-native world. Ecol Lett 16: 1088–1094.
doi: 10.1111/ele.12143.
Pelissie B, Ponsard S, Tokarev YS. 2010. Did the introduction of maize into Europe provide enemy-free space to Ostrinia
nubilalis? Parasitism differences between two sibling species of the genus Ostrinia. J Evol Biol 23: 350–361.

Elementa: Science of the Anthropocene • 4: 000106 • doi: 10.12952/journal.elementa.000106

11

The role of geography in pest control
Piiroinen S, Lindström L, Lyytinen A, Mappes J, Chen YH, et al. 2013. Pre-invasion history and demography shape the
genetic variation in the insecticide resistance-related acetylcholinesterase 2 gene in the invasive Colorado potato beetle.
BMC Evol Biol 13: 13. doi: 10.1186/1471-2148-13-13.
Pimentel D. 1991. Diversification of biological control strategies in agriculture. Crop Prot 10: 243–253.
Price PW, Denno RF, Eubanks MD, Finke DL, Kaplan I. 2011. Insect Ecology: Behavior, Populations and Communities.
Cambridge, UK: Cambridge University Press.
Rebe M, van den Berg J, McGeoch MA. 2004. Colonization of cultivated and indigenous graminaceous host plants by
Busseola fusca (Fuller) (Lepidoptera: Noctuidae) and Chilo partellus (Swinhoe) (Lepidoptera: Crambidae) under field
conditions. Afr Entomol 12: 187–199.
Rinkevich FD, Su C, Lazo TA, Hawthorne DJ, Tingey WM, et al. 2012. Multiple evolutionary origins of knockdown
resistance (kdr) in pyrethroid-resistant Colorado potato beetle, Leptinotarsa decemlineata. Pestic Biochem Physiol
104: 192–200.
Risch SJ. 1987. Agricultural ecology and insect outbreaks, in Barboasa P, Schultz JC, eds., Insect Outbreaks. San Diego:
Academic Press: pp. 217–238.
Roderick GK, Navajas M. 2003. Genes in new environments: Genetics and evolution in biological control. Nat Rev Genet
4: 889–899. doi: 10.1038/nrg1201.
Rodriguez-Saona C, Vorsa N, Singh AP, Johnson-Cicalese J, Szendrei Z, et al. 2011. Tracing the history of plant traits
under domestication in cranberries: Potential consequences on anti-herbivore defences. J Exp Bot 62: 2633–2644.
Root RB. 1973. Organization of a plant-arthropod association in simple and diverse habitats: The fauna of collards (Brassica
oleracea). Ecol Monogr 43: 95. doi: 10.2307/1942161.
Rosenthal JP, Dirzo R. 1997. Effects of life history, domestication and agronomic selection on plant defence against insects:
Evidence from maizes and wild relatives. Evol Ecol 11: 337–355. doi: 10.1023/A:1018420504439.
Roullier C, Benoit L, McKey DB, Lebot V. 2013. Historical collections reveal patterns of diffusion of sweet potato in
Oceania obscured by modern plant movements and recombination. P Natl Acad Sci USA 110: 2205–2210. doi: 10.1073/
pnas.1211049110.
Sakai AK, Allendorf FW, Holt JS, Lodge M, Molofsky J, et al. 2001. The population biology of invasive species. Annu
Rev Ecol Syst 32: 305–332.
Scolari F, Gomulski LM, Gabrieli P, Manni M, Savini G, et al. 2014. How functional genomics will impact fruit fly pest
control: The example of the Mediterranean fruit fly, Ceratitis capitata. BMC Genet 15: S11. doi: 10.1186/1471-215615-S2-S11.
Shiral Y, Morimoto N. 1999. A host shift from wild blue cohosh to cultivated potato by the phytophagous ladybird beetle,
Epilachna yasutomii (Coleoptera, Coccinellidae). Res Popul Ecol 41: 161–167.
Shlichta JG, Glauser G, Benrey B. 2014. Variation in cyanogenic glycosides across populations of wild lima beans (Phaseolus
lunatus) has no apparent effect on bruchid beetle performance. J Chem Ecol 40: 468–475.
Smartt J, Simmonds NW. 1995. Evolution of Crop Plants. New York, NY: John Wiley & Sons, Inc.
Smith CM, Chuang WP. 2014. Plant resistance to aphid feeding: Behavioral, physiological, genetic and molecular cues
regulate aphid host selection and feeding. Pest Manag Sci 70: 528–540. doi: 10.1002/ps.3689.
Soule J, Piper J. 1991. Farming in Nature’s Image: An Ecological Approach to Agriculture. Washington, DC: Island Press.
Straub CS, Finke DL, Snyder WE. 2008. Are the conservation of natural enemy biodiversity and biological control
compatible goals? Biol Control 45: 225–237. doi: 10.1016/j.biocontrol.2007.05.013.
Straub CS, Snyder WE. 2006. Species identity dominates the relationship between predator biodiversity and herbivore
suprresion. Ecology 87: 277–282. doi: 10.1890/05-0599.
Strong DR. 1974. Rapid asymptotic species accumulation in phytophagous insect communities - pests of cacao. Science
185: 1064–1066.
Strong DR, McCoy ED, Rey JR. 1977. Time and number of herbivore species-pests of sugarcane. Ecology 58: 167–175.
Szczepaniec A, Widney SE, Bernal JS, Eubanks MD. 2013. Higher expression of induced defenses in teosintes (Zea spp.)
is correlated with greater resistance to fall armyworm, Spodoptera frugiperda. Entomol Exp Appl 146: 242–251.
Teetes GL, Randolph NM. 1969. Seasonal abundance and parasitism of the sunflower moth Homoeosoma electellum in
Texas. Ann Entomol Soc Am 62: 1461–1464.
Thomas Y, Bethenod M-T, Pelozuelo L, Frérot B, Bourguet D. 2003. Genetic isolation between two sympatric host-plant
races of the European corn borer, Ostrinia nubilalis Hübner. I. Sex pheromone, moth emergence timing, and parasitism.
Evolution 57: 261–273. doi: 10.1554/0014-3820(2003)057[0261:GIBTSH]2.0.CO;2.
Thrall PH, Oakeshott JG, Fitt G, Southerton S, Burdon JJ, et al. 2011. Evolution in agriculture: The application of
evolutionary approaches to the management of biotic interactions in agro-ecosystems. Evol Appl 4: 200–215.
doi: 10.1111/j.1752-4571.2010.00179.x.
Toepfer S, Kuhlmann U. 2004. Survey for natural enemies of the invasive alien chrysomelid. Cent Eur 385–395.
Tooker JF, Frank SD. 2012. Genotypically diverse cultivar mixtures for insect pest management and increased crop yields.
J Appl Ecol 49: 974–985.
Tower W. 1906. Investigation of Evolution in Chrysomelid Beetles of the Genus Leptinotarsa. Washington, DC: Carnegie
Institution of Washington.
Turcotte MM, Turley NE, Johnson MTJ. 2014. The impact of domestication on resistance to two generalist herbivores
across 29 independent domestication events. New Phytol. doi: 10.1111/nph.12935.
van den Bosch R. 1971. Biological Control of Insects. Annu Rev Ecol Syst 2: 45–66.
van Driesche R, Hoddle M, Center T. 2008. Control of Pests and Weeds by Natural Enemies.
Vargas RI, Leblanc L, Harris EJ, Manoukis NC. 2012. Regional suppression of Bactrocera fruit flies (Diptera: Tephritidae)
in the Pacific through biological control and prospects for future introductions into other areas of the world. Insects
3: 727–742. doi: 10.3390/insects3030727.
Vavilov NI. 1926. Studies on the origin of cultivated plants. Bull Appl Bot Plant Breed 16: 139–245.
Vavilov NI. 1951. The origin, variation, immunity and breeding of cultivated plants. Chron Bot 13: 1–366.
Elementa: Science of the Anthropocene • 4: 000106 • doi: 10.12952/journal.elementa.000106

12

The role of geography in pest control
Vialatte A, Dedryver CA, Simon JC, Galman M, Plantegenest M. 2005. Limited genetic exchanges between populations
of an insect pest living on uncultivated and related cultivated host plants. Proc R Soc B-Biological Sci 272: 1075–1082.
Weber D. 2003. Colorado beetle: Pest on the move. Pestic Outlook 14: 256. doi: 10.1039/b314847p.
Zehnder G, Gurr GM, Kühne S, Wade MR, Wratten SD, et al. 2007. Arthropod pest management in organic crops. Annu
Rev Entomol 52: 57–80. doi: 10.1146/annurev.ento.52.110405.091337.
Zhao C, Escalante LN, Chen H, Benatti TR, Qu J, et al. 2015. A massive expansion of effector genes underlies gallformation in the wheat pest Mayetiola destructor. Curr Biol 1–8. doi: 10.1016/j.cub.2014.12.057.
Contributions
•
Contributed to conception and design: YHC
•
Contributed to acquisition of data: YHC
•
Contributed to analysis and interpretation of data: YHC
•
Drafted and/or revised the article: YHC
•
Approved the submitted version for publication: YHC
Funding information
YHC acknowledges the support from the University of Vermont Agricultural Experiment Station.
Competing interests
The author declares that no competing interest exists.
Copyright
© 2016 Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source
are credited.

Elementa: Science of the Anthropocene • 4: 000106 • doi: 10.12952/journal.elementa.000106

13

