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ABSTRACT
Resistance to pesticides (in this case, insecticides and miticides) is a concern to producers associated with ornamental cropping systems
such as greenhouses and nurseries. Resistance typically develops due to continually using insecticides and/or miticides with similar modes
of action or chemistries in the presence of common detoxification pathways. Two strategies that have been suggested to mitigate
resistance developing in arthropod (insect and mite) pest populations are the implementation of pesticide mixtures or pesticide rotations.
However, the use of either strategy is still controversial as it is has not been adequately demonstrated quantitatively that these strategies
actually mitigate resistance. Pesticide mixtures involve exposing individuals in an arthropod pest population to each pesticide
simultaneously whereas pesticide rotations are the alternating use of pesticides with dissimilar modes of action. There are, however, a
number of assumptions pertaining to both pesticide mixtures and rotations that dictate how successful these strategies may be in delaying
the onset of resistance including 1) resistance associated with each pesticide is monogenic and independently genetically controlled, 2)
individuals in the arthropod pest population with doubly-resistance genes or with multiple resistance mechanisms are rare, 3) a certain
frequency or proportion of individuals in the arthropod pest population are left untreated due to the presence of refugia, 4) the pesticides
used are equally persistent so that any individuals in the arthropod pest population are not exposed to just one pesticide for an extended
length of time, and 5) the pesticides used have different modes of action. Either strategy of delaying or mitigating resistance should be
incorporated with alternative pest management tactics such as cultural, sanitation, and biological control, which will reduce continued
reliance on pesticides.
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INTRODUCTION
Resistance to pesticides such as insecticides and miticides is
always a concern because once arthropod (insect and mite)
pest populations are no longer sufficiently suppressed with
existing pesticides then management options become limited (McCord et al. 2002). The “selection pressure” exerted
by a pesticide application may increase the frequency or
proportion of individuals containing resistance genes
(Comins 1977a). Furthermore, different mechanisms may
confer resistance in various arthropod pest populations of
the same species, and multiple resistance mechanisms may
co-exist in certain arthropod pest populations (Forgash
1984; Brattsten et al. 1986). The primary resistance
mechanisms associated with arthropod pests are metabolic
detoxification and target site insensitivity (Oppenoorth
1985; National Research Council 1986a; Georghiou and
Taylor 1986; Roush 1993; Jensen 2000). Metabolic resistance refers to the break down of the active ingredient by
the arthropod pest. When the pesticide enters the body, enzymes attack and detoxify or convert the active ingredient
into a non-toxic form (Jensen 2000). For example, detoxifying enzymes may convert insecticides, which are hydrophobic or “water-hating,” to be more hydrophilic (“waterReceived: 28 April, 2010. Accepted: 4 September, 2010.

loving”). This usually makes the pesticide less biologically
active and more readily excreted with waste products (Brattsten et al. 1986; Soderlund and Bloomquist 1990; Jensen
2000). The enzymes affiliated with metabolic detoxification
include esterases, glutathione S-transferases, epoxide hydrolases, and cytochrome P450 dependent monooxygenases
(mixed function oxidases) (Oppenoorth 1985; Brattsten et
al. 1986; Soderlund and Bloomquist 1990; Ishaaya 1993;
Roush 1993; Jensen 2000). In general, target site insensitivity involves interactions between the pesticide and the
designated target site, which is similar to a key (pesticide
active ingredient) fitting into a lock (the target site). A
decrease in binding associated with target site insensitivity
is similar to the lock having been changed so that the key
no longer fits, and thus the pesticide is no longer effective
(Mallet 1989). Most resistance mechanisms, in general,
tend to be co-dominant to fully-dominant in expression,
meaning that heterozygotes may display levels of resistance
that are more similar to resistant than susceptible parents
(Roush and Daly 1990).
Additional factors associated with resistance in arthropod pest populations are cross and multiple resistance.
Cross resistance refers to a situation in which resistance to
one pesticide confers resistance to another pesticide, even
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tant to one or more pesticides would likely succumb to the
other pesticide in the mixture as long as pesticides with different modes of action are mixed together (Georghiou 1980;
Mallet 1989; Yu 2008). For example, Crowder et al. (1984)
reported that a mixture of chlordimeform (a formamidine)
with the pyrethroid, permethrin, delayed resistance development in populations of Heliothis virescens (F.). However,
pesticide mixtures may not always delay resistance (Burden
et al. 1960). Attique et al. (2006) indicated that pesticide
mixtures were less effective in delaying resistance in Plutella xylostella (L.) populations than applying insecticides
separately. Furthermore, this approach may risk selecting
for a detoxification mechanism that could allow survival to
both pesticides (Stenersen 2004), and may actually enhance
overall “selection pressure,” thus accelerating the evolution
of resistance (Curtis 1985; Brattsten et al. 1986; Via 1986).
The effect of pesticide mixtures is, however, unpredictable because differences in the mode of action do not
necessarily guarantee a lack of common resistance mechanisms and may only reflect the specificity associated with
enzymes responsible for detoxification (Sawicki 1981; Yu
2008). Moreover, the effects of pesticide mixtures may vary
depending on the arthropod pest population as a result of
differences associated with species, strain, and even biotype
(Sawicki 1981; Georghiou and Taylor 1986; Ishaaya 1993).
These differences could be related to physiology and the
resistance mechanisms present in the population (Georghiou
and Taylor 1977a; Brattsen et al. 1986). Also, resistance
mechanisms typically do not respond to “selection pressure” or frequency of pesticide applications the same way
based on the pesticide being applied. In fact, some resistance mechanisms may negate the advantages of pesticide
mixtures (Tabashnik 1989; Stenersen 2004).
A notable aspect of pesticide mixtures is the opportunity
for complex interactions, including synergism or antagonism. Two active ingredients may compete for or inhibit the
same enzyme (e.g., esterase), which can increase the toxicity of the pesticide mixture (Kulkrani and Hodgson 1980).
Synergism may occur when one pesticide interferes with the
metabolic detoxification of another pesticide (Corbett 1974;
Kulkrani and Hodgson 1980). Certain organophosphate
insecticides bind to the active site on esterase enzymes
responsible for detoxification of pyrethroid insecticides
(Ascher et al. 1986; Ishaaya et al. 1987; Bynum et al. 1997;
Gunning et al. 1999; Ahmad 2004; Zalom et al. 2005;
Ahmad et al. 2008; Ahmad 2009), and so organophosphate
insecticides can be useful synergists for pyrethroids (Chapman and Penman 1980; Brattsten et al. 1986; Ishaaya et al.
1987; Gunning et al. 1999; Martin et al. 2003; Zalom et al.
2005; Attique et al. 2006). This is one of the primary reasons why many manufacturing companies formulate organophosphate and pyrethroid-based insecticide mixtures to
manage arthropod pest complexes and counteract resistance
(Ahmad 2004). Examples of commercially available products for use in greenhouse production systems include
Tame/Orthene TR* [fenpropathrin (pyrethroid) and acephate (organophosphate)] and Duraplex® TR** [chlorpyrifos (organophosphate) and cyfluthrin (pyrethroid). However,
continued use of these pesticide mixtures may result in resistance to both modes of activity by arthropod pest populations, especially those that have the capacity of developing
multiple resistance (Comins 1986; Metcalf 1989; Attique et
al. 2006; Ahmad et al. 2008).
As with applications of individual pesticides, it is important to only mix together pesticides with different modes
of action or those that affect different biochemical processes
in order to mitigate resistance developing in arthropod pest
populations (Cranham and Helle 1985; Cloyd 2009). Pesticide mixtures may delay or mitigate the onset of resistance
under the following assumptions: 1) resistance associated
with each pesticide in a mixture is monogenic (resistance

though the arthropod pest population has not been exposed
to the second pesticide; and insensitivity to pesticides with
similar modes of action or in the same chemical class due to
a single resistance mechanism. However, this only addresses target site insensitivity. Cross resistance may also be
due to common detoxification pathways associated with different pesticides (Cranham and Helle 1985; Georghiou and
Taylor 1986; Roush 1993; Pedigo 2002). Multiple resistance, in general, refers to an arthropod pest population that
is resistant to pesticides with discrete modes of action or
across chemical classes associated with the expression of
different resistance mechanisms (Forgash 1984; Brattsten et
al. 1986; Georghiou 1986; Metcalf 1989).
The rate of resistance developing in an arthropod pest
population is approximately proportional to the frequency
of pesticide applications, especially when using those with
similar modes of action (Forgash 1984; Tabashnik 1989).
Two strategies that may delay or mitigate the onset of
resistance developing in arthropod pest populations are the
use of pesticide mixtures or rotations. There is already
wide-spread use of pesticide mixtures among greenhouse
producers, partly because combinations of selective pesticides may be required in order to deal with the arthropod
pest population complex present in the crop (Tabashnik
1989; Ahmad 2004; Warnock and Cloyd 2005; Cloyd 2009).
Typically, two pesticides are mixed together; however, it
has been demonstrated that three or more pesticides (even
fungicides) may be combined into a spray solution (Cloyd
2009). The implementation of pesticide resistance mitigating strategies is important for preserving the effectiveness of currently available pesticides (Hoy 1998). However,
there is minimal evidence to suggest that either pesticide
mixtures or pesticide rotations may actually delay or mitigate the onset of resistance (Immaraju et al. 1990). As such,
this paper utilizes the scientifically-based literature to address the theoretical and realistic issues involved in mitigating resistance of arthropod pest populations using either
pesticide mixtures or rotations in ornamental cropping systems.
PESTICIDE MIXTURES
A pesticide mixture entails exposing individuals in an
arthropod pest population to each pesticide simultaneously
(Tabashnik 1989; Hoy 1998). Pesticide mixtures may enhance arthropod pest population suppression due to either
synergistic interaction or potentiation between or among the
pesticides that are mixed together (All et al. 1977; Curtis
1985; Comins 1986; Ware and Whitacre 2004; Warnock and
Cloyd 2005; Cloyd et al. 2007). Synergism refers to the
toxicity of a given pesticide being enhanced by the addition
of a less or non-toxic pesticide, or other compound such as
a synergist (Chapman and Penman 1980; Ware and Whitacre 2004; Ahmad 2004). Potentiation alludes to an increased
toxic effect on the arthropod pest population when mixing
two active ingredients together (Chapman and Penman
1980; Marer 2000; Ahmad 2004, 2009). It has been proposed that pesticide mixtures may waive the onset of resistance development more effectively than rotating pesticides
(described below) with different modes of activity (Skylakakis 1981; Mani 1985; Mallet 1989; Bielza et al. 2009).
Mixing pesticides with different modes of action may
delay resistance developing within arthropod pest populations because the mechanism(s) required to resist each
pesticide in the mixture may not be wide-spread or exist in
arthropod pest populations (Georghiou 1980; Curtis 1985;
Mani 1985; Mallet 1989; Ahmad 2004). As such, it may be
difficult for individuals in the arthropod pest population to
develop resistance to several modes of action simultaneously (Brattsten et al. 1986; Mallet 1989; Stenersen 2004;
Yu 2008). Those arthropods present in the population resis-

*Tame/Orthene TR (Total Release Insecticide) (Whitmire Micro-Gen Research Laboratories, Inc., St. Louis, MO).
**Duraplex® TR (Total Release Insecticide) (Whitmire Micro-Gen Research Laboratories, Inc., St. Louis, MO).
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in fact, may be more expensive than rotations (discussed
below), especially if the pesticides that are mixed together
are used at the highest recommended label rate (Curtis
1985; Comins 1986; Mallet 1989; Attique et al. 2006). As
such, a common practice is too use reduced rates of each
pesticide in the mixture although this may not mitigate
resistance developing in arthropod pest populations (Suthert
and Comins 1979). More sophisticated uses of pesticide
mixtures will require a greater understanding of their interactions in order to optimize the dosage at below label rates
when the components (active and inert ingredients) act
synergistically (Tabashnik 1989; Attique et al. 2006). Pesticide mixtures may be an effective means of mitigating
resistance as long as there is a high level of dominance in
the arthropod pest population and immigration of susceptible individuals is prevalent (Mani 1985; Georghiou and
Taylor 1986). Based on population genetic models, pesticide mixtures may effectively suppress resistance genes that
are recessive and accord resistance to only one pesticide.
However, it is possible that pesticide mixtures will select
for dominant genes, which confer cross resistance (Tabashnik 1989). The rate of resistance development in an arthropod pest population to two or more pesticides in a mixture
may take longer than when the pesticides are applied separately (National Research Council 1986b) although resistance to a pesticide mixture may occur at a similar rate as
when the pesticides are applied individually (Kable and
Jeffery 1980). Finally, the advantages of a pesticide mixture
will only be sustained as long as resistance is not fullydominant (Curtis 1985). Because the reliability of the
pesticide mixture strategy depends on several assumptions,
applying pesticides individually, by rotating those with
different modes of action or that act on different target sites
may be a more appropriate strategy (Roush 1993).

resulting from the expression of a single gene) and independently genetically controlled (Curtis 1985; Tabashnik
1989). In addition, there is no cross resistance among individuals in the arthropod pest population to the pesticides
used in the mixture (Mani 1985; Comins 1986; Tabashnik
1989, 1990). These conditions are met when there are different target sites and detoxification enzymes implicated in
resistance to the two pesticides. It is possible that under
these given circumstances, individuals simultaneously possessing resistance mechanisms to both pesticides will be extremely rare (Curtis 1985; Brattsten et al. 1986; Mallet
1989; Roush 1993); 2) individuals in the arthropod pest
population possess resistance genes that are exclusively
recessive and/or individuals that are doubly-resistant are extremely rare. Evolution of resistance will be instantaneous if
any survivors possess doubly-resistant genes or multiple
resistance mechanisms (Curtis 1985; Comins 1986; Tabashnik 1989; Mallet 1989); 3) some individuals in the arthropod pest population are not treated or exposed to the pesticide spray mixture primarily due to the presence of refugia
(Georghiou and Taylor 1977b; Brattsten et al. 1986;
Tabashnik 1989, 1990), or there is immigration of and
mating with susceptible individuals, which reduces the frequency or proportion of resistant individuals (or resistant
genes) in the arthropod pest population (Comins 1977b;
Georghiou and Taylor 1977b; Tabashnik and Croft 1982;
Comins 1986; Georghiou and Taylor 1986; Mallet 1989;
Jensen 2000; Stenersen 2004); 4) the pesticides mixed
together are equally persistent so that the individuals in the
arthropod pest population are not exposed to just one pesticide for an extended length of time (Forgash 1984; Curtis
1985; Tabashnik 1989, 1990; Roush 1993); and 5) mechanisms of resistance to each pesticide are present at such low
frequencies that they may not occur together in any individuals in an arthropod pest population (Yu 2008).
In nearly all instances, the assumptions presented above
are not realistic. It is possible that pesticide mixtures may
promote the expression of multiple resistance, which could
extend across other chemical classes resulting in specific
arthropod pest populations being very difficult to manage
(Forgash 1984; Brattsten et al. 1986; Ahmad 2004; Attique
et al. 2006). For example, multiple evolutionary pathways
exist that will eventually result in a pesticide-resistant arthropod pest population (Metcalf 1980; Georghiou 1983;
Brattsten et al. 1986; Ishaaya 1993). Although pesticide
mixtures may delay resistance due to target site insensitivity,
which is usually specific to a particular class of pesticides,
the use of pesticide mixtures enhances the selection for increased expression of metabolic enzymes that can simultaneously detoxify both pesticides (Roush and McKenzie
1987; Roush and Daly 1990; Roush and Tabashnik 1990;
Stenersen 2004). Also, cross and multiple resistance may
occur among some pesticides with similar modes of action
(Stenersen 2004). Therefore, selecting for high levels of
detoxification enzyme expression jeopardizes the usefulness
of all pesticides, even those with new modes of action to
which the arthropod pest population has not been previously exposed (Tabashnik 1989; Soderlund and Bloomquist
1990).
Additional problems associated with the assumptions of
using pesticide mixtures are that the frequency of doublyresistant individuals or those with multiple resistance mechanisms in the arthropod pest population may be extensive
(Tabashnik 1989). This may be due to a history of pesticide
exposure with the associated selection for resistance in previous arthropod pest generations, which implies that there
may be some background levels of resistant traits or mechanisms in the arthropod pest population for each pesticide
used in the mixture (Georghiou and Taylor 1977a). Finally,
there is usually no refuge to preserve susceptible individuals (Georghiou and Taylor 1986; Tabashnik 1989), particularly in enclosed greenhouse production systems.
The question is then; is using pesticides in mixtures the
most appropriate way to extend their usefulness, or is it
preferable to apply them individually? Pesticide mixtures,

PESTICIDE ROTATIONS
Pesticide rotation is a temporal alternation of pesticides
with different modes of action, and/or different resistance
mechanisms or chemistries (Tabashnik 1989; Immaraju et
al. 1990). Greenhouse producers often repeatedly use insecticides, with the same mode of action although there is
information regarding the benefits of pesticide rotations
(Immaraju et al. 1990). Coyne (1951) was the first to
recommend pesticide rotation programs for resistance mitigation by rotating pesticides from different chemical classes
(McCord et al. 2002). However, this approach is not appropriate since certain chemical classes have similar modes
of action (e.g., organophosphates and carbamates), which
results in increased “selection pressure” on an arthropod
pest population and thus enhanced rates of resistance
(McCord et al. 2002; Ware and Whitacre 2004; Yu 2008).
The theory underlying the rotation of pesticides with different modes of action is that the frequency or proportion of
individuals in the arthropod pest population resistant to one
pesticide will decline when another pesticide, with a different mode of action, is being applied (Pimentel and Bellotti 1976; Georghiou 1983; Mani 1985; Tabashnik 1989;
Mallet 1989; Hoy 1998). Also, individuals resistant to one
pesticide may be lower in fitness than any susceptible individuals (Georghiou and Taylor 1986; Tabashnik 1989),
based on the number of generations produced, such that the
frequency or proportion of resistant individuals in the
arthropod pest population decreases during the time period
when the pesticide is not being applied (Mani 1985; Yu
2008). The reduced “selection pressure” associated with
utilizing pesticides with discrete modes of action may lead
to an increase in the usefulness of effective pesticides
(McCord et al. 2002). However, continued “selection pressure,” even when applying pesticides with dissimilar modes
of activity may result in improved fitness via co-adaptation
of the resistant genome thus leading to a higher stability of
resistance (Georghiou and Taylor 1986). Therefore, pesticide rotation schemes should, in general, include as many
pesticides with different modes of action as possible, parti16
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cularly if resistance mechanisms and cross resistance cannot
be identified (Georghiou 1983; Jensen 2000; Ahmad et al.
2001).
As with pesticide mixtures (discussed previously), there
are a number of important assumptions that factor into how
effective pesticide rotations are in mitigating resistance including 1) the pesticides must have different modes of
action or select for different resistance mechanisms (Jensen
2000; Dekeyser 2005). This avoids continuous “selection
pressure” on a particular trait or the expression of certain
resistance mechanisms. Pesticide rotations across generations, in the case where generations overlap simultaneously
during the growing season, may be more appropriate than
rotations within a single generation (Roush 1989). The existence of traits or resistance mechanisms that lead to cross
resistance among pesticides is similar to the use of pesticide
mixtures (Comins 1986). If cross resistance is present in the
arthropod pest population to two pesticides with similar
modes of activity, then there would be no benefit to rotating
the pesticides (Georghiou 1983; Comins 1986). However,
Immaraju et al. (1990) indicated that rotations were a preferable option as opposed to pesticide mixtures despite the
occurrence of cross resistance although no explanation was
provided; 2) there is a genetic disadvantage or fitness cost
associated with particular resistance mechanisms (Mani
1985; Roush 1993). Therefore, when a pesticide is not
being applied, susceptible individuals will produce more
offspring than those with the resistance trait or mechanism,
and the frequency or proportion of the arthropod pest population harboring the resistance trait or mechanism will
decline (Roush and Plapp 1982; Georghiou 1983); 3) some
individuals in the arthropod pest population are not treated
or exposed to pesticides used in the rotation program due to
the presence of refugia, or there is immigration of and
mating with susceptible individuals (Georghiou and Taylor
1986; Hoy 1998); and 4) the length of time or number of
generations between applications of one pesticide with a
specific mode of action is sufficient to allow resistance to
decrease (Yu 2008). As the intervals between applications
of pesticides with similar modes of action are increased, the
frequency or proportion of resistant individuals in the
arthropod pest population should diminish (Mani 1985; Hoy
1998). However, Stenersen (2004) suggested that rotating
pesticides may not prevent the development of resistance if
survival of heterozygotes is favored compared to susceptible individuals. Furthermore, pesticide rotations, depending
on the frequency of applications within a given generation,
may not decrease the rate of resistance development
(MacDonald et al. 1983).
The assumptions for successful use of pesticide rotations to delay the onset of resistance have problems, as they
did with pesticide mixtures (discussed previously). In both
cases, any traits or resistance mechanisms such as enhanced
expression of general detoxification enzyme systems can
increase resistance selection for multiple components of a
pesticide rotation program (Plapp 1984). Fitness costs do
exist; however, this may vary in importance based on the
pesticide and the number of generations in which resistance
has been maintained within an arthropod pest population
(Crow 1957). Furthermore, the number of offspring or
young produced per female and generations per year will
influence how effective pesticide rotations are in mitigating
resistance because these factors often impact the frequency
of pesticide applications (Tabashnik and Croft 1982; Georghiou and Taylor 1986; Croft and van de Baan 1988). Pesticide rotations may be regarded as a more viable strategy
even if resistance is already present at low frequencies although no definitive explanation has been provided (Georghiou 1983; Metcalf 1983). In fact, pesticide rotations rather
than pesticide mixtures are typically promoted in resistance
management programs. For example, rotating pyrethroidbased insecticides along with organophosphate insecticides
is a recommendation to alleviate resistance occurring in
Heliothis/Helicoverpa populations (Sawicki and Denholm
1987).

This paper presents information indicating that both pesticide mixtures and rotations may be viable strategies to mitigate resistance development in an arthropod pest population
although this is still a controversial topic as it has not been
adequately demonstrated quantitatively that either strategy
may in fact mitigate resistance. Therefore, it is critical to
understand the assumptions that must be fulfilled in order
for these two resistance mitigating strategies to be successful (Tabashnik 1989). While pesticide mixtures may appear
to be more effective in delaying resistance compared to
pesticide rotations (Mani 1985), pesticide rotations may in
fact be a more viable strategy to mitigate resistance because
rotations reduce the overall use of favored (effective) pesticides (Sawicki 1981; Mallet 1989; Roush and Tabashnik
1990). Careful rotation of selective pesticides or those that
may be integrated with biological control agents is especially important because parasitoids and predators (and
even microbials such as beneficial bacteria and fungi) can
suppress arthropod pest populations irrespective of the
arthropod pests’ resistance traits or mechanisms (Tabashnik
1986). Finally, either strategy for mitigating resistance must
not divert attention from the implementation of alternative
pest management strategies including cultural, sanitation,
and biological control that can reduce reliance on pesticides,
which is most effective in mitigating pesticide resistance
(Georghiou 1983; Metcalf 1983; Tabashnik 1989; Roush
1989; Roush and Tabashnik 1990; Hoy 1998; Denholm and
Jespersen 1998).
ACKNOWLEDGEMENTS
The author would like to acknowledge Dr. Kun Yan Zhu (Kansas
State University, Manhattan, KS) and Dr. Richard S. Cowles (Connecticut Agricultural Experiment Station, Windsor, CT) for their
reviews of an initial draft of the manuscript.

REFERENCES
Ahmad M, Iqbal Arif M, Ahmad Z, Denholm I (2001) Cotton whitefly
(Bemisia tabaci) resistance to organophosphate and pyrethroid insecticides in
Pakistan. Pest Management Science 58, 203-208
Ahmad M (2004) Potentiation/antagonism of deltamethrin and cypermethrins
with organophosphate insecticides in the cotton bollworm, Helicoverpa armigera (Lepidoptera: Noctuidae). Pesticide Biochemistry and Physiology 80,
31-42
Ahmad M, Ahmed Saleem M, Sayyed AH (2008) Efficacy of insecticide mixtures against pyrethroid-and organophosphate-resistant populations of Spodoptera litura (Lepidoptera: Noctuidae). Pest Management Science 65, 266274
Ahmad M (2009) Observed potentiation between pyrethroid and organophosphate insecticides for the management of Spodoptera litura (Lepidoptera:
Noctuidae). Crop Protection 28, 264-268
All JN, Ali M, Hornyak EP, Weaver JB (1977) Joint action of two pyrethroids
with methyl-parathion, methomyl, and chlorpyrifos on Heliothis zea and H.
virescens in the laboratory and in cotton and sweetcorn. Journal of Economic
Entomology 70, 813-817
Ascher KRS, Eliyahu M, Ishaaya I, Zur M, Ben-Moshe E (1986) Synergism
of pyrethroid-organophosphorus insecticide mixtures in insects and their toxicity against Spodoptera littoralis larvae. Phytoparasitica 14, 101-110
Attique MNR, Khaliq A, Sayyed AH (2006) Could resistance to insecticides
in Plutella xylostella (Lep., Plutellidae) be overcome by insecticide mixtures?
Journal of Applied Entomology 130, 122-127
Bielza P, Fernández E, Grávalos C, Albellán J (2009) Carbamates synergize
the toxicity of acrinathrin in resistant western flower thrips (Thysanoptera:
Thripidae). Journal of Economic Entomology 102, 393-397
Brattsten LB, Holyoke CW, Leeper JR, Raffa KF (1986) Insecticide resistance: challenge to pest management and basic research. Science 231, 12551260
Burden GS, Lofgren CS, Smith CN (1960) Development of chlordane and
malathion resistance in the German cockroach. Journal of Economic Entomology 53, 1138-1139
Bynum ED, Archer TL, Plapp FW (1997) Comparison of banks grass mite
and two-spotted spider mite (Acari: Tetranychidae): response to insecticide
alone and in synergistic combinations. Journal of Economic Entomology 90,
1125-1130
Chapman BR, Penman DR (1980) The toxicity of mixtures of a pyrethroid
with organophosphorus insecticides to Tetranychus urticae Koch. Pesticide
Science 11, 600-604
Cloyd RA (2009) Getting mixed-up: are greenhouse producers adopting ap-

17

Mitigating resistance using pesticide mixtures or pesticide rotations. Raymond A. Cloyd

propriate pesticide mixtures to manage arthropod pests? HortTechnology 19,
638-646
Cloyd RA, Galle CL, Keith SR (2007) Greenhouse pesticide mixtures for control of silverleaf whitefly (Homoptera: Aleyrodidae) and twospotted spider
mite (Acari: Tetranychidae). Journal of Entomological Science 42, 375-382
Comins HN (1986) Tactics for resistance management using multiple pesticides.
Agriculture, Ecosystems and Environment 16, 129-148
Comins HN (1977a) The management of pesticide resistance. Journal of Theoretical Biology 65, 399-420
Comins HN (1977b) The development of insecticide resistance in the presence
of migration. Journal of Theoretical Biology 64, 177-197
Corbett JR (1974) The Biochemical Mode of Action of Pesticides, Academic
Press, New York, NY, 330 pp
Coyne FP (1951) Proper use of insecticides. British Medical Journal 4736,
911-912
Cranham JE, Helle W (1985) Pesticide resistance in Tetranychidae. In: Helle
W, Sabelis MW (Eds) Spider Mites, Their Biology, Natural Enemies and
Control (Vol 1) World Crop Pests, Elsevier, Amsterdam, pp 405-421
Croft BA, van de Baan HE (1988) Ecological and genetic factors influencing
evolution of pesticide resistance in tetranychid and phytoseiid mites. Experimental and Applied Acarology 4, 277-300
Crow JF (1957) Genetics of insect resistance to chemicals. Annual Review of
Entomology 2, 227-246
Crowder LA, Jensen MP, Watson TF (1984) Permethrin resistance in the
tobacco budworm, Heliothis virescens. In: Brown JM (Ed) Proceedings of the
Beltwide Cotton Conference, Atlanta, GA., January 9-12, 1984. National Cotton Council of America, Memphis, TN, pp 223-224
Curtis CF (1985) Theoretical models of the use of insecticide mixtures for the
management of resistance. Bulletin of Entomological Research 75, 259-265
Dekeyser MA (2005) Acaricide mode of action. Pest Management Science 61,
103-110
Denholm I, Jespersen JB (1998) Insecticide resistance management in Europe:
Recent developments and prospects. Pesticide Science 52, 193-195
Forgash AJ (1984) History, evolution, and consequences of insecticide resistance. Pesticide Biochemistry and Physiology 22, 178-186
Georghiou GP, Taylor CE (1986) Factors influencing the evolution of resistance. In: Pesticide Resistance: Strategies and Tactics for Management. National Research Council. National Academy Press, Washington, D.C., pp 157169
Georghiou GP, Taylor CE (1977a) Operational influences in the evolution of
insecticide resistance. Journal of Economic Entomology 70, 653-658
Georghiou GP, Taylor CE (1977b) Genetic and biological influences in the
evolution of insecticide resistance. Journal of Economic Entomology 70, 319323
Georghiou GP (1986) The magnitude of the resistance problem. In: Pesticide
Resistance: Strategies and Tactics for Management. National Academy Press,
Washington, D.C., pp 14-43
Georghiou GP (1983) Management of resistance in arthropods. In: Georghiou
GP, Saito T (Eds) Pest Resistance to Pesticides, Plenum Press, New York, NY,
pp 769-792
Georghiou GP (1980) Implications of the development of resistance to pesticides: basic principles and consideration of countermeasures. In: Gooding
EGB (Ed) Pest and Pesticide Management in the Caribbean, Proceedings
Seminar and Workshop, Berkeley, CA. Consortium of International Crop
Protection, pp 116-129
Gunning RV, Moores GD, Devonshire AL (1999) Esterase inhibitors synergise the toxicity of pyrethroids in Australian Helicoverpa armigera (Hubner)
(Lepidoptera: Noctuidae). Pesticide Biochemistry and Physiology 63, 50-62
Hoy MA (1998) Myths, models and mitigation of resistance to pesticides. Philosophical Transactions of the Royal Society of London. Biological Sciences
353, 1787-1795
Immaraju JA, Morse JG, Hobza RF (1990) Field evaluation of insecticide
rotation and mixtures as strategies for citrus thrips (Thysanoptera: Thripidae)
resistance management in California. Journal of Economic Entomology 83,
306-314
Ishaaya I (1993) Insect detoxifying enzymes: their importance in pesticide
synergism and resistance. Archives of Insect Biochemistry and Physiology 22,
263-276
Ishaaya I, Mendelson Z, Ascher KRS, Casida JE (1987) Cypermethrin synergism by pyrethroid esterase inhibitors in adults of the whitefly, Bemisa tabaci.
Pesticide Biochemistry and Physiology 28, 155-162
Jensen SE (2000) Insecticide resistance in the western flower thrips, Frankliniella occidentalis. Integrated Pest Management Reviews 5, 131-146
Kable PF, Jeffery H (1980) Selection for tolerance in organisms exposed to
sprays of biocide mixtures: a theoretical model. Phytopathology 70, 8-12
Kulkrani AP, Hodgson E (1980) Metabolism of insecticides by mixed function
oxidase systems. Pharmacological Therapy 8, 379-475
MacDonald RS, Surgeoner GA, Solomon KR, Harris CR (1983) Effect of
four spray regimes on the development of permethrin and dichlorvos resistance in the laboratory by the house fly (Diptera: Muscidae). Journal of Economic Entomology 76, 417-422
Mallet J (1989) The evolution of insecticide resistance: have the insects won?
Tree 4, 336-340
Mani GS (1985) Evolution of resistance in the presence of two insecticides.
Genetics 109, 761-783

Marer PJ (2000) The Safe and Effective Use of Pesticides, University of California Statewide Integrated Pest Management Project Division of Agriculture
and Natural Resources. Publication 3324
Martin T, Ochou OG, Vaissayre M, Fournier D (2003) Organophosphorus
insecticides synergize pyrethroids in the resistant strain of cotton bollworm,
Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae) from West Africa.
Journal of Economic Entomology 96, 468-474
McCord E, Price JF, Nagle CA (2002) Pesticide mode of action codes to aid
ornamental growers in developing control programs to manage pest resistance. Proceedings of the Florida State Horticultural Society 115, 130-133
Metcalf RL (1989) Insect resistance to insecticides. Pesticide Science 26, 333358
Metcalf RL (1983) Implications and prognosis of resistance to insecticides. In:
Georghiou GP, Saito T (Eds) Pest Resistance to Pesticides. Plenum Press,
New York, NY, pp 703-734
Metcalf RL (1980) Changing roles of insecticides in crop protection. Annual
Review of Entomology 25, 219-256
National Research Council (1986a) Genetic, biochemical, and physiological
mechanism of resistance. In: Pesticide Resistance: Strategies and Tactics for
Management. National Academy Press, Washington, D.C., pp 45-53
National Research Council (1986b) Tactics for prevention and management.
In: Pesticide Resistance: Strategies and Tactics for Management. National
Academy Press, Washington, D. C, pp 313-326
Oppenoorth FJ (1985) Biochemistry and genetics of insecticide resistance. In:
Kerkut GA, Gilbert LI (Eds) Comprehensive Insect Physiology, Biochemistry,
and Pharmacology, Pergamon, Oxford, UK, pp 731-773
Pedigo LP (2002) Entomology and Pest Management (4th Edn), Prentice Hall,
Upper Saddle River, NJ, 742 pp
Pimentel D, Bellotti AC (1976) Parasite-host population systems and genetic
stability. American Naturalist 110, 877-888
Plapp FW (1984) The genetic basis of insecticide resistance in the house fly:
evidence that a single locus plays a major role in metabolic resistance to
insecticides. Pesticide Biochemistry and Physiology 22, 194-201
Roush RT (1993) Occurrence, genetics and management of insecticide resistance. Parasitology Today 9, 174-179
Roush RT (1989) Designing pesticide management programs: how can you
choose? Pesticide Science 26, 423-441
Roush RT, Daly JC (1990) The role of population genetics in resistance research and management. In: Roush RT, Tabashnik BE (Eds) Pesticide Resistance to Arthropods, Chapman and Hall, New York, NY, pp 97-152
Roush RT, Tabashnik BE (1990) Pesticide Resistance in Arthropods, Chapman and Hall, New York, NY
Roush RT, McKenzie JE (1987) Ecological genetics of insecticide and acaricide resistance. Annual Review of Entomology 32, 361-380
Roush RT, Plapp FW (1982) Effects of insecticide resistance on biotic potential of the house fly (Diptera: Muscidae). Journal of Economic Entomology
75, 708-713
Sawicki RM, Denholm I (1987) Management of resistance to pesticides in cotton pests. Tropical Pest Management 33, 262-272
Sawicki RM (1981) Problems in countering resistance. Philosophical Transactions of the Royal Society of London. Biological Sciences 295, 143-151
Skylakakis G (1981) Effects of alternating and mixing pesticides on the buildup of fungal resistance. Phytopathology 71, 1119-1121
Soderlund DM, Bloomquist JR (1990) Molecular and biochemical mechanisms of insecticide resistance. In: Roush RT, Tabashnik BE (Eds) Pesticide
Resistance in Arthropods, Chapman and Hall, New York, NY, pp 58-96
Stenersen J (2004) Chemical Pesticides: Mode of Action and Toxicology, CRC
Press LLC, Boca Raton, FL, 276 pp
Suthert RW, Comins HN (1979) The management of acaricide resistance in
the cattle tick, Boophilis microplus (Canestrini) (Acari: Ixodidae). Australian
Bulletin of Entomological Research 69, 519-537
Tabashnik BE, Croft BA (1982) Managing pesticide resistance in crop-arthropod complexes: interactions between biological and operational factors.
Environmental Entomology 11, 1137-1144
Tabashnik BE (1990) Modeling and evaluation of resistance management
tactics. In: Roush RT, Tabashnik BE (Eds) Pesticide Resistance in Arthropods,
Chapman and Hall, New York, NY, pp 153-182
Tabashnik BE (1989) Managing resistance with multiple pesticide tactics:
theory, evidence, and recommendations. Journal of Economic Entomology 82,
1263-1269
Tabashnik BE (1986) Evolution of pesticide resistance in predator/prey systems. Bulletin of the Entomological Society of America 32, 156-161
Via S (1986) Quantitative genetic models and the evolution of pesticide resistance. In: Pesticide Resistance: Strategies and Tactics for Management. National Academy of Science, Washington, D.C., pp 222-235
Ware GW, Whitacre DM (2004) The Pesticide Book, MeisterPro Information
Resources, Willoughby, OH, 488 pp
Warnock DF, Cloyd RA (2005) Effect of pesticide mixtures in controlling
western flower thrips (Thysanoptera: Thripidae). Journal of Entomological
Science 40, 54-66
Yu SJ (2008) The Toxicology and Biochemistry of Insecticides, CRC Press,
Boca Raton, FL, 276 pp
Zalom FG, Toscano NC, Byrne FJ (2005) Managing resistance is critical to
future use of pyrethroids and neonicotinoids. California Agriculture 59, 1115

18

