
ReseaRch aRticle

▼

172   California  agriCulture   •   Volume 67, number 3

Researchers combat resurgence of bed bug in behavioral studies 
and monitor trials 

by Vernard R. Lewis, Sara E. Moore, 

Robin L. Tabuchi, Andrew M. Sutherland, 

Dong-Hwan Choe and Neil D. Tsutsui

The worldwide resurgence of bed 
bugs has recently created urban pest 
challenges in California. Regardless 
of information source — newspaper, 
Internet, television, university or 
government — the message is the 
same: bed bugs are back, and with a 
vengeance. Until recently, the pest’s 
longstanding rarity and a historical reli-
ance on pesticide-based management 
have not encouraged research and 
public education to develop and make 
available current information on bed 
bug biology, detection and control. UC 
is currently directing comprehensive, 
collaborative programs of research 
and education to combat this emerging 
nuisance and public health threat. Labo-
ratory and field tests were conducted by 
UC researchers on several commercial 
bed bug monitors and confirm that addi-
tional research is needed to improve the 
performance of existing monitors and to 
develop new ones.

For centuries, and perhaps for millen-
nia, bed bugs (Cimex lectularius [L.] 

[Hemiptera, Cimicidae]) have been pres-
ent in human habitations. Archeological 
evidence suggests these blood-sucking 
pests first plagued humans when they 
lived in caves (Usinger 1966). As people 
moved from caves into villages and cities, 
bed bugs also established themselves in 
the new human habitats. Throughout hu-
man history, accounts of infestations have 
been reported, irrespective of class or 
economic condition (Potter 2011). Bed bug 
infestations were frequently encountered 
in many parts of the world, including 
North America, for several decades into 
the 1900s (Cooper 2011; Potter 2011; Rein-
hardt and Siva-Jothy 2007).

The decline in bed bug infestations 
started during World War II and was 
due, in part, to a control campaign that 
included the extensive use of the insecti-
cide DDT (Ebeling 1978). This campaign 
included pest eradication for U.S. troop 
facilities (barracks, battlefield trenches, 
military-issued personal equipment, 
transport equipment and ships) as well 
as other public facilities throughout the 
world (Potter 2011). After the war, general 
improvements in household and personal 
cleanliness, along with widespread use of 
synthetic insecticides (primarily organo-
chlorines and organophosphates) resulted 
in a dramatic reduction of bed bug infes-
tations; bed bugs became rare, and infes-
tations were restricted to areas afflicted 
with unsanitary conditions (Ebeling 1978; 
Snetsinger 1997).

Why the resurgence?

During the late 1990s, the first reports 
of resurgent bed bug infestations started 
to come from several parts of the world. 
Almost synchronic infestations were re-
ported in England, Australia and North 
America (Boase 2001; Reinhardt and 

Siva-Jothy 2007). Soon after these reports, 
documentation of the extent of the bed 
bug “plague” began to appear in U.S. pest 
control industry surveys (Potter et al. 
2011). The sudden resurgence captured 
media attention, which highlighted the 
escalation of bed bug problems in univer-
sity dorms, hospitals, theaters, hotels and 
public buildings in North America. Some 
reports even mentioned the closing of 
department stores due to bed bug infesta-
tions (Roberts and Burke 2010). The exact 
causes of the resurgence are not known, 
but important factors appear to include 
increased international travel among 
humans, pesticide resistance among bed 
bugs, the ease with which bed bugs can 
spread, and reduced indoor use of resid-
ual insecticides (Cooper 2011; Jones and 
Bryant 2012).

Bed bug resurgence in California 
has recently been reported by state and 
county public health officials (Lewis 2013), 
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Accurately detecting bed bug infestations is crucial to the development of effective control 
strategies. In a recent study, UC researchers tested several commercial monitors for capture 
performance and found that additional research is needed to improve their effectiveness.
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the pest control industry (Hopper 2010) 
and UC (Lewis 2013; Lewis et al. 2012, 
Sutherland et al. 2013). Media outlets in 
the state have featured articles and news 
segments on the “new” household pest 
(KGO-TV 2009; Los Angeles Times 2012). 

Although state authorities, pest control 
industry representatives and UC scientists 
all agree that a significant increase in bed 
bug infestations has occurred, detailed 
surveys on the prevalence and intensity of 
infestations in hotels, apartments, college 
housing, public buildings and transporta-
tion facilities are still lacking. In response 
to the nationwide bed bug outbreak, the 
U.S. Environmental Protection Agency 
and U.S. Centers for Disease Control and 
Prevention issued a joint statement on the 
growing bed bug problem and need for 
control (CDC and EPA 2010).

The recent resurgence of bed bugs 
has public health implications, as well as 
economic and psychological impacts as-
sociated with infestations and bites. As 
a result, scientists have refocused their 
attention on understanding bed bug biol-
ogy, ecology and management. Newly 
published molecular-based research has 
yielded clues about the origin of infesta-
tions and also about distribution patterns 
in the United States (Booth et al. 2012). 
The same paper confirmed results of a 
previous study showing that bed bug 
populations within a building are closely 
related, for instance within and between 
adjacent rooms or between apartments 
spanning multiple floors, and are likely 
dispersed inadvertently by humans 
(Wang et al. 2010). Additional recent 
studies have documented resistance to 
pyrethroid insecticides in several bed bug 
populations in the United States (Romero 
et al. 2009; Zhu et al. 2010) and the inef-
fectiveness of total-release aerosol foggers 
used in an attempt to eliminate bed bug 
infestations (Jones and Bryant 2012). 

Other studies on bed bugs include the 
identification and description of airborne 
aggregation pheromones (Siljander et al. 
2008), evaluation of the efficacy of canine 
detection (Pfiester et al. 2008) and evalu-
ation of the performance of passive and 
active monitors (Wang and Cooper 2011, 
2012; Wang, Gibb, Bennett, McKnight 
2009; Weeks et al. 2010). Passive monitors 
are those that do not contain bed bug 
attractants (for instance carbon diox-
ide), while active monitors do contain 
such attractants.

Since the 1970s, only five new active in-
gredients (acetamiprid, chlorfenapyr, di-
notefuran, hydroprene and imidacloprid) 
have been registered for and enjoyed wide 
use against bed bugs (Cooper 2011; Potter 
et al. 2011). The performance of integrated 
pest management (IPM) approaches and 
nonpesticidal methods (heat application) 
have also been the subject of recent re-
ports (Naylor and Boase 2010; Pereira et 
al. 2009; Wang, Gibb, Bennett 2009).

Research at Berkeley and Riverside

The accurate and precise detection of 
bed bug infestations is a management 
challenge of long standing, yet it remains 
an essential first step in the development 
of any effective control strategy. 

Chemical detection. At UC Berkeley, 
two of the authors (D.-H.C. and N.T.) 
tested the possibility that bed bug infesta-
tions can be detected by means of charac-
teristic chemicals that are emitted by the 
pests. Bed bugs are extremely sensitive 
to body heat and chemical odors such as 

carbon dioxide and pheromones, and they 
rely on these cues when locating potential 
sources of blood meals and harborages. 
Many studies have described a distinctive 
odor that bed bugs produce, and several 
volatile aldehydes have been identified 
from the insect’s scent glands (Cooper 
2011). To determine whether bed bugs do 
in fact produce diagnostic airborne odors, 
the authors captured samples of airborne 
volatile chemicals either on solid-phase 

microextraction (SPME) fibers or on small 
charcoal-filter canisters. These samples 
were then extracted and analyzed using 
gas chromatography–mass spectrometry 
(GC–MS).

Under laboratory conditions, both 
SPME fibers and charcoal canisters were 
effective at capturing volatiles produced 
by bed bugs. No diagnostic volatile chem-
icals were evident when the researchers 
collected headspace samples from 10 
adult bed bugs (in glass vials) that were 
not disturbed with the addition of carbon 

During the late 1990s, the first reports of resurgent bed bug 
infestations started to come from several parts of the world.

The developmental stages for bed bugs, Cimex lectularius, are, from left to right, egg, nymphal instars 
1 through 5, and adult. The top adult is  female, and the bottom is male. Adults are approximately 4 
to 5 millimeters long (the diameter of a pencil eraser) and eggs are about 1 millimeter (the size of a 
grain of sand). The scale at the base is in millimeters.
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dioxide (fig. 1, green line). Significant 
amounts of 2-hexenal and 2-octenal 
were detected, however, when 10 adult 
bed bugs were disturbed with carbon 
dioxide (fig. 1, orange line). Subsequent 
quantitative analysis of the volatiles was 
conducted using varying numbers of 
bed bugs. First, carbon dioxide gas was 
injected into experimental shelters that 
contained different numbers (0, 1, 5, 10 
and 20) of bed bugs (fig. 2A). Immediately 
after injecting the gas, the volatiles were 
collected from each shelter using an ac-
tivated charcoal volatile trap connected 
to a vacuum (fig. 2B). The activated char-
coal volatile traps were extracted with 
methylene chloride containing an internal 
standard (n-dodecane, 0.025 mg/ml) to 
determine the relative abundances of the 
collected volatiles. 

This study revealed a positive relation-
ship between the number of bed bugs and 
the amount of 2-hexenal and 2-octenal de-
tected (fig. 2). Although a single bed bug 
in a shelter could not be detected on this 
basis, the presence of five or more could 
easily be detected (fig. 2). Also, because 
these signature chemicals were detected 
at this high quantity only when live bed 
bugs were present in the shelters, this 
research might guide the development 
of a novel detection method for bed bugs 
hidden in items or locations for which 
visual inspection is either impossible or 

impractical (e.g., electronics). The research 
team is currently seeking funding sup-
port and collaboration opportunities with 
pest control industry and engineering 
experts to investigate the technical and 
commercial feasibility of this detection 
method.

Dog detectors. One of the authors (D.-
H.C.) has initiated two new bed bug re-
search projects at UC Riverside since 2011. 
The first project focuses on training meth-
ods for bed bug detection dogs. Detection, 
or sniffer, dog use for bed bug inspec-
tion has become increasingly common 
in California and nationwide. However, 
the methods for training and handling 
the dogs vary considerably between 
companies and handlers, and this raises 
questions concerning the accuracy and re-
liability of the dogs’ performance. The UC 
Riverside laboratory is currently explor-
ing a new training method that uses only 
response to bed bug volatiles to measure 
a dog’s detection performance. This new 
method, if successful, might eliminate the 
need to maintain live bed bug colonies for 
use in the continued training and condi-
tioning of dogs. 

Plant volatiles as fumigants. The second 
project addresses common concerns of the 
general public, including “What if I pick 
up bed bugs or eggs in my luggage while 
traveling?” and “How can I better pro-
tect myself and my home when I return, 

especially if I also have suspicious-
looking bites?” To help address these 
concerns, the UC Riverside laboratory is 
testing several plant-derived essential oil 
volatiles to determine their efficacy as fu-
migants against bed bug adults, nymphs 
and eggs. Some of these materials (for ex-
ample, clove and wintergreen oil volatiles) 
are known to have adulticidal and ovi-
cidal effects on other ectoparasites, such 
as head lice. These volatiles can be less 
toxic to humans than synthetic fumigants 
such as sulfuryl fluoride and dichlorvos, 
so this research may lead to the develop-
ment of a relatively safe and possibly 
effective home remedy for bed bug infes-
tations that involve smaller personal items 
such as purses, carriers and luggage bags. 
Also, these alternative materials might be 
useful in combating bed bug strains that 
are resistant to common synthetic insecti-
cides. Lastly, an additional bed bug labo-
ratory project involving an investigation 
of the possible effect of temperature on 
the insecticidal activity of plant essential 
oil volatiles is under way. 

Applying research: UC Berkeley

For decades, there were no published 
reports that mentioned bed bug moni-
tors. Only in the last few years has such 
research begun to appear in scientific 
journals. However, these studies were 
conducted in the eastern United States 

Fig. 1. Detection of bed bug–specific volatile chemicals, using SPME 
and GC–MS. The abundance (the sum of ion abundances, no unit) is 
represented on the y-axis and the retention time (time of first appearance 
of each compound) is represented on the x-axis. 

Fig. 2. Bed bug volatiles, collected from wooden shelters using an 
aeration device fitted with charcoal volatile traps. The abundance (mean 
± SEM) is expressed as a percentage of an internal standard (n-dodecane, 
0.025 mg/ml). (A) Carbon dioxide gas was injected into shelters with 
different numbers of bed bugs. (B) The authors collected volatiles from the 
shelter using an activated charcoal volatile trap connected to a vacuum.
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and did not include data points in 
California, where climatic conditions, 
human habitation practices and bed bug 
strains may be different. (There are at 
least six different strains with different 
behaviors and susceptibilities to pesticide 
treatments maintained in rearing facilities 
at Sierra Research Laboratory, Modesto, 
CA.) The monitor study we describe in 
this paper is the first to our knowledge 
to test bed bug capture performance 
among several monitors commonly sold 
in California.

For three of the authors in the monitor 
performance study, the principal design 
used for these performance-monitoring 
trials was a wagon-wheel arrangement 
featuring a centrally located bed bug 
release point. In total, four arenas were 
constructed (only two are shown). A 
single passive or active monitor was 
placed at a distance of 38.1 centimeters 
from the center of the arena. A small piece 
of cardboard with live adult bed bugs 
covered with an inverted Petri dish was 
placed at the center of the arena. Passive 
monitors do not contain any attractants or 
lures, and those used in this study were 
Bedbug Detection System (Catchmaster, 
AP&G, Brooklyn, NY) and ClimpUp 
HD (Hotel Discreet) insect interceptor 
(Susan McKnight, Memphis, TN). The 
attractive monitor used was NightWatch 
(BioSensory, Putnam, CT); it contains car-
bon dioxide, heat and additional chemi-
cal lures. The actual placement distance 
for each monitor was calculated as the 
radial distance from the center using a 
string and was also randomized along 

compass cardinal directions for each 
arena. Controls, or untreated checks, are 
replicates that did not contain any moni-
tors, and they were included to measure 
background levels of bed bug wandering 
and foraging in test arenas.

The test arenas also included several 
furniture items that served as possible 
harborage and forage choices for the 
bed bugs: a small bed, a table and a rug. 
Experimental factors included the type 
of monitor (passive or active) and the 
bed bug density level (10, 50 or 100 bed 
bugs per arena). The population for each 

density was made up of an equal number 
of starved males and starved females. 
Males and females were also marked with 
a nontoxic paint to make it easy to distin-
guish them visually by sex. Monitor type 
and density level were randomly assigned 
for each individual trial. 

All tests were conducted under ambi-
ent conditions (temperature and relative 
humidity), and each continued for 24 
consecutive hours, overnight, in order to 
allow for bed bug movement throughout 
the arenas. The following day, we counted 
how many bed bugs the monitors had 
captured, how many remained in the ini-
tial cardboard harborage source, in or on 
furniture items, and how many were scat-
tered about the floor. To ensure that our 
counts were complete, all monitors, har-
borage sources and furniture items were 
disassembled and searched for concealed 
bed bugs. All arenas and their contents 
were cleaned and disinfested between 
trials to remove any lingering volatiles or 
laid eggs.

Results from the study indicate 
considerable movement of adult bed 
bugs within the test arenas and among 
the furniture items during the 24-hour 
release period (fig. 3). Most bed bugs were 
found near the initial cardboard harbor-
age source that was centrally located 
on the floor of the test arena. A much 
smaller number of bed bugs were found 

Layout of wooden testing arenas inside the Villa Termiti at UC Berkeley's Richmond Field Station 
used for simulated field tests of the performance of active and passive bed bug monitors. 

Fig. 3. The mean percentages of adult bed bugs found in the various test arena locations for each 
of three monitors tested. All bed bug densities (10, 50 and 100) and replicates were combined to 
produce the traces. 
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in monitors and in or on furniture items. 
The active monitors captured approxi-
mately twice as many bed bugs as the 
passive monitors (10% versus 5%, respec-
tively), but given the experimental design 
this was not a statistically significant 
difference (F = 0.21; DF = 2/13; P > 0.81). 
Females were spread over a larger area 
within the test arenas and items than 
were males (fig. 4). 

Although highly variable, our capture 
rates among monitors were at least 2%, 
and as high as 10% (active monitors), of 
the total number of bed bugs released 
in test arenas (fig. 3). However, capture 
performance could be enhanced if more 
monitors were used per unit of space, or 
if monitors were left out for a longer time, 

or if active monitors were used rather 
than passive monitors. Additional stud-
ies will be needed to determine differ-
ences in movement and foraging behavior 
among various strains of bed bugs in 
human habitats.

Education and outreach

One of the authors (A.M.S.) provides 
education and outreach for professional 
clientele engaged in pest management 
within the San Francisco Bay Area. These 
groups now have a special interest in bed 
bugs and their management since San 
Francisco has recently been identified as 
a hotspot of bed bug activity (Sutherland 
2013). With this in mind, the author 
has begun collaborative research and 

outreach projects with local government 
agencies and professional pest control 
companies. Their collective goals are to 
demonstrate the effectiveness of educa-
tion- and communication-based IPM pro-
grams for bed bug management, compare 
such IPM approaches to conventional bed 
bug management programs and provide 
effective management tools for difficult 
environments such as low-income and 
multiple-occupancy apartments. This 
author has also conducted training work-
shops for UC Cooperative Extension in 
the seven-county Greater Bay Area to 
increase their knowledge and confidence 
for dissemination of IPM-based informa-
tion to the general public, recognizing bed 
bugs as a key pest in urban ecosystems.
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Challenges and opportunities 
this decade

The global movement of people 
and goods continues to increase at a 
rapid pace. This globalization allows 
the worldwide dissemination of pests, 
an effect that is particularly significant 
along the Pacific Rim, which includes 
California. Unfortunately, many pests 
— and bed bugs in particular — are op-
portunists that are very adept at hiding 
among human clutter and within hu-
man habitations, especially those with 

a high turnover rate (hotels and short-
term apartments, for instance); therefore, 
our urban centers are vulnerable to bed 
bug infestation. Meanwhile, the state of 
California has raised its pest control stan-
dards to embrace IPM approaches that 
provide effective pest management while 
at the same time safeguarding the envi-
ronment by minimizing the use of pesti-
cides and reducing the harmful effect of 
residual runoff into urban waterways. 

Most experts agree that there is a bed 
bug problem in California, but additional 

research is needed to document the extent 
of the problem. Field surveys will be a 
daunting task, and will test the limits of 
any detection method. All currently avail-
able monitors will need additional testing, 
especially under field conditions. Two of 
the most important issues pertaining to 
bed bugs are verifying bites, instead of re-
lying on complaints alone, and improving 
disclosure by reducing the stigma associ-
ated with admitting to, or being accused 
of, having them. However, existing sci-
ence can’t differentiate live bed bugs after 

Closer look: What if I suspect a bed bug infestation?

While scientists agree there is a bed bug resurgence — as do 
Californians with first-hand experience — the extent of the 

problem is not fully known. Accurate monitors are still under devel-
opment, especially where multi-unit dwellings are involved.

For several decades, UC entomologists and others did not need to 
manage bed bug populations. After World War II, during which DDT, 
organophosphate (OP) and organochlorine (OC) pesticides were 
developed, chemical treatments became standard and were widely 
effective across the country. Resistance by bed bugs to DDT first 
occurred in the 1950s. By the 1980s, U.S. manufacturers had ceased 
production of DDT and organochlorines. The replacement organo-
phosphates were removed from public use in the 2000s, and the 
class of pesticides called pyrethroids are currently being phased out 
for public use.

As generations of pesticides were developed 
and used, resistant strains of bed bugs emerged 
and spread. Molecular studies indicate they 
have spread from Europe to the East Coast of 
the United States, and now from the East Coast 
to the West.

Once they are in a multiple-unit dwelling, bed 
bugs spread through inadvertent human car-
riers. Within a building, scientists have found 
bed bug populations are highly inbred. Bed 
bugs do not fly, but the immature stages are 
light enough and could be carried on a strong 
breeze. Humans can inadvertently carry them 
from room to room and floor to floor.

Eggs can cling to the bottom of a shoe and be 
carried to a new room, especially in carpeted 
areas. They can be moved on laundry carts or 
bed linens. While the adult bed bugs can be 
seen (they are a red color and the size of a small 
apple seed), the larvae upon hatching are 1 mil-
limeter (the size of a grain of sand and a creamy 
whitish yellow color that is difficult to see).

Adult bed bugs can survive for up to 1 year 
without a blood meal, but once they sense car-
bon dioxide (which mammals emit as a result of 

respiration), they begin moving around, then homing in on the heat 
source and mammalian odors nearby, finding the human or animal 
present. They become more active at night, and the bites are not felt 
at first. Welts may develop the following day and generally redden; 
however, there is considerable variance in the response of humans 
to bites, so when in doubt about a skin irritation, it’s best to consult 
your physician.

Home infestation. If you think you have a suspicious welt, you 
should consult your health care professional to confirm the causative 
agent. For additional information on bed bug biology and control, 
see Pest Notes: Bed Bugs, available at www.ipm.ucdavis.edu/PMG/
PESTNOTES/pn7454.html).

For severe infestations you should contact a professional pest man-
agement company local to your area. When 
cleaning bed linens and clothing items that 
may be infested, you will need to hot wash 
and then in a drying cycle at 140°F for at least 
15 minutes.

Multi-unit dwelling infestation. If you find 
yourself in an apartment or dorm with bed 
bug problems, you will probably be asked to 
prepare your room for treatment by bagging 
and sealing your personal items in protective 
bags, moving large furniture items away from 
walls, and leaving your apartment or dorm 
room for treatment (up to several hours, de-
pending on treatment).

If you are a manager or owner of such a 
dwelling, you will want to verify complaints 
by using monitors, and you will want to moni-
tor not only the unit involved but the units 
next door and upstairs and downstairs. This 
is best done with active monitors that have 
documented success (for additional details, 
see Pest Notes: Bed Bugs, available at www.
ipm.ucdavis.edu/PMG/PESTNOTES/pn7454.
html).

– Janet White, based on research  
from Vernard Lewis

Bed bug nymphs and adults.

Bed bug eggs.
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a treatment from those that were recently 
brought in from an outside source. More 
accurate and discerning methods of bed 
bug detection and monitoring, proven 
in field tests, will better enable profes-
sionals and the public to make informed 
decisions regarding remedial treatment 
and prevention.
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Bedbug fecal spots on a piece of white filter paper. Size of spot and color vary with bed bug size, 
meal and digestion time.
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