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ABSTRACT

The effective attraction radiu¢EAR) of an attractive pheromone-baited trap wefnéd as the radius of a passive “sticky” sphbg t
would intercept the same number of flying inseddtee attractant. The EAR for a particular attnactnd insect species in nature is
easily determined by a catch ratio on attractive passive (unbaited) traps, and the interceptiea af the passive trap. The spherical
EAR can be transformed into a circulBAR. that is convenient to use in two-dimensional enteurate models of mass trapping and
mating disruption with semiochemicals to contraddéots. TheEAR, equation requires an estimate of the effectivekitess of the layer
where the insect flies in search of mates and faduitat. The standard deviatio80) of flight height of several insect species was

determined from their catches on traps of increpbiEights reported in the literature. The thicknafsthe effective flight layerH.) was

assumed to b&D>\/2Xp , because the probability area equal to the heifitite normal distributior,/(SD>*/2Xp ), times theF,_ is

equal to the area under the normal curve. To testassumption, 2000 simulated insects were allotweflly in a three-dimensional
correlated random walk in a 10-m thick layer wharealgorithm caused them to redistribute according normal distribution with
specifiedSD and mean at the midpoint of this layer. Underghame conditions, a spherical EAR was placed atémer of the 10-m
layer and intercepted flying insects distributeannally for a set period. The number caught was \eent to that caught in another
simulation with a uniform flight density in a nawer layer equal t&, thus verifying the equation to calculdte The EAR and~_ were
used to obtain a small&AR. for use in a two-dimensional model that caught guivalent number of insects as that with EAR irethr
dimensions. This verifies that ti¢ estimation equation and EAR AR, conversion methods are appropriate.

1. Introduction

Simulation of mating disruption and mass piag of insects
based on individual movements of insects (Turchli998)
responding to attractive chemicals released in piigownwind
would aid development of successful control prograi@ardé,
1990; El-Sayed et al., 2006; Miller et al., 2006aByers, 2007,
2008). One parameter that relates to such modetkeiactive
space defined by Elkinton and Cardé (1984) as the vauwhair
inside which the odor concentration is above thedhold that
elicits a behavioral reaction in the receiving oigen (Sower et
al., 1971; Nakamura and Kawasaki, 1977; Baker andld®s,
1981). Behavioral chemicals released from a digrehsgin to
diffuse as they are transported downwind with tieboe
increasing spread as described moderately well lys&an
plume models (Bossert and Wilson, 1963; Sutton31%ares et
al., 1980; Elkinton and Cardé, 1984; Elkinton et 4b84). The
fine-structure of pheromone plumes on a small tiscale is
complicated but thought to be comprised of filarseot higher
concentrations due to turbulent eddies of air (Mamk al., 1980;
Elkinton and Cardé, 1984; Baker et al., 1998). éine distance
downwind, the concentration becomes less than weatnsect
can detect (Fig. 1A).

The active space has been investigated bgrabg male
moths fanning their wings inside cages at variousntp
downwind within a pheromone plume (Elkinton and d&ar1984;
Elkinton et al., 1984). While plumes and activecgsaare three-
dimensional (3D) in nature, they can be simplifiea two
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dimensions because mate- and host-seeking insisgisrse and
orient over hundreds of meters within a relativiliy layer of air
a few meters thick (e.g., Chisholm et al., 197%ld.@and Klein,
1982; Proshold et al., 1986; D'Arcy-Burt and Blacaes, 1987;
Gillespie and Vernon, 1990; Robacker et al., 1984lles et al.,
1991; Diraviam and Uthamasamy, 1992; Youm and Beevo
1995; Critchley et al., 1997; Ruther, 2004). Thanmd’s active
space is affected by wind speed, turbulence, temtyey,
topography, vegetation, and time scale (Elkintoth @ardé, 1984;
Elkinton et al., 1984; Byers, 1987). Thus, undeidficonditions
the active space might be at least as chaoticggested in Figure
1A.

To complicate matters,capture probability(CP) is assumed
in which there would be a specific CP at any posiin the active
space (McClendon et al., 1976; Wall and Perry, 1#anco et
al., 2006). The CP depends on the semiochemicahdble
concentration, wind conditions, distance from seurand
orientation ability of the insect species (Fig. 1B)s well known
from theoretical and experimental studies suchhase above that
concentration of odor declines with distance frdm source, and
also that at low release rates insects are lessttl (e.g., Byers
et al.,, 1988). This is probably due to a combimataf more
individual variation in response threshold, loweedguency of
action potentials from receptor neurons, and Igpleme filament
flux frequency at these low concentrations (Bakeale 1998).
Therefore, we expect that insects entering theveactpace of a
plume at a position far from the source would havédower
probability of finding the source than an insecteeimg much
nearer to the source. For example, McClendon et(1#876)
presented a capture probability response surfasedoan catch of



marked boll weevilsAnthonomus grandi8oheman, released at finding (Byers, 1991, 1993, 1996, 1999) is ternmteelHAR. (c for

various distances from a synthetic pheromone soufidee
probabilities ranged from 5% at about 150 m from $lource to
about 45% near the source. Thus, the CP depend¢ghere the
insect enters the active space (Fig. 1B).

Active Space

Active Space EAR,
CPs< 1 CP =1

Fig. 1. (A) Representation of a pheromone plumearasictive space in
which semiochemical concentration is above a behaVvithreshold
eliciting orientation, (B) the same plume represdntith CP (capture
probabilities < 1) indicating the probability of dnsect reaching the
pheromone source upon initial observation at aiqudar position, (C)
the capture finding probability surface compressetb an EAR
(effective attraction radius) with the same effeatcatch by reducing the
diameter but maximizing the CP at a probabilityl of

There is a substitute for the active space€3ponse surface
of the plume that is much easier to delineate basedield
catches. Theffective attraction radiu¢EAR) proposed by Byers
et al. (1989) is the radius of a passive spherewbald intercept
the same number of insects as a specific attrastypebaited with
semiochemicals. The EAR is easily determined byime-t
averaged catch ratio of traps in the field (Fig. @f particular
importance is that the EAR at different populatidensities
should give the same value because it is derivexh fa ratio of
catches (Byers et al., 1989). A similar concepdusemodels of
insect mate finding, mass trapping, and host tree
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EAR, =0.4m

Fig. 2. The spherical effective attraction radid&R = 1.009 m) in three
dimensions calculated by the cylindrical interceptarea as seen from
one side (0.16 Arand the ratio of catch (20) of attractive andspaes
sticky traps (equation 1). The spherical EAR ireffective flight layer
(FL) of 4 m then can be converted (equation 5) intequivalent circular
EAR. (0.4 m) for use in two-dimensional models.
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circle) to distinguish it from the spherical EAR. theEAR. used
in models, all the various CP within the active paare
compressed into a circular area with a CP equdl tioat insects
entering will find the source and be trapped (Fig€. and 2).
These and other models use individual-based movismeh
animals (Turchin, 1998) moving in eorrelated random walk
(CRW). In contrast to molecular diffusion that @dom, animals
disperse in a CRW with forward direction becausedinection of
each step is correlated to some degree with thewiqus step
direction (Byers, 2001).

Byers (2008) showed that a suitably siE&tR would catch
the equivalent to an active space-CP plume of amg sr
complexity. He derived equations that would convtket EAR of
field catches to th&EAR, of models. However, the conversion
requires knowledge of the effective flight layer. umber of
studies have sampled flight heights of insects wiferies of traps
placed vertically above the ground (e.g., Ficht Binehton, 1941;
Rothschild and Minks, 1977; Meyerdirk et al., 19T3x et al.,
1979; Snow, 1982; Elliott et al., 1986; Byers et 4b89; David
and Horsburgh, 1989; McPherson and Weber, 1990¢g Rexl
Williams, 1991; Weissling and Meinke, 1991; McPluerst al.,
1993; Ware and Compton, 1994; and more referemc&able 2).
Most of these studies do not report the mean fligtight orSD.
My first objective was to analyze previous studmsmean flight
height andSD, and then convert this to the effective flightday
F.. This layer of uniform flight density is assumed be
equivalent to a normal distribution of the obserweean catch for
purposes of transforming the EAR EAR.. My second objective
was to simulate a normal distribution of insectdlight within a
3D area with a spherical trap (EAR) and determime tatch.
Then | wanted to calculate th8D of this simulated flight
distribution in order to calculate & and convert the spherical
trap radius to aEAR.. If this EAR. caught an equivalent number
in two dimensions then this would confirm the carsien
formula of EAR toEAR. as well as the equation determinifg

2. Methods
2.1. EAR and EARquations

The original EAR, proposed by Byers et abg§9d), was the
radius of a sphere as calculated by the equation:

EAR= |20 1)
P. %o

whereA, is the catch on the active trap (semiochemicglis the
catch on the passive (unbaited) trap, ans the radius anth is
the height of the passive trap cylinder (intercaptarea as seen
from one direction). For hanging flat panel trapsvalth x height,
2>r>h in Eq. (1) can be substituted with the average tra
interception ared,:

P

2

T, = heightwidthx ZX:;S(X)dX: heightawidth>0.637  (2)

0
(Byers et al., 1989). Cross-vane traps have arrageetrap
interception area of:

hS]

a4
T, = heightwidthx 4>C;SQ‘)olx: heighbwidthx09  (3)

0



In simulation models, the EAR is better describsdh& radius of
a circle or cylinder:

XT, /2
EAR _AXLI2 (4)
P, xF
where F_ is the thickness of the air layer in which insects

primarily search while flying.
Substituting Eq. (1) into Eq. (4) gives:

o
EARC = ﬂ (5)
2xF,
(Byers, 2008) which coverts EAR AR, whenF_ is estimated
in the next section.

The EAR values of the bark beetlgss typographugL.), I.
paraconfususLanier, andTomicus piniperda(L.), for various
aggregation pheromone baits and attractive host lygs were
calculated from published results using Eqg. (1) aodverted to
EAR. values with Eqg. (5). Similarly, EARARCc values were
calculated from published results of catches oftarasflower
thrips, Frankliniella occidentalis(Pergande) on attractive blue,
yellow or white sticky cards compared to non-atikecgreen and
black cards.

2.2. Mean flight height + standard deviation (Spm field
studies and estimating F

The scientific literature was searched (BI®%Ireviews) for
articles on flight heights of insects caught byptrdo determine
the mean height of flight an8D (McCall, 1970; Byers, 2008)
needed to estimate the effective flight layer ofrsk, F_
(presented subsequently). In addition, catches toactant and
passive sticky traps were used to estimate EAR figm(1) and
EAR. from Eq. (4). The maximum height of the normalveur
occurs ak = (the mean) which reduces to:

- (e m?
g 28D°

1

Y = = (6)
SDx/2x0  SDx/2x%p
whereSDis the standard deviation of the flight distrilouti Thus,
the height of the normal curve at the mean timesvtidue in the
denominator will give a value of 1 which is the anender the
curve. Therefore, the density distribution undex ttormal curve
is equivalent to a flight layer of uniform densify, as given by:

F. =SDx/2x%p ()

However, Eqgs. (5) and (7) need to be validatedilmuigtions in
three dimensions to evaluate catch on an EAR uwdeousSD
of mean flight height and estimatéd (in sections2.3 and2.4).
This would then be followed by conversion of theFEfo EAR,
and subsequent simulation in two dimensions thatilshgive the
same catch if the equations are valid (in se@i&h

2.3. Simulation of insect movement and flightrithistion in
three dimensions

Insects were simulated in a 3D area with is-#xa), y-axis

CRW made of a series of steps each of lersggp (usually 0.1
m). Spherical coordinates (Hearn and Baker, 1994&rew
calculated at each insect step as a 3D vector fteenformer

positon &, Yo ), X = X, X8x€0s@)>sin(f),
Y, = Y, X858in(Q@) *sin(f) , and z, = z, xs>xC0S(f) based on
the former direction plus random angular changes the
directional anglesq,f ). Thusqg =g +a (if ¢ >2 thenqg =
g -2,ifg<0thenqg =q +2)andf =F+ b (iff >
thenf =F - |if f <Othenf =7 + ), where and were

chosen at random from a normal distribution with6@aSDA
(standard deviation of angular turns as in Byer801}. In
addition, the X, y, 2 coordinates were transformed to 3D
perspective coordinates when viewing the simulatiGhdams,
1987, p. 57).

When insects were placed initially at randamiformly
throughout the 3D space (with rebound at randoboandaries),
the population soon moved such that individualsendistributed
according to a normal distribution with mean heighza2 and
specifiedSD, as accomplished by the following simple algorithm

If the insect is above the mearal@) then/ = F - | while if
below the mean thef = f + |, and theniff > thenf =

and if f <0thenf =0, where = an incremental turn angle in

radians that depended on which step sizeSDdwere used and
which SDwas desired. Thus, was varied for several sets®DA
(3—12°), step (0.05-0.2 m), an&D (0.5-2.5 m), to empirically
find sets with the lowest Chi-square when compatirsjograms
of insect numbers in 18 successive height levethénvolume to
expected values based on a normal distributiosBf(McCall,
1970). The best fitting curvilinear regression wesformed on
SDyversus the optimized.

The model was programmed in QuickBASIC 4.5cfllsoft
Corp., Redmond, WA) for use in simulations as vesllJava 2.1
(Sun Microsystems Inc., Santa Clara, CA) for gehera
demonstration on the Internet with a web browser
(http://www.chemical-ecology.net/java2/sd-3d.jitm

2.4. Simulation of insect movement and catch AR i three
dimensions

The same model as above was used to simudatieal flight
distributions of variou$D as set up by steps of 0.1 m eaSbA
= 6° and = 0.0715 radians (Fig. 3). Then, a spherical EAR o
0.5 m radius or similar was placed at 5 m heightha center of
the flight volume and 2000 insects were releasefbumly in the
volume to redistribute according to a normal dition (Fig. 3)
while the number caught on the EAR sphere ovemadd time,
usually 720 steps, was recorded (eight simulatfongach set of
variables). The algorithm to determine whether ¢tsentered or
passed through the spherical EAR in 3D during p &t@m (, v,
2 to (p, q, r), i.e. were caught, was modified from that in Byer
(1991, Fig. 3), for a circle in two-dimensions (2Dh the 2D
algorithm, the EAR’s j( k) coordinates are compared to the
insect’'s step fromx y) to (p, g) coordinates in the—y plane.

(ya), and z-axis4a) that can be adjusted but were held at 20 m XThus, by repeating the algorithm for tkez plane (fromx, z to p,

20 m x 10 m, respectively, in which a spherical BEA&S centered
at xa/2, yal2, zal2). Insects flew within the volume according to a
CRW under rules that resulted in a normal distidyutof
densities withSD centered about the mean flight heigh&/'2) as
explained subsequently. Each insect was giveniéalidirection
and §, y, 2) position at random, thereafter each insect fodidva
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r) andy-z plane (fromy, z to q, r), then any interception of a
sphere by an insect during a step can be determined

Because equilibrium takes a short time taaimba specified
normal distribution, this potential error was miized by initially
placing insects at random according to the spetifirmal



distribution of SD. This was done by selecting zcoordinate
uniformly at random from O tea Then, if a uniform

Fig. 3. Simulation screen showing spherical EAR 20 x 20 x 10 m
three-dimensional space in which individual inseets fly anywhere but
the population distributes according to a normatriiution of specified
standard deviatiorSD).

random number (0 to 1) times the second part of(Eqwas less
than the first part of Eq. (6), where= X, thenz was chosen as a
coordinate, otherwise continue random selectiongil uwhe
condition was met.

If Eq. (7) forF_ is valid, the catch above should be equivalent

to a 3D simulation with the same number in a fligyier =F_ of
uniform density. Thus, Eq. (7) was used to estintla¢eeffective
F_ from theSD, and thisF_ was used with an = 0 (so a uniform
flight density persisted) in a 20 m x 20 m x 4.1high volume to
determine whether the catch on an EAR of 0.5 m eepsvalent.
This catch should also be equivalent to the catchhe EAR. in
2D according to Eq. (5) as presented subsequently.

2.5. Simulation of insect movement and catch oR.BA two
dimensions

Insects were simulated in two dimensions witixis &a) and
y-axis fya) that can be adjusted but was usually 20 m x 2@ m
which anEAR, was placed atx@/2, ya/2). Insects flew in the area
according to a CRW as in earlier models (Byers,6198999,
2001). Each insect was given an initial directiom gosition at
random. Thereafter each insect followed a CRW nudde series
of steps of specified distance, each step calaila® a polar
vector from the former position. The direction aclke step was
the former direction plus a turning angle choseraatiom from a
normal distribution, usually 65DA centered on the former
direction (Byers, 2001). Insects entering thAR. reached the
source with a probability of 1, i.e. were caugheTalgorithm for
encountering the circle was as reported in Bye®81). The goal
was to use Eq. (5) based on the and EAR catch in the 3D
simulation model to predict aBAR. in the 2D model that will
catch an equivalent number. If the predicEe8R. does catch the
same then this would confirm the validity of Eq) {@r estimating
theF,.
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3. Results
3.1. EAR and EARequations

There is a positive linear relationship betweenusdf the
passive trap and the EAR of the sphere, whileBA&, increases
as a squared function of the trap radius. The eselationship
depends on the ratio of catch (active/passive), ititerception
area of the passive trap as seen from one direcimhin the case
of theEAR, the effective flight layerK,) thickness (Fig. 4).
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Fig. 4.EAR.as a function of a given EAR (50:1 catch ratio at28 nf
trap interception area) and effective flight lafer).

When theEAR (Y) is plotted against EARX], theEAR:. increases
as the square of the EARY & aX?), wherea = /(2F,). The
relationship between EAR artiAR. does not depend on the catch
ratio or the dimensions of the passive trap, howethe thickness
of F_ does influenceEAR. (Fig. 4). EAR and EAR usually are
different in radius length except whenis equal top > EAR/2.
The EAR values for various aggregation pheromonits kend
attractive host tree logs of the bark beetlEsmicus piniperda
Ips typographusandl. paraconfususare estimated in Table 1. In
addition, this table shows EAR values for colorgaative to
western flower thrips.

3.2. Mean flight height + standard deviation (Sfpm field
studies and estimating F

Over 100 articles were found on insect flightghts of which
only some were suitable for estimating the flighydr of search,
F_ (Table 2). Insects attracted to colors or semiotbals may
have had their natural flight distributions alteré@able 2),
however, this is unlikely for species caught by -{atnactive traps
(sticky screens or window barriers, Table &yricultural insects
of crops usually fly within a few meters above t@und. For
example, the minute western flower thripsrgnkliniella
occidentali that feed on vegetable crops have a mean flight
height of about 2.3 m andR of only about 1 m (Table 2). The
important whitefly pest of numerous cropBemisia tabagi
distributed worldwide has a similar mean flight dfgi of about
0.55 m and a narrow,_ of 0.77 m. Observations of the common
sulfur (Colias philodice Godart) butterflies in an alfalfa field
indicated that most flew within a 1 m thick layessj above the
canopy. In contrast, bark beetles that search



Table 1. EAR an@AR. of semiochemicals attractive to bark beeflemicus piniperdalps typographusandl. paraconfususnd colors
attractive to western flower thrips based on pa&saivd active catches of sticky traps and flight¢tagstimate (from Table 2)

Tes Insect catc Passive tra| EAR sphere Flight Layer estimat EAF. (m)
interception area (m) (m)
(m?)
Passiv Active
Bark Beetles

Tomicus piniperd

Scots pine log? 52 62: 0.0¢ 0.4¢ 7.5: 0.04¢
Log + 30 males + 30 fema® 52 774 0.0¢€ 0.5: 7.5: 0.05¢
(+)-3-Caren? 7 48 0.0¢€ 0.3¢ 7.5t 0.021
(+)- -Pinené 7 60 0.0¢€ 0.4C 7.5: 0.03¢
(-)- -Pinené 7 79 0.0¢€ 0.4¢ 7.5t 0.04¢
Terpinolen? 7 104 0.0¢€ 0.5: 7.5: 0.05¢
Scots pine Log ? 7 25¢€ 0.0¢ 0.84 7.5¢ 0.14¢
April 15, Monoterpene® 2.3¢ 27 0.0¢ 0.5¢ 7.5 0.06¢
April 21, Monoterpene® 1 19 0.0¢ 0.74 7.5: 0.11¢
Ips typographt

High release pheroma® 6 75 0.0¢ 1.5¢ 6.S 0.54¢
Medium release pheromc® 7 8C 0.0¢ 0.47 6.C 0.05(
May 17, Pheromor® 5.67 194 0.0¢ 0.9¢ 6.€ 0.22:
May 20, Pheromor* 16.67 26¢ 0.0¢ 0.67 6.€ 0.10¢
May 22, Pheromor® 8.5 21¢ 0.0¢ 0.8t 6.€ 0.16¢
Ips paraconfust

Log + 50 male' 1.27 33¢ 0.118¢ 3.1¢ 12.8¢ 1.23¢
Western flower thrips

Frankliniella occidentali"

Blue car 29 63¢ 0.004¢ 0.1¢ 0.9¢ 0.057
Yellow carc 29 52¢ 0.004¢ 0.1€ 0.9¢ 0.04:
White car 29 421 0.004¢ 0.1t 0.9¢ 0.03¢

*Released about 30 mg each compound/day; ScotgRimes sylvestrit..); Byers et al., 1985.

Released about 10-20 mg/day of (+pinene, (-)--pinene, and (+)-3-carene, and 3-5 mg/day of tetpire; Byers et al., 1989.
High release of 57 mg 2-methyl-3-buten-2-ol (MBydad 1 mg (8)-cis-verbenol (cV)/day; Schlyter et al., 1987.

IMedium release: 5.8 mg MB/day and 1 mg cV/day; Benlet al., 1987.

“Byers et al., 1989, medium release MB and cV.

'Ponderosa pine lodP{nus ponderosaaws.), passive catch average of 15 traps on [dByérs, 1983.

9Estimate based on catches by Gara (1963).

"Gillespie and Vernon, 1990; passive catch averfgesen and black sticky traps at 2.4 m heightavetager, .

Table 2
Analysis of mean height of catchSD (m) and effective flight layerH) of various insect species calculated from catettégap heights
reported in the literature

Specie Trapping Range of traj Number Total catcl” Mean height of catct F. (m)

method heights of trap +SD

height:

Thysanoptera: Thripidae
Frankliniella occidentalis(Pergand¢ Blue-Si-carc 0.6-3 5 85¢ 232+04 1.0z
Frankliniella occidentalis(Pergande Y-St-carc 0.6-3 5 711 226+04 1.0¢
Frankliniella occidentalis(Pergande W-St-carc 0.6-3 5 537 2.38+0.3 0.87
Hemiptera: Aleyrodidae
Bemisia tabac(Gennadius® Y-St-carc 0.3-1.2 4 79¢ 0.55+0.3 0.77
Aleurocanthus woglunAshby® Y-St-carc 0.6-6 7 43¢ 1.59+0.7 1.81
Hemiptera: Lygaeidae
Geocoris uliginosu(Say' Window 1-4 4 1€ 1.67+1.3 3.31
Pachybrachius basali(Dallas’ Window 1-4 4 31 136+ 15 3.91
Hemiptera: Miridae
Lygus lineolaris(P. de Beauvoi? Window 1-4 4 30C 212+13 3.4¢
Hemiptera: Nabidae
Nabis americoferuCarayor Window 1-4 4 2€ 275+22 5.7¢
Nabis roseipenniReute’ Window 1-4 4 73 2.58 +£1.8¢ 4.71
Hemiptera: Pentatomidae
Euschistus servi(Say' Window 1-4 4 15¢ 1.78+1.6 4.0¢
Diptera: Bibionidae
Bibio johanni: (L.) male" St-cylindel 0.4-1.€ 3 411z 0.71+0.4 1.0t
Bibio johanni: (L.) female” St-cylindel 0.4-1.€ 3 36& 0.88+0.4 1.1:
Diptera: Culicidae
Anopheles meli Theobald male Suctior 0.1-7.¢ 7 54 1.49 £ .0C 5.0C
Anopheles meli Theobald femal¢ Suctior 0.1-7.¢ 7 24 1.05+1.7 4.4¢
Aedes albocephaly(Theobald Suctior 0.1-7.¢ 7 44 0.60+1.3 3.2¢
Culex thalassiuTheobald male Suctior 0.1-7.¢ 7 5t 225+26 6.5€
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Culex thalassiuTheobali female! Suctior 0.1-7.¢ 7 91 129+18 4.6
Diptera: Tephritidae

Anastrepha luder (Loew) G-yeas 0.1-3 4 24C 1.58 £ 0.6 1.5¢
Lepidoptera: Cossida¢

Prionoxystus robiniz Pecl Bucke-F 1.5-9 4 16C 442+29 7.3
Lepidoptera: Noctuidae

Busseola fusc(Fuller) Funne-P 0.5-2 4 (120 1.34+04 1.2C
Lepidoptera: Plutellidae

Plutella xylostellg(L.)™ Pheroco-P 0.3-1.t 3 17C 0.37+£0.2 0.51
Lepidoptera: Pyralidae

Diaphania nitidalis(Stoll) male’ VF-bucke 0.3-1.& 4 18¢ 1.12 + 0.4Z 1.0¢
Ostrinia nubilalis(Htbner® Light-Uv 1.5-4¢€ 3 717z 255+1.1 2.92
Coniesta ignefusaliHampsor® Water-P 0.1-2 4 39z 0.30+0.3 0.7¢
Lepidoptera: Tortricidae

Grapholitha molesti(Busck* Delte-P 1-4 3 427 272+10 2.5¢
Platynota flavedan Clemen’ Pheroco-P 0.3-3.¢ 5 85( 1.79+0.9 2.3¢
Platynota idaeusali(Walker Pheroco-P 0.3-3.¢ 5 1817 1.88+0.9 2.4t
Coleoptera: Chrysomelidat

Diabrotica virgiferaLeConté Pheroco-F 0-24 5 223t 0.96 £ 0.7 1.8C
Coleoptera: Curculionidae

Cylas formicariusF. Funne-P 0.09-0.8t 7 389z 0.20+0.1 0.31
Coleoptera: Nitidulidae

Glischrochilus quadrisignatu(Say" Bucke-d 0.3-5 5 368¢ 265+1.6 4.0¢€
Glischrochius fasciatu(Olivier)" Bucke-d 0.3-5 5 110 252+15 3.77
Carpophilus lugubrisMurray” Bucke-d 0.3-5 5 10t 156+1.3 3.3C
Coleoptera: Scarabaeida

Phyllopertha horticoleL. maled Y-X-vane-A 0.5-2 3 111¢ 1.14+05 1.4z
Phyllopertta horticolaL. female Y-X-vane-A 0.5-2 3 41€ 1.04+0.5 1.4C
Popillia japonicaNewmar" Y -floral 0.28-0.84 3 1717¢ 0.52+0.2 0.5¢
Coleoptera: Scolytidas

Hylurgops palliatu (Gryllenhal® St-screel 0.7-11.t 1C 8€ 498+2.6 6.5¢
Ips typographu (L.)* St-screel 0.7-11.t 1C 10z 46327 6.8¢
Tomicus piniperd (L.)* St-screel 0.7-11.t 1C 1C 5.98 + 3.0 7.5
Trypodendron domenstict (L.)* St-screel 0.7-11.t 1C 17 282+1.6 4.1¢
Cryphalus abiett (Ratz.” St-screel 0.7-11.t 10 242 344 +27 6.84
Pityogenes bidentat (Herbst* St-screel 0.7-11.t 1C 23 3.10+1.6 4.0€
Pityogenes chalcograph (L.)* St-screel 0.7-11.t 1C 84 6.89+2.9 7.27
Pityogenes quadride (Hartig)* St-screel 0.7-11.t 1C 5C 4.08 £ 2.8 7.0z
Hymenoptera: Agaonidas

Elisabethiella baijnatt Wiebe? St-cylindel 0.5-2 3 (200 1.19+05 1.47
Phagoblastus barbartGrand” St-cylindel 0.1-4.t 9 (419 222+1.2 3.17
Hymenoptera: Braconidae

Apanteles fumiferan; (Viereck) female® Malaise 45-10 - 145k 735+ 1.4 3.67
Hymenoptera: Ichneumonidas

Glypta fumiferana (Viereck) female? Malaise 4.5-10 - 1477 7.37+15 3.8¢

*Blue-St-card (blue sticky card); Y-St-card (yellsticky card); W-St-card (white sticky card); Winddtransparent window); St-cylinder (sticky plastiginder); Suction
(suction trap); G-yeast (Green food color and ybegdtolysate in bucket trap); Bucket-P (sticky beicwith synthetic pheromone); Funnel-P (2-funnaptwith synthetic
pheromone); Pherocon-P (Pherocon 1C trap with syietipheromone); VF-bucket (4 virgin females in ketctrap); Light-UV (UV light trap); Water-P (watérap with
synthetic pheromone); Delta-P (Delta trap with bgtit pheromone); Pherocon-F (Pherocon 1C trap syittthetic floral attractants); Bucket-d (bucketptiwith bread
dough); Y-X-vane-A (yellow cross vanes with floxallatiles); Y-floral (yellow funnels with synthetftoral lure); St-screen (sticky screen cylinddrgalaise trap

®Trap catch reported as proportions so catch imiaeses was assumed in order to calculate meahthufigatch and variation.

“Gillespie and Vernon, 1990Diraviam and Uthamasamy, 199Meyerdirk et al., 1979'McPherson and Weber, 1990icPherson et al., 1993D’Arcy-Burt and
Blackshaw, 1987'Snow, 1982/Robacker et al., 1996Dix et al., 1979!Critchley et al., 1997"Chisholm et al., 1979'Valles et al., 1991%icht and Hienton, 1941;
PYoum and Beevor, 1995Rothschild and Minks, 1977David and Horsburgh, 1988\Veissling and Meinke, 1991Proshold et al., 1986Peng and Williams, 1991;
'Ruther, 2004YLadd and Klein, 1982Byers et al., 1989Ware and Compton, 199%lliott et al, 1986

method assuming all were caught on traps placéldeatenter of
among Norway spruce and Scotch pine for susceptitidés have  each of ten 1-m layers of the flight area
a higher mean flight height of 3 to 7 m aRdof 4 to 7 m (Table
2). (i.e., atrap at 0.5, 1.5, 2.5 m, etc.). This gagarly an identical
mean flight height of 4.9995 + 0.02154 m whiD = 1.0335 +
3.3. Simulation of insect movement and flightrithistion in three 0.0106. The numbers in 18 layers of the flight arsaally were
dimensions not significantly different from that expected of mormal
distribution as shown by chi-square analysis= 21.3 + 11.62
The interaction oSDA step and in producing normal  (12.09, 10.59, 19.00, 19.25, 53.87, 24.09, 13.@54), with
distributions of desiredSD appears complex. The best fit was seven of eight distributions not significantly diféent from a
usually found withstep= 0.1 andSDA= 6° (Table 3). Using these normal distribution.
two parameters and vagyi@D and , a good fitting relationship
was = 0.0715(SDJ%**"(R* = 0.997, N = 6). Simulations with 3.4. Simulation of insect movement and catch oR EAthree
2000 insects each al®D = 1, SDA= 6°,step= 0.1 m, and = dimensions
0.0715 gave a mean flight height4ob99+ 0.019 (+ 95% C.L., N
= 8). The same data were analyzed with the meghtfleight
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A spherical EAR of 0.5 m radius placed atdhater of a 20 x
20 x 10 m high simulation area caught 111.25 + 842000

Table 3

initial insects after they took 720 steps of 0.2ach with 6°SDA
( was 0.0715 radians) and distributed according to a

Observed standard deviatidB§+ 95% C.L., n = 8) of vertical insect flight densdf 2000 insects in a 20 x 20 x 10 m volume after
insects took 720 steps with varidBBAof turning angles, step lengths(see text), and specifi€sD

SDA, stef, m , radian Specifie Observe
degree
SC, m Fo, m SC, m Fo, m

6 0.1 0.136¢ 0.5C 1.2t 0.47+0.0 1.19 +0.00
6 0.1¢ 0.071¢ 1.0C 251 0.99+0.0 249+0.0
6 0.1¢C 0.058: 1.2t 3.1z 1.28+0.0. 3.21+0.0
6 0.1¢ 0.044( 1.67 4.1¢ 1.68 +0.0: 420+ 0.0
6 0.1¢C 0.030¢ 2.5C 6.27 2.22 +£0.0° 5.57+0.0
6 0.0t 0.040( 1.0C 251 0.98 £0.0 246 0.0
12 0.1¢ 0.130( 1.0C 251 0.98 £ 0.0 246 +£0.0
12 0.1¢C 0.090( 1.0C 2.51] 1.03+0.0 2.59+0.0

*The specified and observ&D were different due to significant truncation agfit within the 10 m high layer.

Table 4

Catch (£ 95% C.L., N = 8) in 3D volume (20 x 20 rh high) on EAR at various standard deviatid®iS)(of normal distributions of
flight and (see text) or at a uniform distribution in theeetive flight layerF, compared with catch in 2D area (20 x 20 m) on an
equivalentEAR, calculated front_ (in all cases, insects took 720 steps, each Qutim6° SDA

EAR, , radian: SC, m F.,m 3D Catch on EAI EAFR, m 2D Catch orEAF,

Normal Distribution of Flight (within 10 n
0.5C 0.071¢ 1.0C 2.51 111.25+ 8.4 0.156° 105.50+ 6.97
0.5C 0.058: 1.28 3.1z 91.75+ 8.5¢ 0.125: 87.63+ 9.7¢
0.5C 0.044( 1.67 4.1¢ 69.25+ 8.9¢ 0.094( 63.50% 6.3
0.7t 0.071¢ 1.0C 2.51 216.13+ 8.7 0.352¢ 233.75% 15.7¢
0.7t 0.058: 1.2t 3.1% 185.38+ 13.8¢ 0.282( 185.13+ 14.6¢
0.7t 0.044( 1.67 4.1¢ 142.88+ 5.2( 0.211¢ 139.88+ 11.1(
1.0C 0.071¢ 1.0C 2.51 364.13+ 14.3¢ 0.626° 398.75+ 1927
1.0C 0.058: 1.28 3.1z 308.25+ 17.0¢ 0.501: 323.88+ 15.5¢
1.0C 0.044( 1.67 4.1¢ 236.00+ 12.9¢ 0.376( 240.38+ 7.1%

Uniform Distribution of Fl|ght (WIthIﬂFL)
0.5C 2.51 105.75+ 9.6( 0.156° 105.88+ 8.7z
0.7t 3.1z 185.88+ 12.9¢ 0.282( 187.50+ 8.5¢
1.0C 4.1¢ 242.88+ 11.9¢ 0.376( 243.88+ 12.0:

normal distribution with mean of 5 m ai8D = 1 m (Table 4).
Based on a flight distribution witBD of 1 m, the calculate&,

was 2.51 m (Table 4). As the EAR was enlarged fétoto 1 m
radius within a flight density distribution &D = 1 m, the catch
increased from 111.25 to 364.13 due to more inptiwe area.
When the distribution was more diffuse at a lar§Brof 1.67 m,
the catch decreased and ranged from 69.25 to 236.00e EAR
was similarly increased from 0.5 to 1 m (TableWhen all 2000
insects were allowed to fly uniformly within a flig volume of

4. Discussion

Simulation models of mass trapping and matiguption
require knowledge about the magnitude of attractibmsects to
semiochemical lures that catch insects or disrhpir tattraction
(Byers, 2007). One concept describing lure effacthie active
space of plume area where male moths detect femaith
pheromone (Sower et al., 1971; Nakamura and Kawa%aK7;
Baker and Roelofs, 1981; Elkinton and Cardé, 19Bé)vever, it

height equal toF,, then an equivalent number were caught has proven tedious and time-consuming to delinéateactive

compared to the normal distribution of flight withihe 10-m high
volume with appropriaté&SD and calculated= (Table 4). This
indicates that Eq. (7) is valid for estimating tbkective flight
layer () that is needed in Eqg. (5) to convert EARE&R..

3.5. Simulation of insect movement and catch oR.BA two
dimensions

Eq. (5) predicts thEAR. used in 2D models from a spherical

EAR of catch measurements in the field akRd of catch
measurements on several trap heights. Simulatioitk the

predicted EAR. (Table 4) in 2D with the same 2000 insects

showed that about the same number of insects veeight as that
on the 3D spherical EAR. This confirms the validity the
conversion Eqg. (5) and allows 2D simulation modeismass
trapping and mating disruption based on field mezsents of
EAR (Byers, 2007, 2008).
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space that is expected to change dynamically viitie.tIn fact,
this space is even more complicated because theremany
varying source-finding probabilities or capture tpabilities (CP)
in the plume that are not practical to observeteld of modeling
attraction of insects in a plume’s active space #ffective
attraction radius (EAR) was proposed for use in ufton
models (Byers, 1991; 1993, 1996, 2007). Howevenyas not
clear whether an EAR could adequately substituteHe natural
and complex plume response surfaces of which igtlexown.

The EAR as used originally (Byers et al., 99® Eq. (1), is
calculated from the passive trap interception azaeen from a
particular direction multiplied by the ratio of cht on the
pheromone trapA() and passive trapgP(). Using a ratio of catches
means that the EAR is relatively independent of ybeon
density and thus the EAR is a characteristic of gheromone
quality and release rate as well as the sensitivetlie responding
species. The interception area is solved for auldrcarea of
radius EAR (also the radius of a sphere of this)sizhe EAR is



useful to compare the relative strengths of sengogbal
attractants among insect species and studies. gectrspecies
with a larger EAR than a second species generadpns that
individuals of the first species are attracted fratonger distance,
assuming the CP gradients in the two active spacesbout the
same. The attractive trap must catch more tharpéssive trap,
the passive trap should catch some insects, athiatches on
many passive traps will improve the accuracy of AR
measurement. The attractive trap should be plaeedefiough
from the passive trap as to hardly influence thteds catch, but
both kinds of traps should be within the same as&dlight
density. Estimating an EAR from published resutsisually not
possible because (a) the studies did not emploftractve, blank
traps to intercept flying insects, or (b) the blardps did not catch
insects. For example, most moth pheromone studiee lused
traps where moths must enter to be caught (e.gaelps) and
so very few are caught on blank traps (causingBA® to be
undefined).

The EAR can be purposively measured in tledd fiusing
sticky traps. However, these EAR lures sample digroiof the
flight layer (usually within meters of the grounarf most
agricultural insects) and thus when modeling iniRI3 necessary
to convert the EAR t&AR. (Byers, 2008). In order to do this, the
effective flight layer must be estimated from catwh passive
traps placed at various heights to obtain a meaghtfheight and
SD. It was assumed that most insects have a densifiybdition
when flying that is approximately normal, althoughany
examples were found in the literature where desssitippeared to
increase with height. This undoubtedly occurred abse not
enough traps were placed high enough above grauntbhitor a
decline. Other examples were ignored because amyar two
trap heights were used. Although few studies eséthanean

flight height and SD, these were obtained from data in the

literature on either proportions or numbers caughttraps at
several heights. The number of trap levels incredise accuracy
and confidence of the calculated values. The tyfpeap used to
monitor flight height should not matter as longthey are the
same and catch a correct proportion of flying itseat the
respective heights. However, many previous stu@ieble 2) and
reported in Byers (2008) have not used passivestbap rather
attractive traps (e.g., yellow color, ultravioleight, and

sex/aggregation pheromone) that might alter theirahtflight

patterns. For example, the mean flight height 684n andSD of

2.75 m of the bark beetléps typographugN = 103), on sticky
traps were lowered to a mean height of 1.50@Daf 1.63 m (N

= 740) by placing aggregation pheromone in thestrdgyers et
al., 1989; Byers, 2008).

Once the&sD s found for the mean flight height from traps at
various heights, Eq. (7) is used to calculate dacafe flight
layer, F.. In order to verify this equation, simulations wetone
in a 20 x 20 x 10-m volume such that individualeicts could fly
anywhere but their population would distribute ading to a
mean flight height of 5-m with a normal distributief specified
SD (e.g. 1 m). Simulations of 2000 insects in theniCigh

volume withSD= 1 m allowed insects to be caught on a spherical

EAR over a certain duration. The same number afdtssflying
in a uniform distribution within a volume of height over the
duration gave the same equivalent catch on therisph&AR as
that in the 10-m high volume with normal distritmuti of insect
flight density, indicating that Eq. (7) is validh&F_ can then be
used in Eq. (5) to convert the spherical EAR to 2iie circular
EAR.

Recently, simulations demonstrated that malesountering
CP-active space plumes of a specific dimensionDnr@ach the

88

pheromone source at a rate that was equivalenticalar EAR,

of appropriate size (Byers, 2008). Thus, modelingsect
encounter-rates with thEAR. is more easily accomplished than
attempting to model such rates with a CP-activesgdume. In
the present study, the spherical EAR in 3D simaoietiwith 2000
insects in a 20 m x 20 m x 10 m volume caught amveadent
number of insects as did the transformed circHAR. in 2D
simulations with the same insects in a 20 m x 20area,
indicating that Eq. (5) also is valid.

Models are useful to both better understand @redict
efficiency of mating disruption and mass trappirigpest insects
with competitive attraction and camouflage (By&807). In the
case of moths, key parameters include male sedmthale
calling, insect and dispenser densities, &A®. of females and
dispensers. However, many of these parameters ififreultl to
quantify in nature for a particular pest species,eéxample, moth
density and male search distance. Other paramet#ifgyugh
usually not measured, can be estimated more emsily as EAR
of females and EAR of dispensers by using catdbgain sticky
traps and converting tBAR. with F_ estimated from sticky trap
catches at fixed heights.
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