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Abstract Modelling moth dispersal in relation to wind direction and strength could greatly enhance the role

of pheromone traps in biosecurity and pest management applications. Anemotaxis theory, which

describes moth behaviour in the presence of a pheromone plume and is used as a framework for such

models. Currently, however, that theory includes only three components: upwind, zigzagging, and

sideways casting behaviour. We test anemotaxis theory by analysing the data from a series of mark–

release–recapture experiments where the wind direction was known and the insects were trapped

using an irregular grid of pheromone traps. The trapping results provide evidence of a downwind

component to the flight patterns of the released insects. This active or passive downwind dispersal is

likely to be an appetitive behaviour, occurring prior to the elicitation of pheromone-oriented flight

patterns (pheromone anemotaxis). Given the potential for significant displacement during down-

wind dispersal, this component will have impact on final trap captures and should be considered

when constructing moth dispersal models.

Introduction

Pheromone baited traps are widely used for biosecurity

surveillance to detect new incursions of unwanted organ-

isms, and to delimit their ranges (Augustin et al., 2004;

Suckling et al., 2005a,b; Bogich et al., 2008; Liebhold &

Tobin, 2008). They have been used for several decades in

pest management for monitoring to alert land managers to

the presence of a pest in time and space, providing insight

into phenology as well as geographic distribution (Suck-

ling et al., 2005b). Pheromone traps have also been used to

delimit populations for pest risk modelling (Kriticos et al.,

2007). When deployment of a surveillance grid of traps is

warranted to monitor for biological invasions, the detec-

tion of an unwanted organism typically triggers a delimita-

tion survey to identify the proximal source of the

incursion, the extent of the incursion population, the feasi-

bility of eradication, and possibly the pathway by which

the organism entered the jurisdiction (Canadian Food

Inspection Agency, 2007). As such surveys are resource

intensive, new technologies are needed to target them bet-

ter. If the flight path or even direction of an insect from the

proximal source of the invasive population to the phero-

mone trap could be inferred with some reliability, then

on-ground delimitation surveys can be prioritised to those

areas most likely to include the source location from which

the trapped individual originated, and the most likely loca-

tion of the remainder of its cohort.

Modelling the flight paths of individual insects from

point of origin to their trapping point requires knowledge

of their anemotaxis (any purposeful behaviour that is ori-

ented in relation to the wind direction). Odour-mediated

anemotaxis is the mechanism that insects employ to locate

an odour source such as a female emitting a pheromone

(Kennedy & Marsh, 1974; David et al., 1983; Kennedy,

1983; Vickers, 2000; Cardé & Willis, 2008). Within a

pheromone plume, insects experience the fine structure of

pheromone intermittency with pheromone filaments
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separated by gaps of clean air (Murlis & Jones, 1981; Baker

& Haynes, 1989; Mafra-Neto & Cardé, 1994; Riffell et al.,

2008). The response of the insect as it alternately senses the

pheromone or clean air at millisecond frequencies is the

so-called ‘pheromone anemotaxis behaviour’, which

results in a net upwind displacement that ultimately guides

flying insects to an odour source. When a filament of

pheromone is detected, the insect flies upwind, but as the

pheromone filament is lost, the insect begins to fly in a zig-

zag pattern to locate another pheromone filament from

the same plume (Kennedy et al., 1980; Vickers & Baker,

1996; Zanen & Cardé, 1999). When the insect exits from

the pheromone plume, large crosswind movements are

observed (Baker & Haynes, 1987; Kuenen & Cardé, 1994;

Mafra-Neto & Cardé, 1998). Presumably this behaviour is

triggered or promoted by a long time period without

encountering a pheromone filament. This behaviour was

originally demonstrated with moths but it has also been

observed for various other insect taxa such as some beetles

(Fadamiro et al., 1998; Kuenen & Rowe, 2006; Williams

et al., 2007).

Pheromone anemotaxis theory focuses on insect behav-

iour within the pheromone plume, and is mainly based on

wind tunnel studies. Behaviour at a broader scale than

within the odour plume is not so well understood. Several

authors have suggested that the optimal strategy to locate a

pheromone source depends, unsurprisingly, on the wind

conditions. Dusenbery (1989) suggests that in a steady

wind, the most effective flight course is oriented around

45� from downwind, whereas with a wind shifting up to

30� from the mean direction, the most effective strategy is

crosswind flight (Sabelis & Schippers, 1984). For winds

that shift over a wider range, Sabelis & Schippers (1984)

suggested a search strategy parallel to the wind, but Dusen-

bery (1990) used a more complete analysis to conclude

that the optimal strategy is upwind flight rather than

downwind. Reynolds et al. (2007) confirmed these studies

in an analysis accounting for a more realistic plume shape:

downwind flights were preferable than crosswind when

the width of the plume was greater than its length, when

for example the plume was meandering due to a shifting

wind. Reynolds et al. (2007) demonstrated that a biased

Lévy flight searching strategy, optimal with a scaling expo-

nent between 1 and 2, was consistent with their observa-

tions.

In contrast to the number of studies of insect behaviour

within a pheromone plume (Murlis et al., 1992; Cardé &

Willis, 2008), few experimental studies have investigated

‘appetitive’ insect behaviour, defined by Elkinton & Cardé

(1983) as the behaviour before any contact with the phero-

mone. Those few studies include field experiments by Elk-

inton & Cardé (1983), who reported a random behaviour

for the appetitive flight of gypsy moth, and Riley et al.

(1998), who reported occasional appetitive downwind

flights in Agrotis segetum (Denis & Schiffermüller) moths.

Monitoring flight patterns with harmonic radar, Reynolds

et al. (2007) demonstrated a trend of crosswind or down-

wind movements at the departure location before anemo-

taxis behaviour commenced following an initial encounter

with the pheromone.

We believe that describing insect behaviour before any

contact with a pheromone, as well as the behaviour within

the pheromone plume is necessary to identify the source

location of insects caught in pheromone traps. In this

study, we re-analysed data from a study by Suckling et al.

(2005a) on mark–release–recapture of sterile painted apple

moths, Teia anartoides (Walker) (Lepidoptera: Lymantrii-

dae), together with a generalised wind field. Moth flight

was related to wind speed and direction to determine

elements of dispersal in relation to the wind.

Teia anartoides is an Australian native lymantriid

(Common, 1990) that became established in Auckland,

New Zealand, in the 1990s (Hoare, 2001). Larvae are

polyphagous and can affect the growth of plants of impor-

tance to horticulture and forestry such as pine trees, but

can also feed on New Zealand indigenous trees. The esti-

mated cost of T. anartoides establishment in New Zealand

ranged from NZD 58 to 356 million over 20 years as a

result of its wide host range (Self, 2003). An eradication

programme against T. anartoides was undertaken from

1999 to 2006, and it was declared successfully eradicated in

2006 on the basis of a trapping model using sterile males

(Kean & Suckling, 2005; Suckling et al., 2007). The eradi-

cation including health monitoring, communication, and

the operation was budgeted at an estimated NZD 100 mil-

lion (Turner et al., 2004), which was later revised to closer

to NZD 62.4 million actually spent (Anderton, 2006). In

this study, the analysis of moth dispersal in relation to the

wind provided elements of discussion on moth strategy to

find a mate and therefore on the understanding and inter-

pretation of pheromone trap catches.

Materials and methods

Release–recapture data

Experiments were conducted in Auckland between Febru-

ary and May 2003 with an average of 1 452 traps to cover

the study area (Suckling et al., 2005a). Delta traps baited

with virgin female moths were deployed, as the main com-

ponent of the synthetic pheromone is instable (El-Sayed

et al., 2005). Adult moths were marked with fluorescent

powders coloured differently for each of three release loca-

tions [Hobsonville (36�47¢35¢¢S, 174�39¢12¢¢E), Waiku-

mete Cemetery (36�54¢04¢¢S, 174�38¢42¢¢E), and Ranui
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(36�51¢59¢¢S, 174�35¢52¢¢E); see Figure 1] (Suckling et al.,

2005a). The habitat of release and recapture sites varied

from urban and suburban type around Auckland to forest,

mainly on the Western side of the area.

The data considered in this study were limited to the

period from 19 February 2003 to 31 March 2003 when

more than 1% of insects were recaptured and when

insects were released weekly. Low recapture rates in

subsequent release periods were likely due to suboptimal

conditions immediately following release, including

temperatures below the threshold for flight (Suckling

et al., 2005a). Some releases in subsequent periods were

also done twice each week (Kean et al. 2007). Painted

apple moths survived in the field for approximately

4 days (Suckling et al., 2005a), and so recaptures cannot

be clearly distinguished between two releases separated by

<5 days. During the 6-week duration of the mark–

release–recapture experiment, a total of 16 355 moths

were released at all locations and 1 481 or 9% of the total

were recaptured in female-baited traps (Table 1). The

Figure 1 Distribution of recaptures around the three release locations in Auckland, New Zealand.
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average number of insects released was 962 males (range:

330–1 444) per release location and week (Table 1).

Insects were released around 10:00 hours, which corre-

sponded to the beginning of the period of flight activity.

Prior to each release, traps were reset with new sticky

bases and baited with a fresh virgin female, and each trap

was checked at most once per week. Therefore, a recap-

ture recorded on a particular day had occurred between

that day and the more recent of the release days or the last

day the trap was checked. Parameters affecting female

moth performance have been examined elsewhere (Suck-

ling et al., 2006).

Weather data collection and meteorological modelling

Six meteorological stations (Figure 1) recorded wind

direction and speed at 1- or 10-min intervals using a Vec-

tor A101M Pulse� output anemometer (Vector Instru-

ments, Rhyl, UK). One-minute wind direction and speed

were averaged over 10 min after transformation of wind

polar coordinates into rectangular coordinates (Batschelet,

1981). These meteorological stations also provided relative

humidity and temperature measurements for every min-

ute and these data were also averaged over 10 min.

Atmospheric pressure, cloud cover, and cloud height

were extracted from the New Zealand National Climate

Database for three nearby meteorological stations

(36�59¢28¢¢S, 174�52¢12¢¢E; 37�00¢18¢¢S, 174�47¢21¢¢E; and

36�47¢34¢¢S, 174�37¢26¢¢E). The hourly values for these

variables were linearly interpolated to 10 min values.

Twice daily, vertical profiles of pressure, elevation, temper-

ature, wind direction, and wind speed for each sounding

level were extracted from the New Zealand Climate Data-

base for the nearest upper air meteorological station

(36�47¢34¢¢S, 174�37¢26¢¢E). The wind direction and wind

speed data for the duration of each release–recapture per-

iod were interpolated onto a 200 · 200 m series of 10-min

grids covering the study area using CALMET modelling

software (Scire et al., 1998; Wang et al., 2008).

Estimation of mean wind direction

For each release location the mean wind direction was cal-

culated from wind rectangular coordinates at 10-min

intervals from 10:00 to 15:00 hours for the day of release,

corresponding to the main flight period of painted apple

moth (Table 2). A transformation was required to convert

wind polar coordinates (given by the angle and velocity of

the wind) into rectangular coordinates (given by the coor-

dinates of the wind vector) (Batschelet, 1981).

Wind direction and recapture pattern

The influence of wind characteristics during the day of

release on the subsequent recapture patterns of the released

moths was investigated by comparing recapture distances,

after segregating the data by wind direction. A line orthog-

Table 1 Number of painted apple moths released and recaptured at the various locations in Auckland, New Zealand, and release date con-

sidered in this study (from Suckling et al., 2005a)

Location period

Hobsonville Waikumete Cemetery Ranui

Release Recapture Release Recapture Release Recapture

19–25 February 413 63 434 32 0 0

28 February–4 March 1 128 103 1 436 324 330 39

6–10 March 814 81 795 131 892 175

13–20 March 1 444 34 1 292 101 1 440 111

21–25 March 1 191 25 1 129 59 1 036 13

28–31 March 866 19 850 154 865 17

Table 2 Average wind direction and velocity (from 10-min intervals) for the main flying period of painted apple moth (10:00–

15:00 hours) at the three release locations in Auckland, New Zealand

Location date

Hobsonville Waikumete Cemetery Ranui

Direction (�N) Velocity (m s)1) Direction (�N) Velocity (m s)1) Direction (�N) Velocity (m s)1)

19 February 135 1.24 127 1.79 – –

28 February 235 3.47 235 5.06 265 4.28

6 March 359 2.44 348 2.67 345 2.22

13 March 28 5.16 64 6.73 38 5.29

21 March 252 2.64 277 3.88 268 3.51

28 March 247 4.28 309 6.89 266 5.62
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onal to the mean wind direction across the release location

was used to split the data between upwind and downwind

recaptures. Each trap distance was expressed as the shortest

distance to the trap from this line. This transformation

allowed measurement of downwind or upwind displace-

ment ignoring any crosswind displacement. The same

method was applied to split the data left and right relative

to the wind, thereby removing the downwind and upwind

components to highlight net crosswind displacement.

After this reclassification into either net left–right or

upwind–downwind flight, the frequency distributions of

recapture net displacement were compared using Pear-

son’s v2-test (S-plus 6.1; TIBCO Software, Palo Alto, CA,

USA) to test for any dominant dispersal direction.

To measure directedness in the recapture patterns, in

other words, the main direction of the distribution of

recaptures, we also investigated the relative position of the

centre of mass of the recaptures. The direction of each

recapture was calculated relative to the mean wind on the

day of release and the data were expressed as: (1) distance

from the release location, and (2) deviation from the

downwind direction. The latter was calculated as the dif-

ference between recapture and wind directions. The distri-

bution of resulting points represented the recapture

pattern with respect to the mean wind on the day of

release, and allowed replicates from different release dates

and locations to be compared. We then calculated the

location of the centre of mass of this distribution of points,

considering all recaptures as independent events. For n

sample points defined by their coordinates (x, y), the cen-

tre of mass (x; y) was estimated by the average vector (1)

for the sample.

x ¼ 1

n

Xn

i
xi and �y ¼ 1

n

Xn

i
yi: ð1Þ

To test whether the recaptures were oriented about a

mean direction, we determined the confidence ellipse for

the centre of mass and applied Hotelling’s test of signifi-

cance (Batschelet, 1981). Based on a distribution of sample

points, the confidence ellipse covers the region where the

centre of mass for the population is located (Batschelet,

1981). In this study, we defined the level of significance (a)

for the confidence ellipse at 0.01. If the confidence ellipse

contained the origin, there was no significant evidence for

the drift in the population and the hypothesis that moths

showed an overall directed movement was rejected.

Results

Over all directions, marked moths were recaptured over a

range from the release location of 33–9 528 m with an

average of 1 404 m. Seventeen replicates comprising six

releases at three locations (except for one date where

releases were done at two locations) with a total of 16 355

insects released and 1 481 insects recaptured were

included in the comparison between wind pattern for the

day of release and the recaptures summarized on a weekly

basis. The net distances for the recaptures ranged from 7

to 9 523 m downwind (median = 790 m; n = 894) (Fig-

ure 2) and 3–3 720 m upwind (median = 266 m;

n = 587). The net distances for the classified recaptures

ranged from 6 to 4 023 m crosswind to the left (med-

ian = 404 m; n = 681) and 1–5 697 m crosswind to the

right (median = 494 m; n = 800). The frequency distri-

butions are significantly different for upwind vs. down-

wind (Figure 2A; v2 = 137.789, d.f. = 4, P<0.00001) and

also for left vs. right (Figure 2B; v2 = 16.939, d.f. = 4,

P = 0.002). The significant difference for left vs. right

results from the contribution of the first class 0–250 m to

the overall v2, because for net distances >250 m, the fre-

quencies are not significantly different (v2 = 6.841,

d.f. = 3, P = 0.077). Conversely, the up- and downwind

components differ only for net displacement >250 m

(Figure 2A) where more recaptures in traps located

downwind to the release location were observed.

After normalization of recapture patterns by wind direc-

tion, where each recapture is expressed by its angular devi-

ation to the wind, the distributions of recaptures are

represented in Figure 3 for each release location. In each

case, the furthest distances are observed on the positive

ordinate axis which corresponds to the downwind direc-

tion. For the three release locations and the pooled data

(Figures 3 and 4), Hotelling’s test was significant (T2 >

T2table(2,n)2,a) for a = 0.01 with n = 325, 801, 355, and

1 481 for Hobsonville, Waikumete cemetery, Ranui, and

all the release locations, respectively), indicating that the

sample centre of mass deviated significantly from the ori-

gin and pointing towards a displacement in the prevailing

wind direction. The centre of mass of all 1 481 recaptures

was located around 250 m downwind from the release

sites (Figure 4D).

Discussion

As the recapture dataset used in this study had insufficient

temporal precision with respect to trap captures compared

to the meteorological information, we were constrained to

a comparison of the recapture pattern with declining sur-

vivorship over the next 4 days (Suckling et al., 2005a) with

the wind on the day of release. Whilst the wind on subse-

quent days may have influenced the behaviour of moths;

the wind on the day of release should have the greatest

influence. Clearly, only a small proportion of insects would
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have survived over the week and we reasonably assumed

that the wind direction during the day of release was the

main driver for moth dispersal. The spatial recapture pat-

tern over the week following the release had a significant

downwind component in relation to first-day average

wind direction. This suggests that either the moths have

been passively blown downwind or an active behaviour

has occurred on the day of release, such as an appetitive

flight where insects needed to fly prior to encountering the

pheromone. Appetitive downwind flight behaviour has

been demonstrated in other species, such as bark beetles

(Salom & McLean, 1989; Franklin & Grégoire, 1999).

The relationship between wind direction and recapture

pattern has been investigated in light brown apple moth,

Epiphyas postvittana (Walker) (Suckling et al., 1994), but

in the previous study, the authors did not account for the

recapture distance which would bias the mean dispersal

angle if recapture distances are not uniformly distributed

in all directions. In this study, we used Hotelling’s test of

significance to give an unbiased comparison. For the

pooled data, the centre of mass of recapture locations is

significantly distinct from the release location and deviated

towards the downwind direction. The centre of mass of

the pooled datasets (Figure 4D) is located only 250 m

downwind of the release location when data were normal-

ized by the wind direction, whereas some recaptures

occurred several kilometres away from the release location.

This result is attributed to the fact that most of the recap-

tures were observed in traps close to the release location

with several recaptures per trap, and less frequent recap-

tures over a long distance. Furthermore, the combination

of downwind dispersal and anemotaxis behaviour to track

a female by scent reduces the net downwind displacement

contained in the recapture pattern due to the mainly

upwind and crosswind movements inherent to the anemo-

taxis behaviour. It would be interesting to record the

behaviour of individual insects from the release site to the

trap over a scale of hundreds of metres to some kilometres.

In this study, we cannot explicitly segregate appetitive

behaviour from passive downwind dispersal, but we dem-

onstrate a downwind displacement in the recapture pat-

tern. The active or passive downwind dispersal supports

the findings of Reynolds et al. (2007) who used a harmonic

radar study to record an initial downwind movement of

A. segetum moths of a few hundreds of metres prior to

anemotaxis behaviour.

The recapture distributions (Figure 3) include a cross-

wind component that is important even for recaptures far

from the release location. This could be attributed to

moths heading at an angle different from the strict down-

wind direction, when dispersing downwind or the effect of

anemotaxis behaviour following the downwind dispersal.

However, the wind often shifts in strength and direction as

it crosses this maritime-influenced landscape characterised

0

100

200

300

400

500

600

0–250 250–500 500–1 000 1 000–2 000 >2 000

Net crosswind distance (m)

R
ec

ap
tu

re
 fr

eq
ue

nc
y

0

100

200

300

400

500

600A B

0–250 250–500 500–1 000 1 000–2 000 >2 000

Net downwind or upwind distance (m)

R
ec

ap
tu

re
 fr

eq
ue

nc
y
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by topography comprised of extinct volcanoes, and this is

also likely to explain some of the crosswind component.

For simplicity, and because of limited resources, we used

only the wind characteristics at the release location rather

than attempting to track the individual moths as they

passed across the landscape.

Our study suggests the presence of an important

downwind dispersal component in T. anartoides behav-

iour that would need to be incorporated into any model

of its movement. Yamanaka et al. (2003) and Bisignanesi

& Borgas (2007) developed agent-based models to simu-

late moth behaviour in an environment with pheromone
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traps, but only included random or crosswind behaviour

prior to pheromone detection. Given the potential for

relatively high ground speed in comparison to other

flight directions, even short-duration downwind flights

may result in significant displacement and therefore have

a significant impact on the final dispersal patterns of

invasive organisms. This behaviour, either passive or

active, is likely to be a critical component of any moth

dispersal model aimed at identifying the proximal source

of an incursion and subsequently to delimit the popula-

tion. Previous work has suggested that the origin of an

insect captured in a pheromone trap is likely to be

located downwind, as would be suggested by standard

anemotaxis theory alone (David et al., 1983; Cardé,

1984; Ostrand et al., 2000). Noting the downwind trap-

ping results observed in this study, upon detecting an

unwanted organism in a trap, delimitation surveys

should include areas upwind of the capture site and

around the capture site where the majority of recaptures

were observed. In biosecurity incursion responses, mini-

mizing ground search efforts to find the source of a pest

incursion is critical both in terms of control efficiency

and cost reduction (Myers et al., 1998, 2000; Bogich

et al., 2008). Future work will focus on developing a

modelling framework to improve incursion responses by

better targeted searching for potential source popu-

lations.
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