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Recommendations for Treated-Area Choice Assays with

Termites (lsoptera)
by
Chris J. Peterson!, Patrick D. Gerard?®, & Janice Ems-Wilson®
ABSTRACT

The repellency of catnip (Nepeta cataria) essential oil was evaluated
in a treated-area choice assay with subterranean termites (Reticuliterrmes
spp.}. It appeared that fewer R. virginicus were found on the treated
portion of a Petri dish within a period of about 7 d; R. flavipes was not
affected by the presence of the oil. The data collected from the control
dishes, however, showed an unacceptably high Type I error rate
(rejection of H: n, =n , when H_is true, where n is the expected number
of termites on the treated side and n_ is the expected number of insects
on the untreated side). The tendency of termites to cluster was the
probable reason for this, and calls into question the data obtained from
the tests. Computer simulations, using a range of cluster factors,
replications and numbers of termites per replication, were conducted,
and the Type I error rate was calculated when a cluster center (a point
corresponding to a random angle 6 and radius p value within a circle)
and random “termite” positions about the cluster center were plotted.
Type I error rates were consistently inflated for all analyses that were
based on individual animal behavior, and could not be corrected by
increasing replications. We recommmend an analysis where the number
of insects on the treated or untreated side is recorded, then the dish is
designated as “repelled” or “not repelled,” and the number of repelled
dishes is analyzed. This method effectively controls the Type I error rate
so that it is no greater than the nominal value. It is recommended to use
at least 25 replications to ensure adequate statistical power. Analysis
of these types of data is best accomplished by use of Fisher’s Exact test
or Boschloo’s Exact Unconditional test.
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INTRODUCTION

Measuring repellency accurately and reproducibly is of paramount
importance to the development of repelient pest control products.
Before a compound goes to costly, risky and time-consuming field
trials, reliable laboratory tests are required to screen out compounds
of low potential. The choice-test assay is very popular in entomology. In
such an assay, the insects have equal access to two similar situations,
differing only in the presence or absence of a treatment. The treatments
may consist of a treated substrate or a treated food source, depending
on the test, and record is made of any number of endpoints, such as the
number of seconds the insect spends on each side (Peterson et al.
2002), the amount of food eaten on each side (Oi et al. 1996), or the
number of insects on each side (Sbeghen et al. 2002). The general theme
takes on many variations, but the analysis of data relies on the
assumption that in the absence of a repellent or attractive stimuli (as
in control groups), the insects will respond to each choice equally and
independently of one another.

Results obtained by us and presented here, however, indicate that
the distribution of insects within a choice arena under control condi-
tions is not random, thereby casting doubt upon the ability to deter-
mine treatment effects. Similar observations were made by Delaplane
& La Fage {1987) and Oi et al. (1996). The possible reasons for non-
randomness are many. It is known, for example, that termites produce
trail pheromones {(Howard et al. 1976}, and termites are often observed
in a head-to-tail line. Thus, the distribution of insects is often clustered,
both in space and time. Termites should not be expected to distribute
uniformly throughout a test apparatus, and any endpoints based on
the location or numbers of termites within the apparatus may be
invalidated by clustering. Nevertheless, choice assays are commonly
seemn in the literature with no consideration of clustering effects, despite
the observations and recommendations of previous researchers.
Delaplane & La Fage (1987) noted non-randomness (clustering) in
feeding on wood blocks, and recommended that seven experimental
units be used for power = 0.95 at & = 0.05 based on deviation of means
from the grand mean. Oi et al. (1996) also report clustering in a feeding
study, but conclude that the nonrandom nature of termite feeding
invalidates standard sample size calculations based on variance, and
that “enough replicates” need to be used “so that controls are not
significantly different.”

In this study, we report the results of a termite repellency assay with
catnip oil conducted in the summer of 2002. Computer simulations of
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choice assays are used to demonstrate how clustering interferes with
the analysis of experimental results by inflating the Type I error rate.
We therefore propose an experimental design and data analysis that
provides improved statistical properties.

METHODS AND MATERIALS

Termites

Subterranean termites (Reticulitermes sp.) were collected in June
2002 from the Choctaw Wildlife Management Area of the Tombigbee
National Forest near Ackerman, MS USA. Two populations, separated
by 3 km, were collected from infested pine logs and taken to the
laboratory for identification. Soldiers (alates were not available) were
identified by using the keys of Gleason and Koehler (1980) and
Scheffrahn and Su (1994) as Reticulitermes virginicus (Banks) and R.
flavipes (Kollar). The logs were stored in metal cans with lids, and
termites were removed from the logs as needed throughout the test.

Catnip essential oil

The essential oil of catnip {Nepeta cataria ..} was purchased from
Kong Pet Products, Golden, COUSA, and consisted of 98% nepetalactone,
with an isomer ratio of 36: 64 E,Z-: Z E-nepetalactone {Peterson & Ems-
Wilson 2003).

Repellency assay

This assay was based on that reported by Zhu et al. {2001). For
chemical treatments, sand was treated to constitute O (acetone only),
100, 250 and 500 ppm (by mass) catnip essential oil. Sand was treated
by applying an acetone dilution of the catnip oil to 100 g of sand, and
then placing on a jar roller for five minutes. The sand was poured into
glass Petri dishes and the acetone evaporated for one hour in a fume
hood at ambient temperature. One ml of agar solution was added to a
5-cm diameter by 1 cm high Petri dish. After the agar solidified, one-half
of the surface of the agar was covered with 0.5 g treated sand, and the
other half was covered with 0.5 g untreated sand. A piece of untreated
filter paper (1 cm in diameter) was placed on each half of the dish to
provide food for the termites. Ten worker termites were placed in the
center of each dish, lids were placed on the dishes and secured with
Parafilm® {American National Can Co., Chicago, IL USA}, and then the
dishes were placed in an incubator at 25°C and 70% RH in the dark. A
random number table was used to determine the position of the treated
and untreated sides (to the right or the left). Readings were taken every
15 min for 1 h, then hourly for the next 5 h, then every 24 h for 24 d.
Dead and moribund termites were counted, and when 70% of the
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termites in any dish were dead or moribund, that dish was discarded.
The test had five replications.

Percentage repellency was calculated according to Sbeghen et al
{2002}, where the number on termites on the treated side is subtracted
from the number on the unireated side, then divided by the total
number of insects present, then multiplied by 100 to get a percentage.

Computer simulations

All computer simulations were conducted using SAS software for
Windows version 8.2 {SAS Institute 2001). In our simulations depicting
clustering, a “cluster center” was chosen by the computer at random 0
and p (angle and radius) from O to 360 degrees, and O to 1 units,
respectively. Points, or “termites,” were plotted randomly around the
cluster center. A “cluster factor” was added to the simulation by fixing
the maximum distance a termite could be found from the cluster center;
higher values indicated shorter distances. and therefore more cluster-
ing. Those points falling on one side of the midline were considered
“repelled” while those falling on the other side were considered “not
repelled.” We plotted one cluster center per dish. The simulations ran
1000 times.

In our first simulations, we determined the number of termites on
each side of the dish in the described simulations. A binomial test for
proportions was used to determine the Type [ error rate (percentage of
times rejecting H, when H_ is true) for the null hypothesis H: n, =n_,
where n_ is the expected number of termites on the treated side and n |
is the expected number of termites on the untreated side, and assuming
equal sample sizes between dishes, in 1000 simulations. In an appro-
priate test, we expect the Type I error rate to be less than 5% (¢ = 0.05,
two-tailed analysis). Here there were no treatment effects, i.e. the
expected results in the control groups. A number of different combina-
tions of cluster factors, numbers of dishes (replications) and numbers
of termites per dish were simulated.

In the second simulations, we compared the number of termites on
the untreated sides of “active” and “inactive” dishes, and calculated
Type I error rates. This was more reflective of how tests are run by
experimenters, where treatment groups (active dishes) are compared to
control groups (inactive dishes). Of course, the “untreated” side of an
inactive dish is arbitrary, because there is no treatment on either side.
Here, we tested the null hypothesis H: n = n , where n _ is the
expected number of termites on the untreated side of active dishes and
n_ is the expected number of termites on the untreated side of inactive,
or control, dishes, and assuming equal sample sizes. We did not include
any treatment effects in this test, so we were comparing two sets of
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control dishes to each other. In an appropriate test, we would expect the
Type 1 error rate to be less than 5% (& = 0.05, two-tailed analysis) by
Fisher’s Exact test, because two sets of untreated dishes should have
similar results. A number of different combinations of cluster factors,
numbers of dishes (replications) and numbers of termites per dish were
simulated.

In the next simulations, the dish was the experimental unit, rather
than the termite. We considered a dish “repelled” if the number of
termites on the untreated side was greater than one-half of the total
number of termites per dish. Again, we compared a group of “active”
dishes to a group of “inactive” dishes, and the number of repelled dishes
was analyzed. The null hypothesis H : d_=d,, was tested, whered,_ is the
expected number of repelled dishes in the active group and d, is the
expected number of repelled dishes in the inactive group, and assuming
equal sample sizes. We did not include any treatment effects, again
simulating a comparison of two groups of control dishes. Fisher's Exact
test was used to determine the Type I error rate, and we expect the rate
to be less than 5% {& = 0.05, two-tailed analysis). A range of cluster
factors, numbers of dishes {replications) and numbers of termites per
dish were used in the simulations.

In addition to maintaining the nominal Type I error rate, hypothesis
tests should have adequate power; that is, the tests should have a high
probability of rejecting the null hypothesis when the null hypothesis is
false. In actual assays, a progressively stronger repellent or attractant
would progressively increase the probability of a termite (or cluster of
termites) occurring on a specific side of the dish. In our final simula-
tions, a “probability factor” was added to simulate treatment effects and
evaluate the power of hypothesis tests. A probability factor of 0.5
indicated no treatment effects (an equal likelihood of a cluster center
falling on the untreated side; H_ true), and values of 0.6, 0.7, 0.8 and
0.9 indicated a progressively stronger “repellent,” i.e. a higher probabil-
ity of the cluster center falling on the untreated side (H, false). Fisher's
Exact test was used to determine power, or the likelihood of rejecting
H_: d, = d, when H_ is false (a correct decision). When treatment effects
are introduced, we expect power to increase. We used several different
cluster factors, numbers of dishes (replications}) and numbers of
termites per dish.

RESULTS & DISCUSSION

Repellency assay
Based on average repellency values over five replications, it appeared
that catnip oil was a strong repellent to R. virginicus, especially in the
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Fig. 1. R. virginicus repellency based on % repellency calculations (averaged over all replications)
for A) the first day and B) days 1 to 24.

first 5 days (Figs. 1A and 1B). Repellency, however, began to be seen in
the control group on day 8 of the test. When the individual dishes were
plotted for the first day (Fig. 2A) and days 1 - 24 (Fig. 2B) of the control
group, clustering of termites to one side of the dish or the other, and
averaging the replications, falsely gives the appearance of uniformity.
Percentage repellency values with absolute values of 40 to 45 (about
seven out of 10 termites on either side) and greater are considered
different from a percentage repellency value of zero {five termites to a
side} in some analyses (e.g., Zhu et al. 2001). In the control, this is
observed in one out of five replications at the 15 minute time point, four
out of five at 30 min, five out of five at 45 min, four out of five at one hour,
etc (Figs. 2A and 2B).
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Fig. 2. R. virginicus control dishes showing the values of individual dishes (five replications) for A)
the first day and B) days 1 to 24. The solid line is the average of all replications.
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We examined the control groups of both R. virginicus and R. flavipes
from the bioassay by using binomial tests. For R. virginicus, 50.6% of
the control dishes had significantly more termites on one side than the
other, and for R. flavipes this number was 23.2%. Because we expect
avalid test to reject less than 5% of the time, it is clear that the analysis
as described above is faulty.
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Type [ error rate. Fig. 3 shows
the relationship of cluster factor to Type I error rate for ten termites per
dish and five dishes as was the case in our test. Below a cluster factor
of 1, the relationship was linear, with r? = 0.9937. We can then solve for
cluster factor (X), and find that the 23.2% Type I error rate for R. flavipes
corresponds to a clustering value of 0.73. For R. virginicus, because the
observed Type I error rate of 50.6% is in the plateau region of the curve,
a lower bound estimate of 2.5 for the cluster factor is reasonable.

In the second set of simulations, we compared the number of
termites on each side of the dish between “active” dishes and “inactive”
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Fig. 3. Type | error rate as a function of cluster factor for 5 dishes with 10 termites per dish.

dishes. We did not include any treatment effects, so effectively we were
comparing independent sets of control dishes to evaluate the Type I
error rate. If the difference between two sets of control dishes is
significant, then the null hypothesis (H: n, = n , where n_is the
expected number of termites on the untreated side of active dishes and
n_ is the expected number of termites on the untreated side of inactive,
or control, dishes) is rejected. Similar to the first simulation, the Type
1 error rate increased as cluster factor increased, and a lesser increase
was noted when the number of termites per dish increased. Increasing
the number of dishes, i.e. increasing the number of replications, had no
noticeable effect. The Type 1 error rate approached 80% in some cases
(Fig. 4).

In both sets of simulations, the number of termites on a particular
side were counted and termites were taken as the experimental units.
The clustering (which we cannot control in actual repellency tests)
caused the Type | error rate to be unacceptably high. This was
aggravated by increasing the number of termites per dish, and Type I
error rate could not be lowered by increasing replications. With this
being the case, any results obtained by use of this type of analysis are
in question, and may lead to concluding that a test compound causes
repellency when, in fact, it does not.

In order to perform hypothesis tests that maintain the nominal Type
I error rate, we needed a different way to express and analyze the data.
If the dishes rather than the termites were taken as the experimental
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untreated side was greater than one-half of the total number of termites
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Table2. Typelerrorrates (two-tailed)for present, then the dish was considered
the recommended analysis with 25 «repeljed ” The number of repelled dishes
termites per dish, at different cluster b d bet . e
factors and number of dishes in computer €811 DE compared between active” and
simulations. “inactive” groups. Two-tailed analysis
was not possible with only three dishes

but was for five or more. Fisher's Exact

Termites/Dish = 25

Dishes (replications) test was used to test the null hypothesis
C.F. 5 10 25 (H;: d, = d,, where d_is the expected

number of repelled dishes in the active
8;5 1'28 z'gg g'gg group and d, is the expected number of
05 190 1.40 300 repelled dishes in the inactive group).
1 1.90 1.30 3.60 There was no increase in Type I error rate
5 2.40 0.80 3.30 with an increase in cluster factor, nor
10 1.40 1.00 3.60 with an increase in the number of ter-
C.F. = Cluster Factor mites per dish. There was, however, a

slight increase when more dishes were
used (i.e. more replications), but this value did not surpass 5%, even
with 25 dishes {Table 2).

With an acceptable Type I error rate, we conducted power calcula-
tions for this type of analysis. Power is the likelihood of rejecting H_
when H_ is false (a correct decision). Treatment effects were simulated
by adding a “probability factor” that assigned a cluster center to the
untreated side of the dish with the specified probability. In actual
bioassays, a progressively stronger repellent would progressively in-
crease the probability that the termites would move to the untreated
side of a dish. The number of dishes (replications) had the greatest effect
on power within any given probability factor (Table 3). The number of
termites per dish had an effect as well, but to a lesser degree. Cluster
factor also increased power slightly, especially with stronger “repel-
lents.” However, we cannot control clustering (and we have assumed
that clustering is independent of the number of termites per dish, see
Delaplane & La Fage (1987)).

It is apparent from our simulations, as well as from the analysis of
our study data, that tests of statistical hypotheses that treat individual
animals as behaving independently may be adversely affected by
clustering, resulting in inflated Type I error rates. This fact casts doubt
on any significant differences found by using such procedures. In the
event that clustering is present, it is imperative that analysis methods
account for this clustering, and the simplest approach entails using the
dish, rather than the individual animal, as the experimental unit.

We recommend an analysis where the number of termites on each
side is counted, then the dish designated as “repelled” or “not repelled.”
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Table 3. Power calculations (two-tailed) for the recommended analysis with treatment effects for various numbers of poo
dishes, termites per dish and cluster factors in computer simulations w
Probability = 0.6
Dishes (replications) = 5 Dishes (replications) = 10 Dishes (replications) = 25
Termites/dish Termites/dish Termites/dish
CF. 5 10 15 25 50 5 10 15 25 50 5 10 15 25 50
0.1 046 233 176 091 241 051 190 100 160 150 290 200 3.20 3.10 4.80
025 056 281 163 242 161 131 130 150 180 200 210 3.30 340 340 440
05 1.07 211 263 19t 210 131 180 140 210 180 240 530 470 560 6.00 o
1 174 222 241 350 180 140 200 160 210 1.80 4.80 570 6.40 6.00 6.00 o
5 282 260 251 251 190 180 220 240 29 180 6.10 7.50 6.70 6.70 6.50 g’
10 272 241 230 2.00 260 230 210 180 180 160 7.30 7.30 6.00 620 8.00 =1
15 191 251 231 231 292 260 230 190 130 240 8.10 660 6.20 7.30 6.80 «;3
" <
Probability = 0.7 e
Dishes (replications) = 5 Dishes (replications) = 10 Dishes (replications) = 25 £
Termites/dish Termites/dish Termites/dish 2
o
CF. 5 10 15 25 50 5 10 15 25 50 5 10 15 25 50 I
N
0.1 047 223 223 132 252 051 130 180 130 170 240 380 350 350 6.60 §

025 080 223 174 183 301 061 210 200 210 3.50 320 480 740 8.10 13.10
05 096 263 223 292 302 201 180 340 430 450 490 870 920 10.70 14.60
1 135 242 252 354 281 1980 310 470 390 510 790 1240 13.30 1540 18.10
5 396 3.92 414 341 4.01 440 4.00 350 420 520 1520 20.80 19.70 21.60 21.60
10 444 363 432 482 474 560 380 430 430 6.10 21.40 21.00 20.10 24.00 21.90
15 515 354 402 462 432 490 500 520 490 640 21.30 21.50 21.60 21.30 22.80
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Table 3 (continued). Power calculations {two-tailed) for the recommended analysis with treatment effects for various

numbers of dishes, termites per dish and cluster factors in computer simulations

Probability = 0.8

Dishes (replications) = 5 Dishes (replications) = 10 Dishes (replications) = 25

Termites/dish Termites/dish Termites/dish
CF. 5 10 15 25 50 5 10 15 25 50 5 10 15 25 580
01 023 233 0.83 245 371 143 140 240 250 3.00 3.00 390 450 620 11.00
025 092 203 197 326 433 152 3.00 210 350 651 470 10.80 11.30 17.30 25.10
05 089 355 440 457 495 194 490 550 830 7.70 9.30 18.80 21.50 24.00 33.20
1 180 426 3.99 6.77 537 503 7.30 860 880 940 18.70 28.50 33.70 34.80 43.30
5 6.25 883 6.76 6.50 575 9.01 11.40 11.80 11.20 12.20 39.60 42.30 42.20 49.10 47.70
10 578 7.09 833 835 824 10.70 10.20 11.60 11.20 13.30 45.00 46.40 44.30 44.70 47.70
15 575 665 639 678 7.15 1241 1210 13.10 13.41 11.80 46.80 49.90 46.80 49.80 49.10

Probability = 0.9

Dishes (replications) = 5 Dishes (replications) = 10 Dishes (replications) = 25

Termites/dish Termites/dish Termites/dish
CF. 5 10 15 25 50 5 0 15 25 50 5 10 15 25 50
0.1 047 193 126 216 275 061 1.20 150 300 420 420 620 770 1060 18.20
025 0.60 3.10 210 3.73 6.09 093 430 511 7.93 10.50 9.60 16.50 22.20 31.80 41.30
05 0.79 358 434 503 846 3.05 7.41 12.00 12.31 17.50 19.80 33.20 41.30 49.90 60.10
1 226 6.15 7.06 893 9.84 7.07 13.90 18.12 18.72 20.30 36.90 54.20 62.00 62.90 67.40
5 8.54 10.42 9.87 10.25 12.55 22.92 2540 25.03 24.50 27.70 69.90 76.30 78.40 78.80 81.10
10  8.08 10.17 11.13 10.16 12.40 26.05 27.23 24.62 25.40 25.33 76.30 78.60 77.90 82.00 80.70
15 10.94 11.14 11.34 11.33 9.90 24.42 26,53 27.70 28.30 29.30 80.40 82.40 80.80 80.70 79.20

C.F. = Cluster Factor

(R181dOS|) SEIULLIG| UM SABSSY B210UD Baly-paleall — 18 J8 7] ‘U0sislad

£8L



184 Sociobiology Vol. 44, No. 1, 2004

screening program with a tight reading regime, data collection would be
nearly impossible (by the time counting is completed for time point n,
time point n + 1 may have come and gone). Unless the process could be
modified for automated data collection, or destructive sampling with
counting at the experimenter’s leisure, the time and effort required is
likely prohibitive. Alternatively, if preliminary tests are used to estab-
lish a more appropriate time interval, the data may be collected at fewer
time points (or one, eliminating repeated measures altogether) allowing
a larger number of replications.

Fisher's Exact test was used, and although it is a conservative test,
it was the best test that was widely available in most software packages,
such as SAS. Pearson’s Chi squared test is unreliable when the
observations are at the extreme (nearly all repelled or not repelled). The
same is true of the Glimmix macro with SAS software, and the NL Mixed
and GenMod procedures in SAS rely on asymptotic results, and hence
are similarly affected.

Recently, Mehrotra et al. (2003} reported that Boschloo’s Exact
Unconditional test was more powerful than Fisher's Exact test, often
with p-values one-fourth to one-half the size of those obtained by
Fisher's Exact test. Unfortunately, at the time of writing no known
commercially-available software package runs Boschloo’s test. Mehrotra
et al. (2003) list a webpage in their paper (http://www4.stat.ncsu.edu/
~berger/tables.html) that calculates p-values for Fisher's Exact and
Boschloo’s tests. A Fortran program is also provided. Therefore, our
recommendation for the number of replications may be higher than
necessary, and use of Boschloo’s test might reduce the number of
replications required.
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