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       Introduction 

 The Scolytidae are a large and diverse group of insects con-
sisting of approximately 6000 species worldwide ( Wood, 
1982 ). Most species feed on the phloem and cambium, or xy-
lem tissue of woody plants. The biology of the most econom-
ically important species has been well described. Numerous 

studies have explored the role of aggregation pheromones 
and host volatiles in the colonization of host trees, the role of 
anti-aggregation pheromones and nonhost volatiles in regula-
tion of attack rates, density and within-tree spacing and the 
use of kairomones by natural enemies and competitors in 
prey location and host finding. These have led to advances in 
bark beetle management through the forecasting of infesta-
tion trends ( Billings, 1988 ), the development of containment 
methods ( Borden  et al. , 1983; Gray & Borden, 1989 ), stand 
protec tion and spot suppression ( Gibson  et al. , 1991; Shea  et 
al. , 1992; Shore  et al. , 1992; Ross & Daterman, 1994, 1995; 
Clarke  et al. , 1999; Progar, 2003 ) and mass trapping efforts 
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( Räty  et al. , 1995; Shea & Neustein, 1995 ). Baited traps are 
commonly used to determine the response of bark beetles to 
semiochemicals in the field. Multiple-funnel traps ( Lindgren, 
1983 ) are preferable for uses that require large numbers of 
traps, long-distance transportation, or frequent relocation of 
individual trap-treatment units ( McCravy  et al. , 2000 ). 

 In most experiments, completely randomized (CRD) or ran-
domized complete block designs (RCBD) are used (Reeve & 
Strom, 2004  ). In a CRD, the data are viewed as if they were 
random samples from a normal distribution. Each treatment is 
randomly assigned among all sample units (traps). Randomized 
complete block designs allow the investigator to reduce the 
residual error in an experiment by removing variability due to 
known and controllable nuisance variables. In bark beetle 
trapping bioassays, these variables are usually based on site or 
temporal factors. Each treatment is randomly assigned among 
the number of sample units within each block, and not the en-
tire sample population as in the CRD ( Montgomery, 1991 ). 
The Latin square design also utilizes the blocking principle, 
but allows for the control of two nuisance variables (such as 
time and site factors). The row and column of each square 
represents the two levels of restriction on randomization. Each 
treatment occurs only once in each row and column (e.g. date 
and trapping location) ( Montgomery, 1991 ). 

 The response variable is the number of insects (bark beetles 
or associates) caught in each trap per unit time. In CRD and 
RCBD, sufficient sample sizes are obtained by using large 
numbers of traps to which treatments are randomly assigned 
once, or by frequent collection of trap catches, and then sub-
sequent re-randomization of treatments on a daily or weekly 
basis. The latter is often carried out to correct for Poisson-
 distributed responses, which are common in scolytid trapping 
studies ( Sun  et al. , 2004 ). Large numbers of replicates reduce 
the influence of positional effects because some trap locations 
collect few beetles regardless of treatment. The Latin square 
design ensures that each treatment will occupy each possible 
position in the trapping array, but the total number of obser-
vations (and thus replicates) is limited by the number of treat-
ments ( t  2 ) unless multiple Latin squares are used. 

 There are many reasons why re-randomization may be de-
sirable in bark beetle trapping bioassays. Traps and baits are 
often expensive, and investigators may not be able to afford 
the large numbers required to obtain sufficient replication 
over space. Space may be limited due to restrictions concern-
ing accessibility, political and social constraints, or infesta-
tion (population) size. Attractive treatments that are placed in 
a single location over lengthy periods of time may cause sp-
illover (i.e. a phenomenon whereby beetles apparently at-
tracted to baited traps infest adjacent trees), resulting in 
undesirable tree mortality and potentially confounding ef-
fects. In addition, frequent re-randomization allows for col-
lection of large numbers of replicates in a relatively short 
period of time. Re-randomization should not be confused 
with multiple collections from a single trap over time. The 
later violates assumptions of the analysis of variance 
( anova ) if collections are erroneously considered true repli-
cates ( Montgomery, 1991 ). In this situation (and in the ab-
sence of re-randomization), the total number of beetles 
collected over time, regardless of the number of collections, 

is the appropriate value for that replicate. Experimental de-
signs that initially randomize treatments, which are then ro-
tated in some predetermined fashion after each ‘replicate’, 
similarly violate assumptions of  anova . 

 When treatments are re-randomized, a choice is made be-
tween relocating semiochemical treatments (hereafter re-
ferred to as baits) or entire trap-treatment units (hereafter 
referred to as traps and baits) among replicate locations. 
Recently, there has been some debate about the potential for 
trap contamination to occur when baits, and not traps and 
baits, are re-randomized among traps (2003 Southern Forest 
Insect Work Conference, New Orleans, Louisiana, USA  ). 
Semiochemical residues may adhere to the trap, or volatiles 
may impregnate trap materials, both of which could poten-
tially confound results. To reduce potential contamination, 
some authors use new traps and re-randomize trap and bait 
units when conducting trapping bioassays, such as those for 
the western pine beetle,  Dendroctonus brevicomis  LeConte 
(Coleoptera: Scolytidae). 

  Dendroctonus brevicomis  is a major cause of ponderosa 
pine,  Pinus ponderosa  Dougl. ex. Laws., mortality in the 
western U.S.A. Under certain conditions, the beetle can ag-
gressively attack and kill apparently healthy trees of all 
ages and size classes ( Miller & Keen, 1960 ). Female 
 D. brevicomis  produce (+)-exo-brevicomin whereas males 
produce frontalin. Both pheromones elicit an aggregation 
response ( Wood  et al. , 1976; Browne  et al. , 1979 ). Myrcene, 
a host monoterpene of  P. ponderosa , enhances the response 
in both laboratory and field bioassays ( Bedard  et al. , 1969 ). 
The objectives of the present study were: (i) to review and 
determine the frequency of each re-randomization method 
in three journals where relevant bark beetle studies are pub-
lished; (ii) to determine the response of  D. brevicomis  to 
aged attractant-baited traps as a model to estimate the im-
portance of each re-randomization method; and (iii) to esti-
mate the amount of time required to implement each 
method.  

  Materials and methods 

  Literature review 

 A survey was conducted to determine the frequency of papers 
reporting trapping bioassays that investigated the chemical 
ecology of scolytid species in  Agricultural and Forest 
Entomology ,  Environmental Entomology  and  Journal of 
Chemical Ecology , 2000 – 04. The survey was limited to these 
journals and dates to keep the number of papers reviewed 
manageable in number, and to limit descriptions to current 
trends in the literature. For each relevant paper, an attempt was 
made to determine the experimental design and method of re-
randomization when applicable.  

  Trapping experiment 

 A trapping bioassay was conducted at McCloud Flats, 
Shasta-Trinity National Forest, Siskiyou Co., California 
(41.35°N, 121.95°W; 1150 m elevation) during 10 – 21 June 
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2004. The stand was dominated by large diameter  P. ponderosa  
(mean ± SEM d.b.h. = 35.8 ± 3.6 cm) growing on soils of 
volcanic origin. Mean stand density was 31.5 m 2  of basal 
area per ha of which 95.5% was  P. ponderosa  with the re-
mainder represented mainly by incense cedar,  Calocedrus 
decurrens  (Torr.) Florin and white fir,  Abies concolor  (Gond. 
and Glend.) Hildebr. 

 Twelve trap locations, each separated by 25 – 30 m, were se-
lected adjacent to a forest road. Each trap location was ran-
domly assigned one of four treatments: (i) new, previously 
unused, 16-unit multiple-funnel trap ( Lindgren, 1983 ; Phero 
Tech Inc., Delta, British Columbia, Canada); (ii) new, previ-
ously unused, 16-unit multiple-funnel trap aged with one  D. 
brevicomis  bait [Phero Tech Inc.; 3.0 mg/24 h frontalin (ra-
cemic), 3.0 mg/24 h exo-brevicomin (racemic), 18.0 mg/24 h 
myrcene] for 30 days; (iii) new, previously unused, 16-unit 
multiple-funnel trap aged with one  D. brevicomis  bait (re-
placed after 45 days) for 90 days; and (iv) new, previously 
unused, 16-unit multiple-funnel trap baited with one  D. brevi-
comis  bait. Baits were attached to the inside of the eighth fun-
nel with a small binder clip. Traps were aged in direct sunlight 
under field conditions, and then sealed in individual plastic 
bags (113.6 L; Glad Products Company, Oakland, California) 
during transportation to the field. Baits were removed from 
treatments (ii) and (iii) just prior to field deployment. Traps 
were hung on 3-m metal poles with collection cups 80 – 100 
cm above the ground. A 3 × 3-cm time-released insecticidal 
Prozap Pest Strip (2,2-dichlorovinyl dimethyl phosphate; 
Loveland Industries Inc., Greely, Colorado) was placed in the 
collection cup to kill arriving insects and reduce damage or 
loss by invertebrate predators. Samples were collected and 
treatments re-randomized daily between 06.30 and 10.00 h to 
avoid disturbing traps during periods of peak flight activity 
( Fettig  et al. , 2004 ). Catches were immediately transported to 
the laboratory for storage and analysis. Specimens were tal-
lied and identified using available keys ( Wood, 1982 ) and 
voucher specimens. 

 The experimental design was completely randomized with 
four treatments and 33 replicates per treatment. A test of nor-
mality was performed, and appropriate transformations were 
used when the data deviated significantly from a normal dis-
tribution ( Sokal & Rohlf, 1995 ). A two-way  anova  was 
performed on the number of  D. brevicomis  caught per trap 
per day (SigmaStat Version 2.0, SPSS Inc., Chicago, Illinois). 
If a significant treatment effect was detected, Tukey’s multi-
ple comparison test (Tukey’s HSD) was used for separation 
of treatment means.   

  Cost simulations 

 The amount of time required to re-randomize baits alone and 
traps and baits was recorded for 36 traps to which 12 single-
device semiochemical treatments (three replicates each) 
were randomly assigned. Trap locations were spaced 30 m 
apart along a 750-m long transect at McCloud Flats, Shasta-
Trinity National Forest, California. Traps were hung on 3-m 
metal poles with collection cups 80 – 100 cm above the 
ground. The same individual (S.R.M.) conducted each of the 
eight simulations.  

  Results 

  Literature review 

 A total of 19 papers met the criterion of reporting trapping bi-
oassays that investigated the chemical ecology of scolytid spe-
cies (    Table   1).  Environmental Entomology  contained the largest 
number of papers (47%). Sixty-nine percent of studies reported 
use of randomized complete block designs. Completely rand-
omized and Latin square designs were equally represented 
(11%). The majority of papers (47%) reported the use of a 
large number of traps to which treatments were randomly as-
signed once at the beginning of each experiment rather than 
re-randomizing at frequent intervals. In several of these stud-
ies, additional experiments were conducted immediately after 
the initial experiment using the same traps and trapping loca-
tions. It is possible that similar levels of contamination could 
occur during these studies. Several papers (26%) did not ade-
quately describe the experimental design in a manner sufficient 
to allow determination of the method of re-randomization. One 
paper ( Zhang, 2003 ) reported use of an experimental design in 
which treatments were initially randomized and then rotated 
after each ‘replicate’, which violates assumptions of  anova . 
Four papers reported re-randomization on the basis of semio-
chemical treatments, whereas only one study reported the re-
randomization of trap and bait units ( Table   1 ).  

  Trapping experiment 

 A total of 5489  D. brevicomis  were captured in multiple-funnel 
traps over the 11-day period. There was a significant treat-
ment – gender interaction (F 3,256  = 6.92;  P  < 0.0002). A test 
of normality was performed, and square root transformations 
were used because the data deviated significantly from a nor-
mal distribution. A significant treatment effect was observed 
(F 3,256  = 237.84;  P  < 0.0001). Overall, the ratio of males to 
females was 0.52, but this difference was not statistically sig-
nificant ( t  = −1.898. d.f. = 262;  P  = 0.059). Significantly 
more male and female  D. brevicomis  were captured in at-
tractant-baited traps than any other treatment (    Table   2). 

     Table   1     Frequency of experimental designs and randomization 
methods reported in 19 papers in  Agricultural and Forest 
Entomology ,  Environmental Entomology  and  Journal of Chemical 
Ecology  during scolytid trapping bioassays, 2000 – 04     

   Criterion evaluated 
 Number of 
occurrences     

 Experimental designs     
  Completely randomized  2   
  Randomized complete block  13   
  Latin square  2   
  Split plot  1   
  Factorial  1   
 Randomization methodology     
  Fixed replicates, no re-randomization  9   
  Re-randomization, semiochemicals only  4   
  Re-randomization, traps and semiochemicals  1   

  Not reported  5   
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Ninety-eight percent of all captures occurred in these traps. 
Few individuals were collected in traps aged with  D. brevi-
comis  baits. There were no significant differences in trap 
catch among 0, 30 and 90-day treatments ( Table   2 ).  

  Cost simulations 

 There was a substantial difference in the amount of time re-
quired to re-randomize baits vs. trap and bait units (46.3 ± 
2.2 vs. 172.8 ± 2.8 min, respectively). By limiting re-
randomization to baits alone, a 73% reduction in time com-
mitment was observed.   

  Discussion 

 The  D. brevicomis  bait [Phero Tech Inc.; 3.0 mg/24 h fronta-
lin (racemic), 3.0 mg/24 h exo-brevicomin (racemic), 18.0 
mg/24 h myrcene] is effective for capturing large numbers of 
 D. brevicomis  ( Table   2 ), and for initiating  D. brevicomis  at-
tack on apparently healthy  P. ponderosa  ( Haverty  et al. , 
1998 ), and often on trees adjacent to these baited trees (C. J. 
Fettig, personal observation). The original hypothesis was 
that multiple funnel traps containing this potent bait for 
lengthy periods of time (30 and 90 days) would be more at-
tractive to  D. brevicomis  than unbaited traps (0 days). It is 
possible that the plastics from which these traps are con-
structed could become impregnated with bait volatiles, or that 
semiochemicals beading on the external membrane of the as-
sociated release device could come in direct contact with, and 
adhere to, the trap (funnel) wall. Such a phenomenon could 
potentially confound results during trapping bioassays. 

 The data obtained indicate that this phenomenon is of little 
concern, as no difference in trap catches was found among 
multiple-funnel traps that contained  D. brevicomis  baits for 
0, 30 and 90 days before field deployment. Large numbers of 
beetles were captured in attractant-baited traps suggesting 
that sufficient numbers of beetles were in the vicinity of 
these traps to elicit this effect should it occur ( Table   2 ). It is 
concluded that re-randomizing baits alone is a viable option 
to re-randomizing trap and bait units based on the model 
used in the present study. This technique will result in a con-
siderable time and cost savings. Users of other trap forms, 
such as slot traps (Niemeyer, 1985  ), which may be more 
cumbersome than multiple-funnel traps ( McCravy  et al. , 

2000 ), should realize even larger savings in time when re-
randomizing baits only. If studies are conducted over lengthy 
periods of time (i.e. an entire field season), the release rate of 
individual semiochemical components will probably be re-
duced during later replicates and could potentially confound 
results. To eliminate this concern, all semiochemicals should 
be replaced on a regular basis, or when significant amounts 
of liquid have eluted through the membrane. 

 Caution is warranted in that these results may be limited 
to the scolytid and semiochemical blend used in the present 
model. However, the results may have broader implica-
tions for bark beetle trapping studies involving closely-
related species and semiochemicals of a similar structure 
and origin.  
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