
mounting (4). However, I observed 39 
occasions when copulations among ap- 
parently bonded individuals were not 
preceded by head-pumping. In such 
cases, the male grasped the female by 
the nape and simply attempted to mount; 
in 36 of the 39 instances, the female vis- 
ibly struggled, but in no case did she flee. 
Thus, such behavior has some, but not 
all, of the characteristics of rape among 
unpaired individuals. I call this behavior 
"forced pair copulations" (FPC's) after 
Barrett (5), who described the phenome- 
non in captive mallards. It is particularly 
noteworthy that of the 39 FPC's ob- 
served in the present study, 30 occurred 
within 10 minutes of an observed rape at- 
tempt on the female in question. An av- 
erage of .03 rape per female per hour 
equates to one rape per female per 33 
hours. This provides for an average of 
198 10-minute intervals between rapes, 
so that if FPC's were randomly distrib- 
uted during the observation periods, on- 
ly 1 in 198 (.5 percent) would be ex- 
pected to follow within 10 minutes of a 
rape. Instead, 30 of 39 did so (77 per- 
cent). Confidence that the male per- 
forming the FPC was indeed the female's 
mate was provided in each case by some 
combination of at least two of the follow- 
ing: (i) individual recognition-three 
mated pairs were recognizable by feather 
peculiarities; (ii) defense of the female 
during a preceeding rape; (iii) failure of 
the female to avoid the male, both before 
and after the FPC; and (iv) continued 
mutual display between the pair after the 
FPC. 

Althotigh a high proportion of FPC's 
clearly followed rapes, many rapes (.59, 
or .66) were not followed by FPC's. Im- 
portant postcopulatory displays among 
mallards are "bridling" and "nod-swim- 
ming," which have been assumed to sig- 
nal successful copulations (4). Of the 59 
observed rapes not followed by FPC's 
within 10 minutes, I have data on 14; on- 
ly one of these resulted in the post- 
copulatory displays indicative of suc- 
cessful copulation. By contrast, of the 30 
rapes followed by FPC within 10 min- 
utes, I have data on postcopulatory dis- 
plays of 12; of these, five showed evi- 
dence of sperm transfer [x2= 38.45, 
a = .01, P < .001 (one-tailed test)]. 
Hence, FPC's, when they occur. are (i) 
significantly more likely to follow within 
10 minutes of rape and (ii) significantly 
more likely to follow successful rape 
than unsuccessful rape. 
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A lower proportion of FPC's result in 
apparent sperm transfer than do normal 
copulations; of the 39 FPC's observed in 
the present study, only 10 (.26) were fol- 
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lowed by postcopulatory display, as op- 
posed to 144 of 185 normal copulations 
among apparently mated pairs (.78) 
(Fisher's exact probability test, P = 

.052). Given the strong selective 
pressures that have doubtless favored 
the evolution of female insistence upon 
accurate, species-typical male courtship 
(6), the low success rate of FPC's is not 
surprising. Nevertheless, FPC's prob- 
ably represent efforts by the mates of 
just-raped females to make the best of a 
bad situation. Given the usual excess of 
males over females in surface-feeding 
ducks (7) mates of rape victims do not 
have the option of an aggressive re- 
sponse, as reported for mates of seem- 
ingly adulterous mountain bluebirds (8), 
since replacement females are presum- 
ably unavailable. Under this circum- 
stance, optimum male strategy is prob- 
ably to stick with his mate, but also to 
introduce his sperm as quickly as pos- 
sible-hence the forcing of a copulation. 

An evolutionary perspective on be- 
havior suggests that individuals will be- 
have so as to maximize the difference be- 
tween the benefits and costs associated 
with any potential act, with both benefits 
and costs evaluated in units of inclusive 
fitness. Rape of one's mate imposes a po- 
tential cost, in that it increases the likeli- 
hood of another individual's fathering 
her offspring. The responses available to 
a rape victim's mate also carry benefits 
and costs, and the observed pattern sug- 
gests that the mate behaves in accord 
with evolutionary prediction. Thus, ag- 
gressive intervention has the benefit of 
reducing the likelihood of the rape's 
being successful, but at the cost of pos- 
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The Japanese beetle, Popilliajaponica 
Newman (Coleoptera: Scarabaeidae), 
was introduced to North America about 
1916 and has since become well estab- 
lished in the eastern part of the United 
States (1). The adults are devastating 
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sible injury to the male. Accordingly, 
such behavior occurs most often when 
the costs are low (a single rapist rather 
than several) and less often when the 
benefits are low (the female is unlikely to 
have been fertilized as indicated by her 
repulsion behavior). Similarly, forcing a 
copulation with a just-raped female con- 
veys the benefit of introducing his sperm 
as quickly as possible to compete with 
those of the rapist, but at the possible 
cost of weakening the pair bond. Ac- 
cordingly, FPC's occur only when their 
benefit is likely to outweigh their pre- 
sumably high cost. Because of the close 
association of reproductive success with 
fitness, behaviors associated with repro- 
duction should be especially susceptible 
to the action of natural selection. Hence, 
they should be especially amenable to 
sociobiologic analysis (9). The response 
of male mallards to rape of their females 
would appear to be a good example. 
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pests of a variety of trees, ornamentals, 
and cultivated crops, and the larvae at- 
tack the roots of grasses. We report the 
isolation, identification, and synthesis of 
a sex pheromone produced by female 
Japanese beetles. We also report the in- 
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Identification of the Female Japanese Beetle Sex Pheromone: 

Inhibition of Male Response by an Enantiomer 

Abstract. (Z)-5-(l-Decenyl)dihydro-2(3H)-furanone, isolated from virgin female 
Japanese beetles (Popilliajaponica) attracted males of the species infield bioassays. 
However, the synthesized racemic mixture of this compound did not attract male 
Japanese beetles. The Z and E isomers and the saturated analog of both enantio- 
mers of this compound were synthesized stereospecifically. Pure synthetic (R,Z)-5- 
(1-decenyl)dihydro-2(3H)-furanone was competitive with live females and with the 
pheromone isolated from live females in attracting males. Male response was strong- 
ly inhibited by small amounts of the S,Z isomer. Although the E isomer and the 
saturated analog of the pheromone are present in the material obtained from fe- 
males, the role of these compounds in mediating the insect's behavior is unclear. 
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Table 1. Male Japanese beetles captured in 
Ellisco traps baited with mixtures of synthe- 
sized (R,Z)- and (R,E)-5-(l-decenyl)dihydro- 
2(3H)-furanone (Wooster, Ohio; July 1976). 

Ratio* 
R,Z : R,E 

100 : 0 
90:10 
85 :15 
80: 20 

Four females 
Empty trap 

Mean number of 
males capturedt 
(five replicates) 

845 a 
981 a 
825 a 
926 a 
442 b 
26 c 

*The quantity of the R,Z isomer was held constant at 
5 ,tg. tMeans followed by unlike letters differ 
significantly at the 5 percent level of probability 
(Duncan's multiple range test). 

hibition of a behavioral response to a 
pheromone by its enantiomer. 

The synthesized pheromone, (R,Z)-5- 
(l-decenyl)dihydro-2(3H)-furanone (Fig. 
1), was very attractive to male Japanese 
beetles in field tests, but a racemic mix- 
ture of the synthesized Z isomer was in- 
active. Several pheromones that contain 
asymmetric carbons have previously 
been identified, and in most cases in 
which careful studies have been con- 
ducted only one enantiomer elicits a be- 
havioral response (2). On the other hand, 
Borden et al. (2) reported that the 
enantiomers of 6-methyl-5-hepten-2-ol 
were synergistic and both were neces- 
sary to attract Gnathotrichus sulcatus 
LeConte, and Wood et al. (2) reported 
that Dendroctonus brevicomis LeConte 
responded to mixtures containing specif- 
ic enantiomers of exo-brevicomin and 
frontalin. 

In replicated field tests traps baited 
with 5 [kg of the pure synthesized phero- 
mone (the R,Z isomer) captured about 
twice as many males as traps baited with 
four virgin females (3). However, admix- 
ture of as little as 1 percent of the synthe- 
sized S,Z isomer significantly reduced 
the response of males to the R,Z iso- 
mer. Although females contain smaller 
amounts of the E isomer and the saturat- 
ed analog of the pheromone (see below), 
the role of these compounds could not be 
determined in our tests. 

Smith and Hadley (4) first reported 
that large numbers of searching male 
Japanese beetles were attracted to 
emerging females. Later, Ladd (5) dem- 
onstrated that single virgin female 
beetles emitted a volatile sex pheromone 
and that traps baited with virgin females 
captured large numbers of males. We ob- 
tained a benzene solution highly attract- 
ive to males in field bioassays by rinsing 
the glass vessels used to hold virgin fe- 
males (6). The bioassays were conducted 
by pouring 50 to 100 female-day equiva- 
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lents (FD) of the benzene washings into a 
glass petri dish placed on the ground in 
an open field or golf-course fairway (7). 
The number of males responding in 5 
minutes was counted and compared with 
the number responding to three females 
in a small cage placed in the same area 
during the same period. There were at 
least three replicates of each test, and all 
steps in the isolation procedure were 
monitored with this assay. 

The benzene washings were filtered to 
remove solids and concentrated by vacu- 
um distillation (150 mm, 36?C) through a 
10-cm Vigreaux column: The concen- 
trated benzene washing (50 FD) was as 
attractive to males as were three virgin 
females. It was fractionated by gel per- 
meation liquid chromatography (8) with 
hexane as the mobile phase, and the hex- 
ane was removed from the active frac- 
tion by distillation at atmospheric pres- 
sure through a 10-cm Vigreaux column. 
Neither distillate was active. The con- 
centrated liquid chromatographic frac- 
tion was then purified by sequential gas 
chromatography on OV-101, Carbowax 
20M, SP 2300, SP 2340, and finally a sec- 
ond Carbowax 20M column (9). One 
compound was obtained from the final 
Carbowax 20M column that contained all 
the activity of the original flask wash- 
ings; and, as shown by rechromatog- 
raphy on all of the columns, its purity 
was greater than 99 percent. 

The active compound was identified 
by mass, infrared, and nuclear magnetic 
resonance (NMR) spectroscopy and by 
chemical transformations. The methane 
ionization mass spectrum of the phero- 

Table 2. Male Japanese beetles captured in El- 
lisco traps baited with mixtures of synthe- 
sized (R,Z)- and (R,E)-5-(1-decenyl)dihydro- 
2(3H)-furanone and the R-saturated analog 
(Wooster, Ohio; July 1976). 

Ratio* Mean number of 
R,Z : R,E: males capturedt 
R-saturated (seven replicates) 

100: 0: 0 69 bc 
98: 0: 2 90 bc 
96: 0: 4 108 c 
94: 0: 6 57b 
92: 0: 8 90 bc 
90: 0: 10 68 bc 
80: 0: 20 52 b 
85:15: 2 58 b 
85: 15: 4 63 b 
85: 15: 6 53 b 
85: 15: 8 58 b 
85: 15: 10 62b 
0: 0: 100 6a 

Empty trap 3 a 

*The quantity of the R,Z isomer was held constant at 
500 ng. tMeans followed by unlike letters differ 
significantly at the 5 percent level of probability 
(Duncan's multiple range test). 

Table 3. Male Japanese beetles captured in 
traps baited with mixtures of synthesized 
(R,Z)- and (S,Z)-5-(l-decenyl)dihydro-2(3H)- 
furanone (Wooster, Ohio; July 1976). 

Ratio* Mean number of 
R,Z : S,Z males capturedt 

(six replicates) 

100: 0 168 a 
99.5: 0.5 106 ab 

99: 1 91 bc 
98: 2 96 bc 
95 5 52 bcd 
90:10 30 cd 
80:20 9 d 
50: 50 6d 

Empty trap 4 d 

*The quantity of the R,Z enantiomer was held con- 
stant at 5 /,g. tMeans followed by unlike letters 
differ significantly at the 5 percent level of probabili- 
ty (Duncan's multiple range test). 

mone had the following diagnostic 
peaks: (M + 1), 225; (M - 1), 223; 
(M + 29), 253; (M + 41), 265; [(M + 
1) - 18], 207; [(M + 1) - 36], 189; 
[(M + 1) - 60], 165; and a typical 
straight chain, unsaturated hydrocarbon 
series of peak clusters from mle 67 to 
169. The infrared spectrum (10) obtained 
with about 25 /xg of pure pheromone 
showed strong absorptions at 1790 cm-~ 
(C=O) and 1172 cm-' (C-O). The re- 
mainder of the infrared spectrum con- 
sisted of hydrocarbon and olefinic ab- 
sorption bands. A band at 980 cm-' sug- 
gested that a trans olefinic bond might be 
present although it was much weaker 
than would be expected. The evidence 
suggested a y-lactone of a 14-carbon hy- 
droxy acid with one double bond, and 
this was supported by the NMR spec- 
trum (CCL1, internal tetramethylsilane 
standard, 6, ppm): 0.87, triplet, 3H 
[CH3]; 1.27, broad singlet, about 14H 
[-(CH2)7-]; 2.06 to 2.42, broad multiplet, 
4 to 5H [ring protons]; and multiplets at 
5.06, 1H, and 5.46, 1H [olefinic]. 

Microozonolysis (11) of the pure 
pheromone in carbon disulfide at -78?C, 
reductive cleavage of the ozonide with 
triphenylphosphine, and gas chromatog- 
raphy of the product on OV-101 yielded 
one major peak that was identical in re- 
tention time and mass spectrum to no- 
nanal. Thus, the pheromone was tenta- 
tively identified as (Z)- or (E)-5-(1- 
decenyl)dihydro-2(3H)-furanone. 

Racemic (Z)- and (E)-5-(1-decenyl)- 
dihydro-2(3H)-furanone were synthe- 
sized by the addition of the lithium salt of 
1-decyne to methyl 4-oxobutyrate. The 
y-lactone was formed in the course of 
this reaction, and the resulting acetylenic 
lactone was reduced to the olefinic and 
saturated lactones (12). The Z, E, and 
saturated lactones were purified by high- 
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resolution, high-pressure liquid chroma- 
tography on silica with hexane-diethyl 
ether as the mobile phase and by gas 
chromatography on OV-101 and Carbo- 
wax 20M. The resulting synthetic lac- 
tones were more than 99.5 percent pure 
when analyzed on all five gas chromato- 
graphic columns. The synthesized race- 
mic (Z)-5-(1-decenyl)dihydro-2(3H)-fura- 
none had a retention time identical to 
that of the natural pheromone on all five 
gas chromatographic columns, had the 
same mass, NMR, and infrared spectra, 
and gave the same ozonolysis product. 
In addition, the synthesized racemic sat- 
urated lactone was identical in every re- 
spect to another compound obtained 
from females and eluted just prior to the 
pheromone on the SP 2340 column. Simi- 
larly, the synthesized racemic E lactone 
was identical in gas chromatographic re- 
tention times on all five columns, in mass 
spectra, and in the ozonolysis product to 
a third compound from the female Japa- 
nese beetle that eluted just after the 
pheromone on the final Carbowax 20M 
column. The saturated analog and the E 
isomer amounted to about 3 and 15 per- 
cent, respectively, of the Z isomer (the 
pheromone) in the material obtained 
from females. 

Samples containing 5, 50, 500, and 
5000 ng of the pure synthesized racemic 
Z isomer dissolved in 0.25 /ul of hexane 
were subjected to bioassay; all failed to 
attract male beetles to the petri dish. In 
some instances, males appeared to orient 
and fly upwind toward the synthesized 
lactone, but they always stopped 30 cm 
or more from the petri dish. Admixture 
of 10, 13, 15, 17, and 20 percent of the E 
isomer to the Z isomer also failed to pro- 
duce a response equivalent to that elic- 
ited by 10 to 20 ng of the pheromone iso- 
lated from females. However, one to 
three males occasionally moved closer 
and crawled into the petri dishes baited 
with 85:15 or 83:17 mixtures of the Z 
and E isomers. In the same test, four fe- 
males or 100 FD of the pheromone iso- 
lated from females attracted 20 to 40 
males that moved into the petri dish. In a 
similar test, admixture of 3 to 7 percent 
of the saturated lactone to the mixtures 
of Z and E isomers failed to elicit a re- 
sponse from males. 

During these tests, we noted that the 
synthetic racemic olefinic lactones inhib- 
ited the response of males to virgin fe- 
males. Although 5 ng of the Z isomer 
failed to inhibit response, the addition of 
50 to 5000 ng of the Z isomer to a petri 
dish containing a cage of three virgin fe- 
males reduced the response of males to 
females by 80 to 100 percent. The E iso- 
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and appears to have considerable poten- 
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proceed with retention of configuration [C. 
Eguchi and A. Kakuta, Bull. Chem. Soc. Jpn, 
(1974), p. 1704]. The acid chlorides were re- 
duced to the aldehydes in dry toluene at 65? to 
70?C. The amount of E isomer produced in the 
Wittig reaction ranged from 10 percent when a 
mixture of tetrahydrofuran and hexamethyl 
phosphoramide (THF/HMPA) was used as the 
solvent to about 25 percent when a mixture of 
diethyl ether and methylene chloride was used. 
Undiluted THF gave about 15 to 20 percent of E 
isomer; THF/HMPA gave a higher overall yield 
and fewer by-products. 

14. All concentrations given are in grams per 100 ml 
of chloroform. The rotations of the R,Z and S,Z 
enantiomers were measured at concentrations of 
5.0 and 5.1, respectively. The rotations of the 
R,E and S,E enantiomers were [a] 6'c = 
- 31.2? (concentration, 2.237) and [a] 1?C = 
+ 30.2? (concentration, 2.112), respectively. 

The R- and S-5-(l-decyl)dihydro-2(3H)-furanone 
enantiomers gave rotations of [a] 6?'C = - 31.8? 
(concentration, 2.387) and [a] 26?C = + 30.0? 
(concentration, 2.739), respectively. 
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Augmenting Mental Chronometry: The P300 as a 

Measure of Stimulus Evaluation Time 

Abstract. A technique for measuring the latency of the P300 component of event- 
related brain potentials on individual trials is described. Choice reaction times and 
the latency of the P300 were compared under speed-maximizing and under accuracy- 
maximizing instructions. The choice stimuli required different levels of semantic cat- 
egorization. The data support the proposition that the latency of P300 corresponds to 
stimulus evaluation time and is independent of response selection. 
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In his 1938 survey of experimental 
psychology, Woodworth (1) ventured 
the hope that "brain waves" might be 
used in the timing of mental events: "the 
'speed of thought' we say; but as soon as 
we set about measuring the time occu- 
pied by a thought we find that the begin- 
ning and end of any measurable time 
must be external events. We may in the 
future use 'brain waves' as indicators of 
the beginning and end of a mental pro- 
cess . . . but in general it has seemed 
necessary to let the timed process start 
with a sensory stimulus and terminate 
with a muscular response." In the dec- 
ades that followed, it became clear that 
while the electroencephalogram (EEG) 
can be a useful index of neural pathol- 
ogy and global changes in a subject's 
state, it cannot support studies of the 
timing of specific mental events; the sug- 
gestion that brain waves may play such a 
role is absent from the second edition of 
Woodworth's book (2). 

Yet, the need for an index of the tim- 
ing of mental processes, independent of 
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response selection and execution time, is 
as acute now as in the earliest days of 
mental chronometry (1). Much of con- 
temporary cognitive psychology (3) is 
concerned with the analysis of mental 
events into their presumed stages. The 
traditional approach to this problem us- 
ing reaction time (RT) could be com- 
plemented by a measure of stimulus 
processing that is independent of overt 
motor responses. In this report we pre- 
sent evidence that the P300 component 
of the human event-related brain poten- 
tial (ERP) can serve as such an index for 
measuring stimulus evaluation time. 

The P300 is elicited by a class of task- 
relevant events (4, 5). Its amplitude has 
been shown to be directly proportional 
to the "surprise value" (the reciprocal of 
expectancy) of a stimulus (6). However, 
before a stimulus can surprise it must be 
identified. As P300 commonly appears 
as a discriminative response to specific 
stimuli within a series, its elicitation 
must be preceded by an adequate evalua- 
tion of the stimulus at some level of pro- 

SCIENCE, VOL. 197 

response selection and execution time, is 
as acute now as in the earliest days of 
mental chronometry (1). Much of con- 
temporary cognitive psychology (3) is 
concerned with the analysis of mental 
events into their presumed stages. The 
traditional approach to this problem us- 
ing reaction time (RT) could be com- 
plemented by a measure of stimulus 
processing that is independent of overt 
motor responses. In this report we pre- 
sent evidence that the P300 component 
of the human event-related brain poten- 
tial (ERP) can serve as such an index for 
measuring stimulus evaluation time. 

The P300 is elicited by a class of task- 
relevant events (4, 5). Its amplitude has 
been shown to be directly proportional 
to the "surprise value" (the reciprocal of 
expectancy) of a stimulus (6). However, 
before a stimulus can surprise it must be 
identified. As P300 commonly appears 
as a discriminative response to specific 
stimuli within a series, its elicitation 
must be preceded by an adequate evalua- 
tion of the stimulus at some level of pro- 

SCIENCE, VOL. 197 


	Cit r332_c529: 


