
(i) Unit responses to electromagnetic 
FCU stretch closely resembled in form 
and latency their responses to extension 
displacement, which also stretched 
FCU. (ii) Studies in awake relaxed ani- 
mals indicate that few units in area 4 re- 
spond to stimulation similar to that deliv- 
ered to other tissues by FCU movement 
(6, 7). 

The data are in accord with results in 
acute anesthetized preparations (8, 9) 
and awake relaxed animals (6) indicating 
that short-latency responses to muscle 
stretch occur in primary motor as well 
as primary sensory cortex. The pre- 
dominance of phasic responses and 
the small magnitude of FCU stretch 
(< 75 ,/m in the cadaver) suggest that 
group IA muscle afferents play a signifi- 
cant role. The large number of units giv- 
ing both ON and OFF responses, also 
noted by Hore et al. (9), is in contrast to 
the behavior of the peripheral stretch re- 
ceptors (10). 

The most striking aspect of the data is 
the high proportion, in all three cortical 
areas, of displacement-responsive units 
that also responded strongly to FCU 
stretch. This result is particularly im- 
pressive since FCU is only one of 11 
muscles (six flexors and five extensors) 
involved in wrist flexion and extension 
(11), and the FCU stretch by the slug 
(< 75 /im in the cadaver) was less than 
that by the extension displacement (100 
to 200 ,bm). Combined with the similarity 
in latency and form between FCU 
stretch responses and extension dis- 
placement responses, the result implies 
that muscle stretch is a major factor in 
the short-latency response of area-4 
units to limb displacement and suggests 
that such stimulation has a prominent 
role in motor control at the cortical level. 
At the same time, the high intensity of 
the cortical unit response to the stretch 
of a single flexor muscle implies that the 
motor cortex response is not proportion- 
al to the number of receptors stimulated. 
Thus the data do not support the hypoth- 
esis of a graded transcortical servo loop 
(12), unless one or more additional as- 
sumptions are made. One possibility is 
that the inputs from synergist muscles 
act in parallel, so that the stretch of any 
one is equivalent on the cortical level to 
the stretch of all. Another possibility, 
supported by units such as the one in 
Fig. 2C, is that movement of joints and 
other tissues, which was marked with 
the displacements, can inhibit the corti- 
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To Know with the Nose: Keys to Odor Identification 

Abstract. Successful odor identification depends on (i) commonly encountered 
substances, (ii) a long-standing connection between an odor and its name, and (iii) 
aid in recalling the name. The absence of any one ingredient impairs performance 
dramatically, but the presence of all three permits ready identification of scores of 
substances, with performance seemingly limited only by the inherent confusability of 
the stimuli. 
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How many common substances can a 
person identify by smell? Estimates have 
varied from about 6 to 22 when subjects 
have had a single chance to identify each 
substance (1-5). For instance, 200 per- 
sons (physicians, nurses, medical stu- 
dents, and patients with normal olfac- 
tion) could identify an average of only 6 
out of 12 odorants (1). The odorants in- 
cluded nine commonly recommended for 
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Fig. 1. (A) Percent correct and number cor- 
rect when subjects sought to identify 80 sub- 
stances with labels generated during previous 
inspection. Bars represent standard errors of 
the mean. (B) Similar to (A), except that the 
subjects had the option to change labels 
throughout testing. 
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neurological testing. For other sense mo- 
dalities, the inherent confusability of 
stimuli seems to limit identification (6). 
The estimates for smell generally fall so 
low, however, as to suggest that factors 
other than inherent confusability limit 
identification. The four experiments re- 
ported here imply that sluggish acquisi- 
tion and retrieval of odor names impede 
identification but that under the right cir- 
cumstances confusability alone may set 
the upper limit. In the remarkably varied 
realm of odor quality, confusability 
poses only a minor limitation; when only 
this factor operates, persons can identify 
many odoriferous substances. 

In experiment 1, 12 women, blind- 
folded, sought to identify 80 commonly 
encountered, "ecologically valid" sub- 
stances presented in irregular order from 
jars (7). Upon presentation of a sub- 
stance, the subject first rated familiarity 
on a seven-point scale and then sought to 
name the substance. Average perform- 
ance equaled 36 (range, 25 to 43). Mo- 
ments after initial identification, the sub- 
ject sought to "identify" the various 
substances again, but, on this occasion, 
sought to use only labels generated dur- 
ing the first exposure. Hence, in addition 
to asking how many substances a subject 
could identify veridically, the experi- 
ment looked at how consistently the sub- 
ject could use her own labels, veridical 
or nonveridical. When incorrect on the 
second exposure, the subject received 
feedback regarding her previously gener- 
ated label. 
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Fig. 2. (A) Open circles depict 
the data in Fig. 1A analyzed 
by quality of label (20). Closed 
circles depict how well sub- 
jects could identify all 80 sub- 
stances when the experiment- 
er disclosed the veridical la- 
bels. (B) Open circles depict 
the data in Fig. 1B analyzed by 
quality of label. Closed circles 
as in (A). 
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Each subject returned for four sub- 
sequent tests separated by about 2 to 3 
days. On these occasions, she sought to 
identify the substances again with the la- 
bels generated previously and received 
"eedback as before. This experiment 
jhares features of a study by Engen and 
Pfaffmann, who also required subjects to 
identify odorants with previously gener- 
ated labels (8). The present study dif- 
fered, however, in its use of only fre- 
quently encountered substances with 
widely known names (such as chocolate, 
cinnamon, and peanut butter), rather 
than a combination of some such sub- 
stances and some infrequently encoun- 
tered ones without widely known names 
(such as pyridine, butanol, and acetone). 
In the earlier study, subjects could iden- 
tify, after much practice and feedback, 
17 substances. 

When the subjects studied here sought 
to identify the substances shortly after 
initial inspection, performance equaled 
60 percent (48.3 of 80) and climbed grad- 
ually to 77 percent (61.5 of 80) by the fi- 
nal session (Fig. 1). Presumably, such 
excellent ability to apply previously gen- 
erated labels after only limited practice 
arose from the use of nameable, ecologi- 
cally valid substances. The outcome ac- 
tually surprises, however, in view of the 
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Fig. 3. (A) Effect of changing 
tI--- .the label on the number in 

each qualitative category dur- 
ing the period ranging from in- 
spection (I) to the final test. 
Only changes made through 
session 4 could have any bear- 
ing on identification, since 
switches of label in that ses- 
sion became the correct re- 

s J 5s sponse for session 5. (B) Num- 
~ ber of correct identifications, 

broken down by quality of la- 
, _ 1 bel, for subjects permitted to 

3 4 5 change labels (closed circles) 
and subjects required to use 
fixed labels (open circles). 

many imprecise or incorrect labels gen- 
erated during inspection. Although sub- 
jects who emitted a relatively high num- 
ber of veridical labels performed better 
throughout testing (r = .89), all subjects 
emitted many seemingly poor labels. 
This prompted the question, Did the 
quality of the label signal subsequent 
identifiability? 

Two types of nonveridical labels 
seemed evident: (i) near misses (22 per- 
cent of initial labels), which comprised 
names of substances similar to and possi- 
bly confusable with test substances (for 
example, nutmeg for cloves, disinfectant 
for bleach) and (ii) far misses (33 per- 
cent), which generally included generic 
names (for example, fruit for orange) and 
specific but clearly incorrect names 
(cheese for machine oil), plus a few 
vague associations (Jimmy Carter for 
soy sauce) (9). Near misses, unlike far 
misses, had the earmarks of serviceable 
labels. A breakdown of performance by 
type of label substantiates this impres- 
sion (Fig. 2). 

Subjects rarely failed to identify sub- 
stances to which they had assigned ve- 
ridical labels. By comparison, most sub- 
jects infrequently identified substances 
which they had labeled with far misses, 
though a few subjects violated this rule 

consistently. These few, who were over- 
all highly accurate, seemed able to use 
almost any label effectively no matter 
how worthless on the surface. 

Substances judged high in familiarity 
during inspection generally received ve- 
ridical labels, but some such familiar 
substances received near or far misses. 
The average rating for substances in the 
first category (veridical) equaled 6.0, 
whereas the ratings for those in the sec- 
ond and third categories equaled 5.1 and 
3.5, respectively. Familiarity therefore 
influences degree of veridical identifica- 
tion, even among these substances cho- 
sen specifically for their common occur- 
rence. But, familiarity hardly determines 
veridical identification; more than one- 
third of the ratings for substances labeled 
with far misses equaled the high values 
of 5, 6, or 7 (10). Often in the course of 
inspection, as in the everyday lives of 
most persons, a subject claimed to have 
the veridical name of some admittedly 
familiar substance on the tip of her 
tongue but could not emit the name (11). 

Performance with near misses and far 
misses improved markedly over the five 
sessions. Does this mean that persons 
can readily learn to use an imperfect la- 
bel more effectively? A second experi- 
ment offered evidence that an imperfect 
label may increase readily in usefulness 
only if accompanied by a covert verbal 
mediator of higher quality than the overt 
label. Another 12 women followed the 
same procedure as the previous group, 
but had the option to change labels. A 
subject could switch a label on any trial, 
but only after she had sought to identify 
the substance with its previous tag (and 
hence could be scored correct or incor- 
rect) and only before she received feed- 
back. The major question of interest: 
Would these subjects show progressive 
enhancement in the use of nonveridical 
labels or would they confine any prog- 
ress to the use of better labels? 

Subjects exercised the option to 
change labels 226 times. More than half 
the changes, 129, represented cate- 
gorical improvements (for example, far 
miss converted to veridical), whereas 
only 30 represented categorical deterio- 
rations. From the initial inspection to the 
final session, the number of veridical la- 
bels grew from 49 to 59 percent (Fig. 3). 
Hence, subjects frequently realized the 
exact identity spontaneously. Near 
misses fell from 23 to 20 percent, and far 
misses fell from 28 to 21 percent. Despite 
this net increase in the quality of the la- 
bels, overall performance was almost 
identical to that of subjects who used 
fixed labels (Fig. 1). Even a breakdown 
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of percentage correct by type of label 
would imply substantial agreement be- 
tween the two groups (Fig. 2) (12). Nev- 
ertheless, a breakdown of number 
(rather than percentage) correct by label 
reveals that subjects permitted to switch 
labels made only trivial session-by-ses- 
sion increments in the number of sub- 
stances identified with nonveridical la- 
bels (Fig. 3). Instead, they exhibited 
large increments in the number identified 
with veridical labels, as the pool of sub- 
stances so labeled grew. Furthermore, 
the rate at which these subjects dis- 
carded nonveridical labels fell only 
slightly below the rate at which subjects 
in the other group seemingly "learned" 
to use such labels more effectively. 
These results imply that subjects re- 
quired to use fixed labels commonly gen- 
erated better labels covertly and used 
them as mediational links between the 
odor and the poorer fixed label. Indeed, 
subjects admitted this strategy freely. 
The strategy hardly surprises, but its ap- 
parent success, judged by the nearly 
identical overall performance of the 
fixed-label and changeable-label groups, 
points up the relative ease with which 
persons can form verbal-verbal links in 
contrast to olfactory-verbal links (13). 

Imperfect identification during initial 
inspection could indicate in part merely 
poor learned associations between some 
odors and their names. It could also in- 
dicate more-or-less temporary inaccessi- 
bility of well-learned responses to odors. 
Evidence compatible with the second 
possibility (failure of retrieval) includes 
(i) spontaneous emission of better labels 
even when given corrective feedback re- 
garding the label generated during in- 
spection and (ii) an abrupt jump in per- 
formance with categorical improvements 
in labels. For instance, the probability of 
a correct response increased ninefold 
from the trial just before to the trial just 
after a switch from a far miss to a verid- 
ical label (14). The first two experiments 
revealed that such abrupt jumps do not 
characterize the mere strengthening of 
learned associations. 

Insofar as inaccessibility of labels lim- 
its identification, then subjects should 
subsequently perform exceptionally well 
if, during inspection, they are merely 
prompted with (that is, informed of) the 
veridical labels. Under those circum- 
stances, the percentage correct for all 80 
substances should roughly match that 
registered for substances labeled veridi- 
cally by the subjects themselves. Insofar 
as poorly learned associations between 
odors and names limit identification, 
subjects should show only a modest gain 
2 FEBRUARY 1979 

if informed of veridical labels during in- 
spection and then given reinforcement 
(feedback) with the names during test- 
ing. 

Another 12 women followed the pro- 
cedure used previously, except that the 
experimenter named each substance dur- 
ing inspection and gave feedback with 
that name during testing. Performance 
on the first test after inspection equaled 
78 percent (62.4 out of 80) and grew to 
93.6 percent (74.9 out of 80) by session 5 
(Fig. 2) (15). Such excellent performance 
supports the conclusion that blockage of 
retrieval limits performance when sub- 
jects must generate their own labels. On 
the assumption that subjects reinforced 
with veridical labels had long overcome 
any difficulties with retrieval by session 
5, it seems reasonable to ask, Why did 
performance still fall below perfection? 
The answer seems to lie with inherent 
confusability, the most common limiting 
factor for the identification of stimuli 
outside the olfactory domain. In experi- 
ment 4, ten women discriminated among 
the substances by means of a reverse 
multiple-choice procedure. Each subject 
served twice, receiving no trial-by-trial 
feedback. On each of the 80 trials in a 
session, the experimenter first named a 
substance and then allowed the subject 
to smell three substances, including the 
correct one. Under these circumstances, 
which included appropriate randomiza- 
tion of all relevant factors, the subjects 
exhibited 94 percent discrimination in 
the first session and 95 percent discrimi- 
nation in the second (both estimates cor- 
rected for guessing). Hence, at least a 
small fraction of the errors of identifica- 
tion seem attributable to failures of dis- 
crimination. In fact, the previous finding 
that once relieved of the burden of re- 
trieval subjects reached a plateau at 
about 94 percent suggests that inherent 
confusability alone may have prevented 
perfect identification. 

Hence, at least three factors impede 
odor identification: (i) sluggish formation 
of associations between odors and 
names, (ii) failure to retrieve the name in 
spite of a well-formed association, and 
(iii) inherent confusability of the stimuli. 
If tested with uncommon stimuli, such as 
laboratory chemicals, subjects will per- 
form poorly because they possess nei- 
ther associations between the odors and 
names nor the ability to develop them 
quickly (16). If tested with common stim- 
uli, but required to name them initially 
with unaided recall, subjects will per- 
form moderately well and will progress 
as better names come to mind. If tested 
with common stimuli and aided in recall, 

subjects will perform about as well as in- 
herent confusability will allow. Knowl- 
edge of these factors can eliminate the 
notorious ambiguity in the norm for ade- 
quate performance in the standard neu- 
rological test of odor identification (17). 
When tested with 11 or 12 distinctive 
stimuli from the current set and aided in 
recall, persons with normal olfaction ap- 
proximated or achieved perfect perform- 
ance immediately and persons without 
olfaction scored zero (18). 

For certain experts (perfumers, flavor 
chemists, food technologists, wine tast- 
ers), the pool of "common" odorants far 
exceeds that of the layperson. It there- 
fore seems likely that these experts, who 
must frequently verbalize their olfactory 
experiences, would perform exceptional- 
ly well (19). Nevertheless, even the lay- 
persons studied here generally felt that, 
if given aid in recall, they could have 
gone on to identify well over 100 sub- 
stances (some said hundreds). This claim 
seems credible on the ground that the set 
of 80 stimuli included only a fraction of 
those odoriferous substances that most 
persons have smelled frequently and 
have slowly, but steadily, come to 
"know" with their noses. 

WILLIAM S. CAIN 
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Regularity, Randomness, and Aggregation Regularity, Randomness, and Aggregation 
in Flowering Phenologies 

Stiles (1) presented the results of a 4- 
year study on the flowering times of 11 
hummingbird-pollinated plants in a 
Costa Rican rain forest. Stiles was pri- 
marily concerned with testing the hy- 
pothesis that "a system of compensating 
phenological responses of different spe- 
cies to unusual rainfall conditions may 
play a major role in maintaining an order- 
ly, staggered sequence of flowering 
peaks among the hummingbird-polli- 
nated plants." The basis of this hypothe- 
sis was the belief that natural selection 
should produce a regular sequence of 
flowering times, in order to minimize 
competition between plant species for 
pollinating hummingbirds or to minimize 
interspecific hybridization. Stiles con- 
cluded that "The phenological data . . . 
show that a regular sequence of flower- 
ing peaks was nearly always maintained 
. . . only during late November to early 

in Flowering Phenologies 

Stiles (1) presented the results of a 4- 
year study on the flowering times of 11 
hummingbird-pollinated plants in a 
Costa Rican rain forest. Stiles was pri- 
marily concerned with testing the hy- 
pothesis that "a system of compensating 
phenological responses of different spe- 
cies to unusual rainfall conditions may 
play a major role in maintaining an order- 
ly, staggered sequence of flowering 
peaks among the hummingbird-polli- 
nated plants." The basis of this hypothe- 
sis was the belief that natural selection 
should produce a regular sequence of 
flowering times, in order to minimize 
competition between plant species for 
pollinating hummingbirds or to minimize 
interspecific hybridization. Stiles con- 
cluded that "The phenological data . . . 
show that a regular sequence of flower- 
ing peaks was nearly always maintained 
. . . only during late November to early 

December was no hermit food plant ever 
at peak bloom...." 

The crux of Stiles' argument lies in 
demonstrating that the flowering times 
shown in his figure 1 are indeed regularly 
spaced. Stiles' conclusion that the pat- 
tern is regular within any one year is ap- 
parently based on a subjective examina- 
tion of his data. One of us (B.J.R.) was 
faced with a similar situation in a study 
of flowering times in shrub communities. 
The flowering times observed in this 
study appeared regularly spaced, but un- 
fortunately so did phenologies produced 
by assigning to each species a flowering 
time at random within the growing sea- 
son. A subjective examination of the 
data was not sufficient to determine 
whether or not flowering times were, in- 
deed, regularly, rather than randomly, 
spaced or even aggregated. Therefore, 
several statistical tests were developed 

December was no hermit food plant ever 
at peak bloom...." 

The crux of Stiles' argument lies in 
demonstrating that the flowering times 
shown in his figure 1 are indeed regularly 
spaced. Stiles' conclusion that the pat- 
tern is regular within any one year is ap- 
parently based on a subjective examina- 
tion of his data. One of us (B.J.R.) was 
faced with a similar situation in a study 
of flowering times in shrub communities. 
The flowering times observed in this 
study appeared regularly spaced, but un- 
fortunately so did phenologies produced 
by assigning to each species a flowering 
time at random within the growing sea- 
son. A subjective examination of the 
data was not sufficient to determine 
whether or not flowering times were, in- 
deed, regularly, rather than randomly, 
spaced or even aggregated. Therefore, 
several statistical tests were developed 

0036-8075/79/0202-0470$00.50/0 Copyright ? 1979 AAAS 0036-8075/79/0202-0470$00.50/0 Copyright ? 1979 AAAS 

to test the regularity hypothesis (2). One 
of these tests is applied below to Stiles' 
data. It shows that his sequences of flow- 
ering times in each of the 4 years are not 
regular as he concludes, but instead they 
tend to be aggregated in the drier parts of 
the year. 

The null hypothesis is that the peak 
flowering date of each of the k species is 
independently and randomly assigned a 
position along an axis representing the 
growing season from a rectangular (uni- 
form) probability distribution. The 
length of the growing season is then nor- 
malized to one for computational sim- 
plicity (each peak flowering date is di- 
vided by the length of the growing sea- 
son). These randomly assigned flowering 
peaks x,, x2, ... xk are then ordered 
from earliest to latest, designated as the 
order statistics of the sample yi, Y2, . . 
Yk where y, is the earliest flowering spe- 
cies and Yk the last flowering species. 
The interval yi + 1- yi is then the dis- 
tance in time between the peak flowering 
dates of any two adjacent flowering spe- 
cies. The null hypothesis is equivalent to 
the procedure of assigning to each of the 
k species a peak flowering date at ran- 
dom from a table of random numbers, or- 
dering the random numbers from first to 
last, and then normalizing everything to 
one. Given the null hypothesis, the sta- 
tistical properties of yi + - yi can be de- 
rived (2). In particular, the mean of 
Yi + - Yi is 1/(k + 1), and the variance 
is k/[(k + 1)2(k + 2)]. 

Consider the sample statistic P. 
k 

E {yi+ - yi - [1/(k + 1)]}2 

~~kP= k+l 

which is the sample variance of the dis- 
tances between peak flowering dates be- 
tween adjacent species, including the 
distance between the beginning of the 
growing season and the peak flowering 
date of the first species to flower and be- 
tween the last peak flowering date and 
the end of the growing season. The ex- 
pected value of P under the null hypothe- 
sis of randomly assigned peak flowering 
dates is (2) 
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If peak flowering times tend to be regu- 
larly distributed through the growing 
season, the sample variance P should be 
less than that expected from Eq. 1 (with 
0.0 as a lower limit for perfect regular- 
ity); at the same time, if peak flowering 
dates are aggregated, the sample vari- 
ance will exceed its expected value un- 
der the null hypothesis. The ratio P/E(P) 
is, therefore, a measure of regularity or 
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