food-induced stress (and eventually starva-
tion) will operate more heavily on birds out
of phase of synchrony with their fellow col-
ony members, and specifically on those
that are late nesters (8). To examine this
we analyzed nestling growth and mortality
as a function of the temporal position of
each nest with respect to the peak date of
synchrony for each colony. Two possible
indicators of food stress were examined: (i)
partial brood reduction and (ii) runt indi-
viduals. (i) Avian ecologists frequently dis-
tinguish between two broad categories of
nestling mortality. Predation generally
claims an entire brood since most preda-
tors, once having gained access to a nest
chamber, remove all young. Losses of one
or two individuals from a brood are usu-
ally the result of other causes, including
disease, accidental death, and, most fre-
quently, starvation (9). We regarded par-
tial brood losses of swallows as a probable
indicator of food stress. (ii) Bank swallows
begin incubation with the laying of the next
to last egg, with the result that the clutch
hatches asynchronously over a period of 2
or 3 days. If food for the young is abun-
dant, the growth curves converge and sib-
lings become indistinguishable. If food is
not abundant, the size differential present
at hatching of the last egg can continue or
increase. Any individual nestling that was
significantly retarded in its development
relative to its brood mates was designated
a “runt” (/0). Runts are usually the indi-
viduals that will starve if the food shortage

function of local ecological factors. The
most important factors should be the dis-
tribution and predictability of the food
supply, the types and abundance of poten-
tial nest predators, and the degree of diffi-
culty in predicting optimal times for breed-
ing.

For bank swallows nesting in upstate
New York, we propose that the benefits de-
rived from social foraging, coupled with
the tendency to leave the nesting colony as
soon as the young have fledged, produces
one strong selective advantage for precise,
within-colony synchronization of breeding
behavior (11).

STEPHEN T. EMLEN
NATALIE J. DEMONG
Section of Neurobiology and Behavior,
Division of Biological Sciences, Cornell
University, Ithaca, New York 14853
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Memory Retrieval from Long and Short Lists

is severe enough. Even if they do fledge,
their postfledging survivorship can be ex-
pected to be considerably lower than that

Abstract. Reaction time in Sternberg’s memory retrieval task with both short and long
lists is a bilinear function of list length, changing slope at the limits of memory span. Sep-
arate long-term and short-term retrieval processes are implied. An alternative one-pro-

of their brood mates. We therefore inter-
preted the presence of runts just prior to
fledging as further evidence of an increased
food stress on those nests.

Figure 2A shows the precision of within-
colony synchronization, Fig. 2B shows the
occurrence of runt individuals, and Fig. 2C
shows partial brood losses, each plotted
relative to the peak dates of colony syn-
chronization. The data support our hy-
pothesis since retarded individuals and
probable starvation losses both occur
much more frequently among late nesters
than among any other category.

Several other hypotheses (including
predator swamping, increased alertness
and predator defense, and pooling of “de-
cision-making” information concerning
environmental stimuli) could be advanced
to explain the increase in reproductive suc-
cess that we found in highly synchronized
colonies. The effects of most of these hy-
potheses are additive and their relative im-
portance in promoting synchronized
breeding should be expected to vary in dif-
ferent species and in different localities as a
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cess model expressed by a logarithmic function is also considered.

When. human subjects must decide
whether a stimulus item was present in a
short list of memory items, mean reaction
time (RT) for the decision is usually a lin-
ear function of the number of memory
items (/, 2). Sternberg (/) proposed that
the linear function reflects a serial span of
memory in which a representation of the
stimulus item is compared with representa-
tions of each memory item.

Most memory scan experiments have
used memory lists short enough to fall
within the limits of the span of immediate
memory (the number of items that can be
recalled without error) (3). The limits of
immediate memory span are often thought
to represent a division between short-term
and long-term memory. Because short-
term and long-term memory may involve
different retrieval processes (4), a complete
theory of memory retrieval must include
an understanding of retrieval from long-
term memory and the relation between
long- and short-term retrieval.

To determine whether the scan model
applies when information resides in long-
term memory, we tested lists that exceed-
ed the span of immediate memory and
compared performance on these lists with
performance on subspan lists. The memory
lists were composed of two-syllable, com-
mon English words. Subjects memorized
lists of 2, 4, 6, 8, 10, 12, 16, or 20 words to a
criterion of two consecutive perfect recalls
of the list members, in any order. Memo-
rization of a list was followed by a series of
trials in which a single test word was
presented verbally and the subject decided
whether the test word was in the list, push-
ing one of two buttons to indicate his deci-
sion. In experiment 1 we presented each
word in any list once, along with an equiva-
lent number of words not on the list (nega-
tive tests) (5). We presented the test words
in a random sequence, which was preceded
by one dummy negative test and followed
by two dummy tests which were positive or
negative with equal probability. This type

1031



1100

1100
1050} 1050
RT =800 +13 M
1000+ 1000} RT = 489 +132 log, M
950+ 950+ o
o 900r Py 900k
3 [e]
£ 850} RT=505+57M 850}
— RT=689+I13M o
& goo} ° 800F RT - 485 + 102 log, M
5
= 7501 750}
700- oo Experiment 1 200k o—e Experiment 1
o—o Experiment 2 o—o Experiment 2
6501 6501
RT=525+37 M S
600} 600
j It 1 1 1 I L 1 1 1 L O‘l 1 1 L 1 L 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 0 2 a 8 10 12 14 16 18 20

Memory list, M (words)

Memory list, M (words)

Fig. 1 (left). Mean reaction time as a function of memory list length (positive and negative responses combined). Straight lines represent upper and lower

limbs of the best-fitting bilinear functions.

of test sequence eliminates repetition of
test items. Repetitions are known to affect
RT’s in the memory span paradigm (6),
and number of repetitions is confounded
with list length in many experiments using
fixed memory lists. After a list was tested,
it was discarded and a new list was memo-
rized and tested. No two lists had any com-
mon members. We tested each subject on
enough different lists of each length to
have at least 136 trials at each length. The
subjects were five undergraduates obtained
from the University of Toronto employ-
ment service and paid $2 per hour for par-
ticipation. The same five subjects served in
both experiments. In experiment 2, the
same list lengths were used, but there was
only one list of each length per subject.
Memorization of each list was followed by
a random sequence of 40 positive and 40
negative tests. Negative test items were not
repeated, but each list item was used as a
positive test more than once.

Figure 1 shows mean RT for correct re-
sponses as a function of list length in each
experiment. Because plots of RT versus list
length were parallel for positive and nega-
tive responses, the data for the two types of
responses were combined. Error rates were
low: 2.7 percent of all responses in experi-
ment | and 1.6 percent in experiment 2.
Logarithmic, exponential, linear, and bilin-
ear functions were fitted to the mean RT’s
across subjects by the method of least
squares (7). A bilinear function provided
the best fit, with root-mean-square devia-
tions (RMSD’s) of 7 and 13 msec for ex-
periments 1 and 2, respectively (8). The
points at which the best bilinear function
changed slope corresponded to a list length
of 6.71 words for experiment 1 and 6.83
words for experiment 2. For each experi-
ment, the portion of the bilinear function
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for shorter lists had a steeper slope than
the portion for longer lists [F (1 and 4 de-
grees of freedom) = 165.86, P < .01 for
experiment 1, and F (1,4) = 12.15, P < .05
for experiment 2]. The slopes for shorter
lists were different in the two experiments
[F (1, 2) = 39.99, P < .05], but the slopes
for longer lists did not differ [F (1, 6) < 1].
The intercepts for the lower limbs of the
two bilinear functions were not signifi-
cantly different [z (2) = 2.42] (9).

The bilinear fit suggests that when mem-
ory information exceeds short-term span,
the retrieval process is different from that
used for subspan lists. The inference of
dual processes is further supported by the
result that the factor of experiment seems
to affect the retrieval process for short lists
but not the process for long lists. Both the
breakpoint in the crossover to the long-list
portion of the function and the slope of the
long-list. portion are virtually identical in
the two experiments. Only the slope of the
short-list portion of the function changes
across experiments. The selective nature of
this effect argues for a dual process model.
Other evidence also suggests that retrieval
from long and short lists involves different
mechanisms (/0). One possible explanation
is that long-term retrieval is sometimes
achieved by an accessing mechanism not
sensitive to memory list length, but that the
same span as that used with short lists is
required if this mechanism does not provide
enough information for a decision (/7).
The reduced slope reflects an averaging of
the effects of list length-dependent and list
length-independent processes. However,
such a mixed model makes the invariance
of the long-list parameters in the two ex-
periments puzzling. A second possibility is
that both short-term and long-term mem-
ory involve the span of the contents of

Fig. 2 (right). Mean reaction time as a function of memory list length with best-fitting logarithmic functions.

memory, but that the scanning rate in-
creases after six or seven items have been
scanned.

As shown in Fig. 2, a logarithmic func-
tion describes the data well (although not
as well as the bilinear function), with
RMSD’s of 12 and 21 msec for experi-
ments 1 and 2, respectively (/2). Logarith-
mic functions can be explained by the
following type of processing model: The
memory items are organized in a way that
makes it possible to determine whether the
test item was one of the memory items
through an efficient classification process.
This process consists of a series of deci-
sions, each of which eliminates from fur-
ther consideration a constant proportion of
the remaining memory items. The process
continues until all memory items but one
have been eliminated. If this last item
matches the test item, a positive response
is initiated; otherwise a negative response
is initiated. The total number of decisions
required before a response can be made is
a logarithmic function of the number of
memory items, and RT could then be ex-
pected to increase logarithmically with
memory list length (/3).
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Focal Attention in the Frog: Behavioral and

Physiological Correlates

Abstract. The prey-catching response of frogs toward small moving objects can be fa-
cilitated by small movements of the same stimulus a few seconds earlier, even though ini-
tial movements seldom trigger the feeding response. This focal attention phenomenon
may be related to the observation that one class of tectal unit continues to discharge for a
few seconds following a brief stimulus motion. Together with anatomical data of other in-
vestigators, results of the present study suggest that self-exciting neural loops within the
tectum mediate this type of selective attention.

Although the long-standing interest of
psychologists in phenomena of selective at-
tention has produced, within the last dec-
ade, many new experimental paradigms
for human and animal subjects, neuro-
physiological studies have provided few in-
sights into the underlying mechanisms of
those neural filters responsible for selective
attention. Among vertebrates, studies of
the optic tectum have provided one model
of habituation. For example, Lettvin et al.
(1) first noticed that many neurons within
the frog tectum habituated rapidly to re-
peated movements of small buglike ob-
jects. Such data seem to correlate well with
the locus-specific habituation of feeding
behavior by frogs and toads during re-
peated movements of actual prey objects
(2. 3). In these species, habituation seems
to depend upon extrinsic inhibition of tec-
tal neurons, since appropriate thalamic le-
sions abolish habituation effects both in
overt prey-catching (4) and among single
tectal neurons (5). Habituation effects are
prominent in many neurons within the
tecta of mammalian species as well (6).

The control of visual attention, medi-
ated in part by the optic tectum, is not lim-
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ited to inhibitory phenomena, since facili-
tatory effects have also been described.
Lettvin et al. (1) reported that certain tec-
tal neurons in the frog could be ‘“‘awak-
ened” by one or more short movements of
a small spot within the receptive field, and
these neurons would continue to respond if
the spot continually moved to new portions
of the field. Sprague et al. (7) found that
neurons within the cat’s tectum could show

Fig. 1. Apparatus used to study snapping fre-
quency toward dummy prey stimuli. Each yel-
low wormlike object was independently moved
through a short arc when a single pulse activated
the corresponding motor. The frog, confined by
a transparent cylinder, remains at a nearly con-
stant distance from the stimuli during a series of
trials.

sudden periods of facilitated response re-
lated to signs of arousal in the cortical
electroencephalogram. A more definitive
study of facilitatory effects on tectal neu-
rons by Goldberg and Wurtz (8) relates
short-term increments in neural respon-
siveness to the preparedness of the con-
scious monkey to make directed eye move-
ments. These observations provide an im-
portant entrée into attentional mecha-
nisms, but so far no specific neural
circuitry can be identified as the basis of
focal attention. The present report includes
two experiments which provide further in-
sight into the neural mechanisms of this
phenomenon. The first indicates that focal
attention occurs during the frog’s feeding
behavior, and the second reveals a new
class of unit in the frog’s optic tectum,
whose discharge pattern suggests a specific
neural model of focal attention.

My initial observation of attentional ef-
fects in the frog’s feeding behavior came
from tests in which two small prey-objects
were manually moved in synchrony 2 to 3
seconds after one object had moved
slightly. In this experiment ten frogs di-
rected 85 of 100 snaps toward the stimulus
that had moved first, although the initial
motion was too small to elicit a snap. In
order to gain objective control over these
stimuli, | adapted the test method of Ewert
(3, 4) (see Fig. 1). The 2-cm-long wormlike
stimuli were moved by means of motors
that were activated by pulses from Tex-
tronix pulse and waveform generators.
Since frogs were selected for persistent
feeding behavior, motions of less than 0.5
second in duration were required to main-
tain a low frequency of snaps at the initial
motion. In the first paradigm, ten frogs (7
to 8 cm long) were tested for snapping re-
sponses toward a single object moving for
only 0.3 second through a 5° excursion.
This motion was then repeated after a 3.2-
second delay. During 100 test trials, these
frogs snapped at the initial stimulus mo-
tion only eight times, but 75 out of 100
times at second motions. That frogs can be
alerted by such a brief motion is obviously
adaptive for feeding on insects or worms
that move discontinuously.

In order to decide whether the facili-
tatory effect of prior stimulus motion was
a generalized arousal effect or whether it
was limited to a spatial locus near the first
motion, I repeated the test paradigm five
times with the same ten frogs, but inter-
spersed five trials with a new double-stimu-
lus paradigm. In the second case, two prey
stimuli were set 30° to 40° apart, and the
frog was induced to orient the head di-
rectly toward a hand-held stimulus, set
momentarily between the test objects. Af-
ter a 10-second pause one stimulus moved
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