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REVERSED SCHEDULE EFFECTS IN
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Pigeons received food according to either fixed-interval, fixed-ratio, or random-interval schedules in
both closed and open feeding economies. In the closed economy, they were not food deprived, they
controlled the amount of food received at each meal, and they had no other source of food. In the
open economy, each feeding bout consisted of one feeder cycle, and the pigeons received supple-
mental feeding as needed to maintain them at 80% of their free-feeding weights. Response rate
always increased with larger schedule requirements in the closed economy, but it either decreased
steadily or increased and then decreased in the open economy. Initial pauses lengthened with longer
fixed intervals or fixed ratios (FR) in the open economy but less so in the closed economy. Respond-
ing continued under FR 10,000 schedules in the closed economy, but never survived FR 400 in the
open economy. In the open economy, fixed-interval schedules could maintain far more behavior
than could either fixed ratios or random intervals. Familiar concepts such as matching and arousal
can describe at least some of the behavior in the open economy, but current theory does not apply
well to behavior in the closed economy. An explanation of economy-dependent effects might begin
with the possibility that the two economies invoke different evolved survival strategies. These strat-
egies influence behavior by means of different mechanisms and laws. The strategy for the closed
economy may relate to weight conservation, but that for the open economy may be based on energy
conservation.
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After Skinner’s (1938) report of the effects
of fixed-ratio (FR) and fixed-interval (FI)
(periodic reconditioning) schedules was fol-
lowed by Ferster and Skinner’s (1957) ency-
clopedic research, the power of schedule ef-
fects became well known. Characteristic
effects of each arrangement have found a fea-
tured place in most introductory psychology
texts.

The largely successful attempts to assess the
generality of schedule effects have concen-
trated on comparisons among different spe-
cies. Less notice has been given to provoca-
tive findings suggesting that the uniformity of
effects actually may be a product of the uni-
formity of conditions used to study schedules.
Virtually all of the mainstream research sup-
porting the generality of schedule effects has
involved arrangements described by Hursh
(1980) as an open economy. The experimenter
fixed the amount of food given at each meal
and provided food outside of the experiment
as needed so as to maintain the desired level
of food deprivation and body weight.
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Hursh referred to an alternative feeding ar-
rangement as a closed economy. The closed
economy initially was defined as an arrange-
ment in which the amount of food consumed
and the level of food deprivation are deter-
mined only by the interaction of the subject
with the prevailing schedule. Hursh (1978),
together with Hall and Lattal (1990), found
that response rate increased with larger vari-
able-interval (VI) schedules in a closed econ-
omy, whereas it decreased in an open econ-
omy (Catania & Reynolds, 1968). Collier,
Hirsch, and Hamlin (1972) reported a mono-
tonic increase in speed of responding with
larger FR schedules in a closed economy, but
Felton and Lyon (1966) reported first an in-
crease and then a decrease in an open econ-
omy. Kanarek (1975) maintained responding
with an FR 10,240 schedule in a closed econ-
omy, but responding usually has stopped with
ratios of 500 or less in an open economy. Be-
havior in multiple schedules changed with
the economy as well (Elliffe & Davison, 1996;
LaFiette & Fantino, 1988). All of this implies
that how schedules determine behavior de-
pends on the feeding environment.

Conclusions that schedule effects are in-
variably economy dependent would be pre-
mature. The present research stemmed from
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the need to further compare behavior over a
wide range of schedule values under simple
schedules in the two economies. Only Hall
and Lattal (1990) used the two economies
with the same animals, and only in their ex-
periments and those of Timberlake and Pe-
den (1987) have the data even come from the
same laboratories. Those experiments in-
volved only a moderate range of schedule val-
ues. No parametric information was available
about FI schedules. Most of the data available
for FR schedules were obtained from differ-
ent species (rats and cats in the closed econ-
omy, pigeons in the open economy); only
Timberlake and Peden (1987) used the same
species in both economies. The research now
reported involved parametric analyses of the
behavior of pigeons under FR, FI, and ran-
dome-interval (RI) schedules in both econo-
mies.

Timberlake and Peden (1987) pointed out
that the most consistent distinction between
open and closed economies has come to be
only the presence or absence of supplemental
feeding. However, the absence of supplemen-
tal feeding has not always been the sole de-
fining attribute of a closed economy. In their
study of FR schedules, Collier et al. (1972)
described a procedure that involved no sup-
plementary feeding, but also employed no
experimenter-imposed food deprivation. In
addition, whenever the animal completed the
schedule requirement, it was free to eat from
an unlimited supply of food until it allowed
a specified period of time to elapse without
eating. Thus, the animal both initiated and
terminated every meal, and thereby deter-
mined the amount of food eaten at each
meal. All of these procedures were imple-
mented in the closed economy of the present
experiment. The open economy differed in
several ways. The pigeons were first food de-
prived until they reached 80% of their free-
feeding weights, and they received supple-
mentary feeding following each session to
maintain their weight at that level. Each meal
consisted of one timed access to food. There-
fore, the economies differed in their specifi-
cation of level of food deprivation, the pi-
geon’s ability to control each meal size, and
the constancy of meal size and supplementa-
ry feeding as well.

A secondary purpose of the research
emerged from the data. In the open econo-
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my, FI schedules maintained substantially
more responses than did either FR or RI. Sev-
eral manipulations were conducted to com-
pare the schedules to determine whether FI
schedules really were superior in this respect.

METHOD
Subjects

Six adult female White Carneau pigeons
served as the experimental subjects. Birds
131, 144, and 159 were experimentally naive,
and Birds 106, 107, and 163 had extensive
experience with a variety of discriminative
stimuli and schedules of food delivery.

Apparatus

The four experimental chambers were 45
cm long, 32 cm wide, and 35 cm high. The
walls and floor were lined with unpainted alu-
minum. The pigeons stood on a platform
constructed of wood dowels (1.3 cm diame-
ter), each separated by 2.6 cm and raised 5
cm above the floor. Two 1-W white house-
lights located in the upper corners of the re-
sponse panel provided general illumination.
The panel also contained two horizontally
aligned pigeon keys (1.9 cm; Gerbrands),
each 21 cm above the floor and 8 cm apart.
The left key could be illuminated from be-
hind by two 1-W green lights, and the right
key could be illuminated by two 1-W red
lights. The keys were activated by a force of
at least 0.18 N.

An aperture (5 cm square) centered be-
tween the two keys and 9 cm above the floor
provided access to Purina Pigeon Checkers,
the birds’ standard diet. During feeder cycles,
a 1-W white light illuminated the aperture,
and the food hopper was raised to make it
accessible to the pigeon. Water was always
available from a bottle attached to the rear
wall of the chamber. Continuous white noise
helped mask extraneous sounds. Experimen-
tal events were programmed and recorded by
a PDP-8A® computer.

Procedure

Each sequence began with the left key (the
schedule key) lit and the right key (the food
key) dark. Completion of the schedule re-
quirement on the left key darkened that key
and illuminated the right key. A peck to the



CLOSED AND OPEN ECONOMIES

food key darkened that key and resulted in a
feeder cycle. Subsequent events depended on
the nature of the feeding economy.

Open economy. The birds were maintained at
80% of their free-feeding weights. After one
feeder cycle, the schedule key was illuminat-
ed and the schedule began anew. Feeder cy-
cles began at 3 s with each type of schedule.
If the bird’s weight was below 80% of its free-
feeding level for three successive sessions, the
duration was increased at the start of the next
session. The intent was to have the bird get
the food necessary to prevent it from losing
weight without exceeding the 80% free-feed-
ing weight during the session. This worked
only with schedules up to RI and FI 1,000 s
and FR 100. With longer schedules, no cycle
duration resulted in weight meeting the cri-
terion. Sessions ended after 30 feeder cycles
or 24 hr, whichever came first. Supplemental
feeding was provided as needed after each
session ended. Whenever sessions lasted 24
hr, the houselights were turned on from 6:00
a.m. until 6:00 p.m. and were turned off from
6:00 p.m. until 6:00 a.m. Response-key illu-
mination was not affected by this cycle. When
a session ended on the basis of time, the
schedule requirement for the next session be-
gan where that of the previous session left off.
With sessions shorter than 24 hr, the birds
were returned to their home cages between
sessions. After 24-hr sessions, the birds were
weighed and fed as necessary and then were
returned to the experimental chamber.

Closed economy. The birds were not food de-
prived. The food key was relit after each 3-s
feeder cycle, and a peck to it resulted in an-
other cycle. The repeated raising and lower-
ing of the hopper shook the Purina Pigeon
Checkers down into the bottom of the hop-
per and ensured that food was always acces-
sible to the pigeon. Food remained available
for pecking the lit food key until the bird al-
lowed 30 s to elapse without pecking. At the
end of this default period, the food key be-
came dark, the schedule key was lit, and the
schedule began anew. Session durations were
24 hr, and the 12:12 hr light/dark cycle al-
ways prevailed. The birds were weighed after
each 24-hr period, but they never received
supplemental feeding. They obtained all of
their food during the experimental proce-
dures.

A change from a closed economy to an
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open economy condition entailed 24 hr with-
out food followed by 5 g of food per day until
the bird’s weight reached the 80% level. The
target weight then was maintained by provid-
ing as much food per day as was necessary. A
change from an open economy to a closed
economy entailed 2 weeks of free feeding.

Schedules of food delivery. Each condition in-
volved one schedule imposed for 30 sessions.
Schedules were of three types: FR, FI, and RI.
In FR schedules, completion of the response
requirement resulted in illumination of the
food (right) key. In FI schedules, the first re-
sponse that occurred after the programmed
interval had elapsed resulted in illumination
of the food key. In RI schedules, the avail-
ability of food for the next response was de-
termined by a probability gate pulsed at reg-
ular intervals. The first pulse occurred 1 s
after the interval began. Subsequent pulses
occurred every 3 s with RI 300 s, every 10 s
with RI 1,000 s, every 30 s with RI 3,000 s,
and every 100 s with RI 10,000 s.

Table 1 shows the sequence of schedules.
With each type of schedule, 1 bird began in
the open economy, and the 2nd began in the
closed economy. After the bird completed the
sequence of schedules in one economy, the
economies then were switched and the bird
completed the sequence in the other. Each
sequence consisted of schedules occurring in
ascending order followed by a smaller sched-
ule and then by an immediate switch to a
high requirement. After Bird 131 finished the
FR 10,000 schedule in the closed economy, it
was reexposed to FR 300 in the open econ-
omy. After completing all of the FI schedules,
Bird 106 had FR 1,000, FR 3,000, and FR
10,000 in the closed economy and then FR
10, FR 30, FR 60, FR 100, FR 200, and FR 300
in the open economy.

Comparisons of large schedules in the open econ-
omy. In order to determine whether sched-
ules differed reliably in their ability to main-
tain responding in the open economy,
behavior under long FI schedules was com-
pared with that under FR and RI. The ques-
tion was whether an immediately preceding
schedule that maintained responding at high
levels would allow FR and RI schedules to
support responding when they had not done
so originally. For Bird 106, the FR 300 sched-
ule (Schedule 31) was followed by FI 50,000
s and then by reexposure to FR 300. Imme-
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Table 1

Sequence of schedules (time for FI and RI in seconds). All schedules were maintained for 30

sessions.

Bird 106 Bird 144 Bird 131 Bird 163 Bird 107 Bird 159
FI 1 Closed FI 1 Open FR 1 Open FR 1 Closed RI 300 Closed RI 300 Open
FI 5 FI 10 FR 5 FR 5 RI 1K RI 1K
FI 100 FI 100 FR 30 FR 30 RI 3K RI 3K
FI 300 FI 300 FR 100 FR 100 RI 10K RI 10K
FI 1K FI 1K FR 200 FR 300 RI 300 RI 1K
FI 3K FI 3K FR 300 FR 1K RI 10K RI 10K
FI 10K FI 10K FR 30 FR 3K RI 300 Open RI 300 Closed
FI 30K FI 30K FR 200 FR 10K RI 1K RI 1K
FI 100K FI 100K FR 1 Closed FR 100 RI 3K RI 3K
FI 300 FI 100 FR 5 FR 3K RI 10K RI 10K
FI 30K FI 30K FR 100 FR 1 Open RI 300 RI 1K
FI 1 Open FI 1 Closed FR 300 FR 10 RI 10K RI 10K
FI 5 FI 10 FR 1K FR 30 FI 100K RI 10K Open
FI 100 FI 100 FR 3K FR 100 RI 10K FI 100K
FI 300 FI 300 FR 10K FR 300 RI 10K
FI 1K FI 1K FR 100 FR 400
FI 3K FI 3K FR 10K FR 30
FI 10K FI 10K FR 300 Open FR 400
FI 30K FI 30K FI 50K FI 100K
FI 100K FI 100K FR 300 FR 400
FI 100 FI 100
FI 30K FI 100K
FR 1K Closed FR 1K Open
FR 3K FI 100K
FR 10K
FR 10 Open
FR 30
FR 60
FR 200
FR 300
FI 50K
FR 300

diately after Bird 144 had the FI 100,000-s
schedule in the closed economy (Schedule
22), it had FR 1,000 in the open economy,
and then concluded with FI 100,000 s in the
open economy. Bird 131 had the FI 50,000-s
schedule in the open economy immediately
following FR 300 (Schedule 18), and then was
reexposed to FR 300. Bird 163 had the FI
100,000 s after and before FR 400 (Schedules
18 through 20). Birds 107 and 159 had con-
ditions comparing the FI 100,000-s with the
RI 10,000-s schedules in the open economy.
For Bird 107, the FI 100,000-s schedule
(Schedule 13) followed the exposures to the
RI 10,000-s schedule that completed the as-
cending sequence of open economy condi-
tions, and then RI 10,000 s was used once
again. After completing the closed economy
conditions, Bird 159 was returned to the
open economy. It first had the RI 10,000-s
schedule (Schedule 13), then FI 100,000 s,

and finally had RI 10,000 s once again. In
Schedule 14 for Bird 107 and Schedules 13
and 15 for Bird 159, the longest interfood
interval with the RI 10,000-s schedule was
fixed at 20,000 s. In this series of comparisons
of long FI schedules with FR and FI, for all
birds each food delivery consisted of a 6-s
feeder cycle. All sessions lasted for 24 hr un-
der the 12:12 hr light/dark cycle.

RESULTS

Data analyses were based on the last 15 ses-
sions of each schedule. The birds always re-
sponded more during the light periods of
each session than during the dark periods;
indeed, with most of the schedules, the birds
responded only during the light. Occasionally
as many as three responses occurred during
the dark with FI schedules 100 s or smaller
and with FR schedules of 10 or less, and
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sometimes one of these responses resulted in
food delivery. Such events had no noticeable
effect on the subsequent tendency to respond
in the dark. The typical behavior was for the
birds not to respond in the dark. In every
session, at least one response occurred in the
first minute of the beginning of the light pe-
riod. The behavior of main interest was the
duration of the initial pause after food deliv-
ery and the response rate after the pause end-
ed. It seemed evident that inclusion of the
dark period (when responses so rarely oc-
curred) could overestimate the duration of
the initial pause and could underestimate re-
sponse rate after the pause. The convention
arrived at was to treat the dark as dead time
except in the calculation of overall response
rate. Many pauses began in the light period
and continued through the dark. For these
pauses, the dark period (43,200 s) was sub-
tracted from the actual pause duration. On
the few occasions when the pause ended at
night, those schedule components were ex-
cluded from the calculation of both pause du-
ration and postpause response rate. If the
pause had ended during the day but no re-
sponses occurred at night, the dark period
was subtracted from the time used in the cal-
culation of response rate. On the rare occa-
sions that postpause responses did occur at
night, those few schedule components were
omitted from consideration.

Redetermined points obtained at the end
of the otherwise ascending sequence of
schedules generated no data that deviated
from the originals by more than 5%. Never-
theless, in the interest of consistency, the data
reported were from the ascending sequences.
Because all forms of analysis produced the
same general effects, the data reported were
those that seemed most appropriate. It ap-
peared as if steady-state performance was
reached no later than the third or fourth ses-
sion. By those sessions the behavioral mea-
sures were within the ranges encompassed by
the final five sessions. The data for each of
the 15 included sessions typically were within
10% of their overall mean.

Fixed-Interval Schedules

Figure 1 indicates mean pause durations
for the FI schedules. At FI 1 s, the pause ex-
ceeded 1 s in both economies. In the open
economy, the pause always increased with lon-
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Fig. 1. Initial pause duration with the FI schedules in

both economies. All axes are logarithmic.

ger intervals. For Bird 106, the proportion of
the FI occupied by the pause continuously in-
creased from 0.40 with FI 5 s to 0.55 with FI
100,000 s; for Bird 144, the proportion rose
from 0.18 with FI 10 s to 0.56 with FI 100,000
s. Pauses changed little with intervals from 1
to 300 s in the closed economy, but they rose
with still longer schedules with a small rever-
sal at FI 30,000 s. The mean pause was more
than 30% longer with FI 1,000 s than with FI
300 s and over fivefold longer with FI 100,000
s. The nearly constant pause durations with
schedules of FI 300 s and smaller in the
closed economy meant that the pause occu-
pied a substantially smaller proportion of the
interval with each longer FI. With the longer
schedules, the proportion of the interval oc-
cupied by the initial pause declined from 1.3
with FI 1,000 s to less than 0.07 with FI
100,000 s.

Response rate was determined for the pe-
riod after the initial pause (i.e., for only those
intervals in which the pause did not exceed
the fixed interval). Figure 2 shows these run-
ning rates during the day. Rate increased con-
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Fig. 2. Response rates after the initial pause with the
FI schedules in both economies. All axes are logarithmic.

sistently with longer schedules in the closed
economy; from the shortest to the longest
schedules, rates minimally doubled. However,
postpause response rate in the open economy
more than halved from the shortest to the
longest schedules. The running rates were
substantially higher in the open economy
than in the closed economy with all sizes of
FIL.

Cumulative records were taken at first, but
then were abandoned after it became evident
that they were uninformative for the closed
economy. Whereas the open economy pro-
duced the familiar FI pattern of an initial
pause followed by either a gradual or an
abrupt shift to a maintained steady rate of re-
sponding, in the closed economy responses
were spaced unevenly and the rate never ex-
ceeded 10 responses per minute. Subsequent
visual observations of ongoing behavior re-
vealed no changes in this pattern.

Fixed-Ratio Schedules

Figure 3 shows the duration of the initial
pause with the FR schedules. In the closed
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economy, mean pause duration first in-
creased and then decreased with longer ra-
tios. For Bird 131 the mean pause increased
from 2,286 s at FR 1 to 4,098 s at FR 300 and
then fell to 1,884 s at FR 10,000. For Bird 163,
mean pause rose from 906 s at FR 1 to 6,078
s at FR 300 and then declined to 1,026 s at
FR 10,000. Bird 106, which had only the three
largest ratios, produced the same general ef-
fect. The pause durations were variable, with
the standard deviations usually about the
same as the means. In the open economy, the
pause increased with longer ratios and finally
lasted for the entire session with FR 300 for
Birds 106 and 131 and FR 400 for Bird 163.
With all ratios that maintained responding in



CLOSED AND OPEN ECONOMIES

1k
R Bird 163
o—"" \0\0
100}
1ol —
o—*
1 | L}
./
1 10 100 1k 10k
% 1k
c Bird 131
— o——~0
= 100 °o  °
| S
)
o —e—Closed
o 10 .
QO —0—0Open o rd
(2} P
c e
(@] 1k o
o
1]
i} /
1 ) Pyl , . .
1 10 100 1k 10k
1Kk
Bird 106
100} 0——0=00~0
10} e
1 L
1 10 100 1k 10k
Fixed Ratio
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the open economy, the standard deviation of
pauses was about 10% of the mean pause.
Figure 4 shows daytime response rates after
the pause. These running rates first increased
and then decreased with increasing fixed ra-
tios in the open economy. The effects were
smallest for Bird 106: Responses per minute
increased from 129 to 148 and then fell to
133. For Bird 131, response rate rose from
133 to 194 and then fell to 146; for Bird 163,
it rose from 180 to 223 and then dropped to
137. Response rate increased consistently
with larger fixed ratios in the closed economy
(over tenfold with Birds 131 and 163 and
nearly twofold over the smaller range of ra-
tios used with Bird 106). For ratio values up
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Fig. 5. Initial pause duration with the RI schedules in
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to the size that no longer maintained re-
sponding in the open economy, response
rates were substantially higher in the open
economy than in the closed economy. How-
ever, responding was maintained in the
closed economy at fixed ratios ranging from
1,000 to 10,000, ratios that could not be used
at all in the open economy.

Random-Interval Schedules

Figure 5 shows the mean initial pause du-
ration with the RI schedules. In the open
economy, the pause was about 3 s for the
three smallest schedules (RI 300 to 3,000 s)
with Bird 159 and increased somewhat with
Bird 107. Pausing became infinite with RI
10,000 s, because no responses occurred. In
the closed economy, the pauses were approx-
imately constant for all schedules. The pauses
in the open economy were considerably
shorter in the open economy than they were
in the closed economy.

Figure 6 shows daytime response rates after
the pause. In the open economy, running
rates decreased with longer RI schedules (re-
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RI schedules in both economies. All axes are logarithmic.

sponses per minute decreased from 39 to 12
with Bird 107 and from 69 to 24 with Bird
159). In the closed economy, responses per
minute increased with longer random inter-
vals (from 0.4 to 5.1 with Bird 107 and from
0.3 to 9.0 with Bird 159).

Overall Response Rate

Overall response rate was calculated over
entire sessions by dividing total number of re-
sponses by total time. These data included
both the light and dark periods. In the open
economy, every FI or RI schedule that main-
tained responding resulted in food delivery
that occurred within 0.5 s of the time it be-
came available or as soon as the light period
began. The FR schedules did not specify a
minimum frequency; instead, how often food
delivery occurred depended on how quickly
the birds completed the ratio. Obtained in-
terfood time related differently to schedule
size in the closed economy. With FI, the time
always substantially exceeded the schedule
time parameter, but it was only roughly cor-
related with schedule value with all intervals
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Fig. 7. Overall response rates in both economies. Re-
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less than 1,000 s. Longer schedules produced
longer average interfood times. With both FR
and RI schedules, interfood time increased
with successively longer schedules.

Figure 7 presents the overall rates as a func-
tion of the interfood times. With the FI
schedules, the open economy response rates
decreased consistently with longer schedules.
The same happened with RI. With FR, overall
response rate increased and then decreased
as interfood time increased. These bitonic
functions were consistent across birds, but
they differed in their magnitude: For Bird
106, responses per minute increased from
100 to 107 and then fell to 92; for Bird 131,
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response rate rose from 25 to 136 and then
fell to 103; for Bird 163, it rose from 50 to
135 and then fell to 108. The highest overall
rates occurred with the open economy, and
the FR schedules generated the highest rates
of all. In the closed economy, rates with the
FI schedules were lower than those with the
other schedules over much of the range of
interfood times. Under all types of schedule
in the closed economy, overall response rate
always increased with longer interfood times.

To summarize the response-rate data, the
changes in running rates plotted as a func-
tion of schedule size in Figures 2, 4, and 6
resembled the changes in overall rates plot-
ted as a function of interfood time in Figure
7. In the open economy, rates with FR sched-
ules first increased and then decreased, and
rates with FI and RI schedules decreased con-
sistently with longer schedules or interfood
times. In the closed economy rates always in-
creased with longer schedules and longer in-
terfood times.

Feeding

Figure 8 shows the mean body weight and
the average number of food cycles per feed-
ing opportunity in the last five sessions of
each closed economy condition. Longer in-
terfood times first generally resulted in stable
or slightly decreasing weights and then in
consistently decreasing weights. However,
weights never declined by as much as 10%
over the entire range of interfood times.
Weight was conserved by the birds’ adjusting
the average number of feeder cycles per feed-
ing opportunity. As interfood time increased,
the average number of feeder cycles per op-
portunity also increased. All conditions
showed considerable variability in the num-
ber of feeder cycles produced in individual
feeding bouts. The longest interfood times
resulted in as many as 357 successive feeder
cycles. Under all conditions the most feeder
cycles occurred at the first daytime feeding
opportunity. Visual observations indicated
that the birds did not always eat from the
hopper during a cycle, but they then were
likely to initiate another cycle anyway. In the
open economy, supplemental feeding was
necessary after each session with all but the
shortest FI and FR schedules to maintain the
birds at 80% of their free-feeding levels de-
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Fig. 8. Body weight as percentage of free-feeding
weight (upper panel) and average number of feeder cy-
cles per feeding opportunity (lower panel) in the closed
economy. Free-feeding weights are indicated for each pi-
geon in the legend inset. Note that both y axes are arith-
metic and that for the upper panel begins at 90%. The
x axes are logarithmic.

spite the increased food cycle time with lon-
ger schedules.

Large Schedules in the Open Economy:
FI Versus FR and RI

IT versus FR. After Bird 106 stopped re-
sponding in the open economy with FR 300,
it was kept in the same economy but the
schedule was changed to FI 50,000 s. By the
third session, the bird was averaging more
than 6,000 responses per interval. In no in-
terval did it emit fewer than 600 responses,
more than twice as many as prescribed by the
FR 300 schedule, which could not support be-
havior. When it was then switched back to FR
300, the bird stopped responding by the end
of the first session. When Bird 144 was
switched from FI 100,000 s in the closed
economy to FR 1,000 in the open economy,
it stopped responding in the second session,
having earned food twice in 72 hr and getting
all of its other food from the supplementary
feeding. Within 72 hr of returning to FI
100,000 s, it averaged more than 11,000 re-
sponses per interval, and no interval had few-
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er than 1,400 responses. When Bird 131 was
switched from FR 300, which failed to main-
tain responding, to FI 50,000 s, it averaged
more than 5,000 responses per interval with
no fewer than 800 responses in any individual
interval. With the switch back to FR 300, the
bird stopped responding by the third session.
The results were similar for Bird 163: FR 400
failed to support responding, but FI 100,000
s resulted in at least 1,000 responses in every
interval. The FI schedules always supported
levels of responding considerably beyond that
attainable with FR.

FI versus RI. After Bird 107 stopped re-
sponding with the RI 10,000-s schedule
(Schedule 12), it was switched to the FI
100,000-s schedule. Within 72 hr it produced
an average of more than 12,000 responses per
interval, with more than 1,100 responses in
each individual interval. When returned to RI
10,000 s, it stopped responding by the third
session. When Bird 159 was switched from RI
10,000 s in the closed economy to the same
schedule in the open economy, it stopped re-
sponding after four sessions. With FI 100,000
s it resumed responding. By the end of the
condition, it averaged more than 10,000 re-
sponses per interval and had more than 1,500
responses in every interval. With the return
to RI 10,000 s, responding stopped in the
third session. Once again, FI schedules sup-
ported many more responses than did the al-
ternative schedule.

DISCUSSION

The behavior in the two economies was
similar in two respects, both occurring with
the FI schedules. First, responding persisted
regardless of FI size. Second, the time be-
tween successive feeding bouts increased with
larger intervals over all or most of the range.
Behavior was economy dependent in all other
ways. Under either FI, FR, or RI schedules,
Figures 2, 4, 6, and 7 show that response rates
(both running and overall) were substantially
higher in the open economy with all schedule
values that maintained responding. In the
open economy, food was obtained in the in-
terval schedules within 0.5 s of the time that
the interval elapsed under all schedule val-
ues. This rarely occurred in the closed econ-
omy, where food usually was obtained long
after it became available for the next re-
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sponse. Running and overall response rates
decreased with longer interval schedules in
the open economy, but they increased in the
closed economy (Figures 2, 6, and 7). With
FR schedules, response rate first increased
slightly and then decreased in the open econ-
omy, but it increased monotonically with lon-
ger ratios in the closed economy (Figures 4
and 7). Responding continued with FR
10,000 in the closed economy when it could
not be maintained by FR 300 or FR 400 in
the open economy (Figures 3 and 4). The
initial pause lasted for an increasing propor-
tion of the FI in the open economy, but it was
constant for the smaller fixed intervals in the
closed economy. With still longer intervals,
pauses in the closed economy increased, but
they occupied a progressively smaller propor-
tion of the interval (Figure 1). The initial
pause increased with successively longer fixed
ratios in the open economy, but it first length-
ened and then shortened in the closed econ-
omy (Figure 3). In the open economy, FI
schedules could maintain much more re-
sponding than could FR or RI. The three
types of schedule maintained responding
with equal facility in the closed economy.

The novel findings were those for the FI
schedules in the closed economy, for pause
durations in all schedules in the closed econ-
omy, and those showing that long FI sched-
ules maintained responding in the open
economy when RI schedules could not. All of
the other data replicated previous observa-
tions in both closed and open economies.
The open economy generated the behavior
that constitutes textbook-characteristic sched-
ule effects. The schedule effects unique to
the closed economy proved to be equally or-
derly and replicable. Given that the present
comparison of schedule types used the same
subjects in both economies and replicated
the effects seen with different animals or spe-
cies studied separately, it is evident that the
economies exert important influences on
how schedules affect behavior.

Theories are available to explain much of
the behavior in the open economy. Response
rates with the interval schedules followed the
form proposed by Herrnstein (1970). The
commonly found initial increase and later de-
cline in overall response rates with FR sched-
ules never did fit Herrnstein’s theory, but
others have explained this pattern (Baum,
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1981, 1993; Killeen, 1994). Both Baum and
Killeen explained why responding should be
maintained better with large interval sched-
ules than with large ratio schedules. Although
Baum (1981) actually did not deal with FI
and FR schedules, because he felt that the
postreinforcer pauses that typify such sched-
ules at all but the smallest values make them
more complex, his predicted results for vari-
able schedules resembled those seen with
fixed schedules (Zeiler, 1979; present data).
Baum (1993) extended his analysis to FR
schedules by considering only running rates.
The data that he considered showed a declin-
ing running rate with larger fixed ratios. The
present experiment found that both running
rate and overall rate first increased and then
decreased with larger ratios. Both Baum and
Killeen predicted that at a density of rein-
forcement high enough to maintain respond-
ing, ratio schedules will result in higher re-
sponse rates than will interval schedules. This
prediction has always been confirmed with
fixed schedules, and Baum (1993) supported
it with variable schedules as well when he
used a yoking procedure to equate variable-
interval (VI) and variable-ratio (VR) sched-
ules with respect to interfood time.

Baum (1993) and Killeen (1994) also ex-
pected that when reinforcer frequency de-
creases far enough, responding would contin-
ue under interval schedules but not with ratio
schedules. This prediction has always been
supported in comparisons of FI and FR
schedules, but the results are more problem-
atic with respect to variable schedules. In
Baum’s (1993) experiment, the longest VR
that maintained responding resulted in an av-
erage interfood interval of about 330 s in 3
pigeons (VR 256) and about 500 s in the 4th
(VR 512). However, McDowell and Wixted
(1986), who also obtained declining rate data
with VR schedules, found that humans con-
tinued to respond with all VR schedules in-
cluding VR 679, which established an average
interreinforcer interval as long as 1,500 s.
Ferster and Skinner (1957) reported that be-
havior could be maintained with VR 360 with
pigeons, and Brandauer (1958) was able to
support responding with schedules as large as
VR 600 in the same species. The most ex-
treme ratios appear to be those used by Zeiler
(1979) with pigeons (VR 512, VR 777, VR
1,429, VR 1,807). The largest produced av-
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erage interfood intervals of about 4,000 s
with overall rates exceeding 24 responses per
minute and running rates exceeding 35 re-
sponses per minute. Even though the pigeons
stopped responding with FR schedules, they
responded readily with variable ratios more
than twice as large. The VR schedules had
been derived from the number of responses
that occurred in each component of either
an FI 2,400-s or an FI 7,200-s schedule, there-
by making it possible to compare how well
the VR schedules maintained the same num-
ber of responses as did FI. The VR schedules
actually produced substantially higher re-
sponse rates. These data challenge the con-
clusion that large VR schedules cannot main-
tain responding. However, this is not a
general ability of variable schedules. Al-
though large VR schedules supported re-
sponding when smaller FR schedules could
not, the present data showed that an RI
10,000-s schedule with a longest interfood in-
terval of 20,000 s failed to maintain respond-
ing even though the tenfold longer FI
100,000-s schedule supported responding
without difficulty. We still have no explana-
tion of why both FI and VR schedules have
maintained responding at levels seemingly
beyond the reach of either FR or RI.

The apparently conflicting results on large
VR schedules need to be reconciled experi-
mentally. Baum (1993), who could not main-
tain responding, used VR in conjunction with
VI in a multiple schedule, but the experi-
ments that found that behavior could be
maintained with large schedules had VR in
effect alone. Also, Baum studied a range of
VR values, thereby providing the pigeons with
an extensive history with different VR and VI
schedules, but that also was true of the Mc-
Dowell and Wixted (1986) study. Perhaps sig-
nificant is that Ferster and Skinner (1957)
gave their pigeons experience with both large
VR and FR schedules, and Zeiler (1979) pro-
vided the pigeons with a history of large FR
and FI schedules before exposure to VR. The
disparate results could have stemmed from
differences in procedure, differences in the
animals’ experimental history, or both.

We still have no satisfactory theory for ex-
plaining economy-based differences. Killeen
(1994) briefly discussed why closed econo-
mies result in increasing rate functions with
longer schedules. According to his model,
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schedule-controlled responding derives from
multiple factors. The determinants include
several aspects of memory processes, rate of
reinforcement, schedule requirements, and
several forms of activation, all of which are
encompassed in parameters of his theory.
The model expands on his earlier idea (Kil-
leen, 1979) that response rates are the prod-
uct of arousal processes elicited by incentives.
He cited observations made by Bolles and
Younger (1967) suggesting that hunger influ-
ences the arousal value of a given incentive.
In 1994, Killeen attributed economy-depen-
dent differences in rate functions to changes
in the number of seconds of responding elic-
ited by a given incentive under the current
level of hunger. In 1995, he proposed that
higher response rates with larger schedules in
closed economies stemmed from the longer
time that has elapsed since last obtaining
food. Killeen’s plausible assumption is that
hunger increases with longer interfood inter-
vals in closed economies and therefore re-
sponse rate increases. That assumption fits
the closed economy in which the pigeons not
only responded faster but ate more as the
time between successive food deliveries in-
creased. But what about the declining re-
sponse-rate functions in the open economy as
the time between food presentations in-
creased? Evidently, time since the last feeding
could not be the only cause of changes in
response rate. For the model to work for
open economies, hunger must decrease with
longer interfood intervals, which seems un-
likely. The difference could stem from wheth-
er or not the animal is chronically below its
free-feeding weight and perhaps also on
whether or not it is able to eat freely once it
finds food. The point is that the economy-
based differences do not reduce simply to
changes in the interfood interval.
Behaviorregulation theory has been ap-
plied specifically to economy-based effects
(Timberlake & Peden, 1987). Any effective
food schedule reduces feeding below the lev-
el that occurs when the animal has free access
to food. In order to reestablish its free-feed-
ing level, the animal must perform the des-
ignated response above the level that exists
when the response is irrelevant to obtaining
food. Response frequency or rate will stabilize
at the point at which the cost of still larger
increases in responding outweighs the bene-
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fit of bringing food intake closer to its base-
line level. The prediction is that as schedule
requirements are made larger and food den-
sity is decreased, output (number of respons-
es or response rate) increases initially be-
cause the benefit of obtaining food outweighs
the cost of responding more often. However,
responding decreases at still larger require-
ments, because the gain in food produced by
faster responding no longer compensates for
the cost of responding more. “Thus, for a giv-
en food schedule, as the instrumental re-
quirement is made larger (the reward density
is decreased), total responding should climb
initially. As the requirement is increased fur-
ther, the cost of responding relative to the
gain in food access eventually will begin to
balance at lower response levels, and total re-
sponding will decrease” (Timberlake & Pe-
den, 1987, pp. 36-37). The precise schedule
requirements that produce this bitonic func-
tion will depend on specifics of the proce-
dure, but the bitonic function should appear
in both open and closed feeding economies.
If this is correct, response-rate functions in
open and closed economies should have the
same general shape. Any differences pro-
duced by changing economies are quantita-
tive rather than different in kind.

Timberlake and Peden (1987) varied time
of access to food in both open and closed
economies. Bitonic functions occurred under
VI and FR schedules in both economies, just
as their theory predicted. However, as pro-
vocative as these data were, they were not de-
finitive. Results from the open economy con-
formed to the theory less well than did those
from the closed economy, and even the
curves for the closed economy were only
slightly bitonic. A later experiment (Hall &
Lattal, 1990) revealed different economy-de-
pendent functional relations even though
schedules and reward densities were equated.
In addition, their reanalysis of the Timber-
lake and Peden data could not differentiate
the theoretically crucial bitonic functions
from variability in a monotonic function. Hall
and Lattal concluded that differences be-
tween types of economy imply important dif-
ferences in how they control behavior and
that more data would be required before con-
cluding that a bitonic function underlies be-
havior under all schedules operating in any
economy.
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The conclusion at this time is that no sin-
gle-process theory explains behavior in both
open and closed economies. Although it has
been possible to conceptualize the economies
as involving different quantitative levels of
one or more independent variables (Killeen,
1995; Timberlake & Peden, 1987), the data
show that the behavior never has been suc-
cessfully accounted for in terms of those var-
iables.

Response-rate functions that slope in op-
posite directions suggest the possibility that
economies like the ones studied here are best
viewed as involving different processes. That
possibility is supported by other experiments
that do not use response rate as the depen-
dent variable. Consider two experiments on
timing (Zeiler, 1991). In one, pigeons report-
ed whether antecedent stimulus durations
were or were not longer than a standard du-
ration (temporal discrimination procedure);
in the second, they got food only if their in-
terresponse-time duration met a criterion
(temporal differentiation procedure). Both
procedures revealed what might be called the
pigeons’ sensitivity to time. Experiment 1 al-
lowed calculation of the difference between
the standard and comparison durations that
produced reliable discrimination. Weber frac-
tions were calculated by dividing this differ-
ence by the standard duration. In an open
economy the fractions increased with longer
standards, but in a closed economy they de-
creased. Taken literally, these results would
mean that pigeons were less sensitive to dif-
ferences between long durations than they
were to short durations in the open economy,
but they were more sensitive to differences
between long durations in the closed econo-
my. In the second experiment, the test of sen-
sitivity to different interresponse-time re-
quirements was the standard deviation
divided by the mean of the interresponse
times that occurred with each time require-
ment. Coefficients of variation increased with
longer time requirements in the open econ-
omy, but they decreased in the closed econ-
omy. Once again, sensitivity to time changed
in opposite directions depending on the
feeding economy. Either timing changes rad-
ically with the economy, or different factors
were controlling behavior in the two econo-
mies.

Other experiments (Zeiler, 1993) investi-
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gated pigeons’ choices between responding
and meeting a waiting requirement to obtain
food. Food was available either for pecking
the response key according to an RI schedule
or for allowing a prescribed period of time to
elapse without pecking. The required pause
time increased by 1 s whenever the pigeon
met that requirement and decreased by 1 s
whenever it received food for pecking. In an
open economy, the pigeons alternated runs
of food deliveries obtained by pecking with
equally long runs of food deliveries earned
by not pecking. When in a pecking run, the
birds responded at the same rate as they did
in baseline conditions when only the pecking
schedule prevailed. When in a not-pecking
run, the bird paused for an average of about
five successive food deliveries. These patterns
implied that the birds were choosing between
alternatives based on the size of the pause re-
quirement. They pecked until the pause re-
quirement was driven down through a series
of food presentations via pecking. They then
switched to pausing until that requirement
rose sufficiently high to generate a return to
the response alternative. That did not hap-
pen in a closed economy. Now each food de-
livery was equally likely to be followed by a
pause that met the requirement or by one or
more key pecks having much longer interre-
sponse times than occurred when the peck-
ing schedule was in effect alone. If a response
failed to produce food within a few minutes,
the birds stopped responding and paused
long enough to meet the notresponding re-
quirement. Neither fewer nor more succes-
sive feedings from one source occurred than
would be expected of a random sequence.
This strategy could best be described as prob-
ing for an early payoff for pecking and then
pausing long enough to meet the pause re-
quirement when responding had not paid
off. This contrasted with the commitment
strategy of the open economy. These results
complement the present data and those on
timing to indicate qualitative differences in
how open and closed economies control be-
havior.

What follows is a preliminary account of
why open and closed economies like the pres-
ent ones should influence behavior different-
ly. The assumption is that the rules that con-
trol behavior reflect evolutionary history. The
ability to obtain food has been crucial
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throughout any species’ history. An animal
with a chronically scarce food supply faces se-
vere survival problems. It is prone to weaken
and die either through malnutrition or be-
cause it can no longer deal with predators,
and, while living, it may not eat enough to
allow it to reproduce or to meet other de-
mands of its environment. Closed and open
economies generate different behavior, be-
cause closed economies model an environ-
ment with ample food and open economies
model an environment that contains so little
food that an animal is always in a state of dep-
rivation.

In closed economies, pigeons and other
species (cf. Collier, 1983; Hursh, 1980) adjust
their food intake to the frequency of encoun-
tering a food source. For example, as the in-
terval to get food or the work necessary to
obtain the meal increased, the pigeons stud-
ied here ate more food at each opportunity
and thereby kept their weights close to the
free-feeding baseline level (Figure 8). The
small decreases in weight that occurred with
long interfood intervals probably stemmed
from limitations on food intake (e.g., crop
size in pigeons) that preclude perfect weight
conservation with widely spaced meals.

Simultaneously with showing weight con-
servation in closed economies, every exper-
iment, including the present one, found that
animals always responded faster in closed
economies whenever the minimum time be-
tween feeding opportunities was increased,
whether or not higher rates affected the
time between meals. The rule that describes
all of the results is that higher response rates
occur with longer times between accesses to
meals of self-determined size. This rule
would follow from Killeen’s (1995) proposal
that activity level is a simple function of de-
parture from optimal feeding times, as long
as its application was restricted to animals
that can obtain enough food to conserve
their weights. This perhaps evolved because
in the natural environment more active an-
imals usually found ample food supplies
more quickly than did those that were more
lethargic and therefore had a survival advan-
tage. The fact that interval schedules break
that relation in the laboratory would be
largely irrelevant to this preexisting tenden-
cy, and so response rate increases with lon-
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ger interfood intervals regardless of the
schedule (Figures 2 and 7).

Weight conservation cannot operate in an
impoverished environment, because animals
then cannot obtain enough food to maintain
their weights at the free-feeding level. Keep-
ing the animal food deprived and providing
it with only a bit of food at each meal in the
open economy means that the animal can-
not conserve its free-feeding weight. What
should an animal do when food supplies are
meager and it is unable to obtain enough
food to conserve its body weight? In the nat-
ural environment survival surely is tenuous
under such conditions. No external agent is
going to guarantee even a restricted main-
tenance diet that precludes still further loss
in weight; that occurs only for animals living
in a laboratory. Those animals that managed
to survive famines must have been those that
either migrated and found a better environ-
ment or found a way to wait out the bad
times by reducing their metabolic demands.
The manifestation of this strategy for ani-
mals under conditions in which they were
unable to find a new feeding territory was
the decline in response rate at longer inter-
food intervals that has been seen in most, if
not all, experiments using open economies
and when baboons obtained most of their
food in the experiment but were limited to
a single food pellet at each meal (Foltin,
1991). The increasing and then decreasing
response rate found with pigeons as the FR
schedule became longer probably represents
an interaction with other factors such as the
ability to shorten the interfood interval by
responding faster. As the schedule becomes
longer, however, the positive feedback loop
is overcome by the need to conserve energy.

Motivational strategies are not behavior;
they must be translated into behavior
through causal mechanisms. Function (e.g.,
weight or energy conservation) is not causa-
tion: Function is the effect of the behavior,
and causation refers to the mechanisms that
control the behavior as it is occurring. The
distinction was emphasized by Tinbergen
(1963) in his paper outlining what it means
to explain behavior. Tinbergen distinguished
the internal and external antecedent causes
of behavior from the need to understand the
role the behavior plays in survival. Zeiler
(1992) suggested that function is a more gen-
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eral term than is survival value, because some-
times adaptive behavior results in survival but
at other times it just improves immediate con-
ditions. Killeen’s (1994, 1995) theories are
pure causation (mechanism in Killeen’s
terms). Those couched in terms of costs and
benefits, such as Baum’s (1981) optimization
theory, are about function. Matching theory
seems to be more a description of experi-
mental results than a statement of either cau-
sation or function. Timberlake and Peden’s
(1987) theory blends causation and function
in a way that implies feedback between the
two. The present motivational hypothesis in-
volves survival value, which is a subcategory
of function.

The present results complement many oth-
ers in emphasizing that any general theory of
operant behavior must deal with how feeding
economies influence behavior. The disparate
effects of the two economies suggest different
systems involving unique processes. When
Hursh (1980) connected laboratory behavior
with microeconomics, he suggested that the
closed economy directly reflects the equilib-
rium of supply and demand, whereas the
open economy restricts food intake in a way
that has little to do with what the subject does
and adds a welfare component as well. Collier
(1983) found that the behavior seen in closed
economies reflects strategies that characterize
how animals normally forage for food.
Hursh’s success in translating schedules into
human economics would follow if economics
also taps into foraging strategies, perhaps
those that emerged when people were hunt-
ers and gatherers rather than employees, em-
ployers, and investors. Although such factors
as amount of food deprivation, restriction of
body weight, or amount of food available at
each opportunity may fall on a continuum, it
appears that the causal processes they engen-
der and the outcomes they support depend
on their particular level.
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