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Domestic hens responded under fixed-ratio schedules of food (wheat) reinforcement under several
experimental conditions. Part 1 (open economy) investigated performance on fixed-ratio schedules
over both multisession steady-state conditions and daily changes of the schedule, with hens main-
tained at 80% of free-feeding weights by extraexperimental feeding. In Parts 2 and 3 (closed econ-
omy and short sessions) sessions were 40 min long, and the hens’ weights were allowed to vary (Part
2) or sessions were conducted only when the hens were at approximately 80% of free-feeding weights
(Part 3). In Part 4 (closed economy and long sessions) sessions were 24 hr long and the fixed-ratio
requirement was changed either daily or after 7 consecutive days. In general, the daily changes of
fixed-ratio requirement in the open economy and short-session closed economy gave much the same
result as the steady-state open-economy sessions. Overall response and reinforcer rates decreased
with increasing fixed-ratio requirement (except at the shortest fixed ratios). Running response rates
decreased, and postreinforcement pauses generally increased. In contrast, overall response rates in
the long-session closed economy generally increased with the fixed-ratio requirement. Session length
is suggested as a cause of the differences between the short- and long-session closed-economy results.
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Demand functions, generated through the
use of schedules of reinforcement, have been
suggested for use in the study of animal
needs (Dawkins, 1983, 1990; Hursh, 1984).
These functions may be produced from the
data obtained by increasing the size of a ratio
schedule (an analogue of increasing price)
under which the animal works for a particular
commodity, and plotting the consumption
rate against the schedule size (price). If the
demand function, on logarithmic coordi-
nates, has a slope more negative than —1.0,
then consumption is decreasing rapidly with
price increases and demand is said to be elas-
tic. If it has a slope less negative than —1.0,
then demand is said to be inelastic. Unit elas-
ticity occurs when responding remains con-
stant as price increases (thus consumption
decreases directly with price increases), and
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the slope of the demand function is —1.0
(Hursh, 1980, 1984). Hursh suggested that
the shape of demand functions depends on
several variables, including the commodity,
the presence of other commodities, the re-
sponse required, the degree of need for the
commodity, and the type of economy (open
or closed). In particular, Hursh suggested
that these variables will influence the elastic-
ity of the demand function.

When an animal has to obtain all its food
within an experimental session, the session is
called a closed economy with regard to food.
When the amount of food available in a ses-
sion is limited and an animal is provided with
supplementary food outside the session, the
session is called an open economy with re-
gard to food. Under the latter conditions, the
economy is considered to be open because
there is a supply of food other than that avail-
able in the session. Hursh (1980, 1984) con-
sidered these two situations to be endpoints
of a continuum. Thus, different degrees of
availability of a commodity will make the
economy more or less open or closed with
regard to that commodity. Hursh (1991)
showed, with monkeys, that the amount of
food available outside the experimental ses-
sion can alter behavior within a session. Elas-
ticity decreased and peak response rate was
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obtained at higher fixed-ratio (FR) values
(prices) when less food was available (i.e., as
the economy became more closed). Hursh
and Bauman (1987) suggested that the tem-
poral proximity of another source of a partic-
ular commodity, or a substitutable commod-
ity, determines the degree of openness of the
economy.

Demand functions have been used in
studying behavior maintained by drug self-ad-
ministration (Hursh & Winger, 1995). In gen-
eral, in these studies the resulting logarithmic
demand functions have been found to be cur-
vilinear, with elasticity changing as the re-
sponse requirement increases. Hursh, Ras-
lear, Shurtleff, Bauman, and Simmons (1988)
presented an equation that has been found
to provide a good description of such func-
tions (e.g., Foltin, 1991; Hursh, 1991; Hursh,
Raslear, Bauman, & Black, 1989). Based on
natural logarithms, the equation is

In(Q) = In(L) + d[In(P)] — a(P), (1)

where @ is the consumption (reinforcement
rate or, when sessions are of fixed length,
number of reinforcers), P is the price (re-
sponse requirement), « is the rate of change
of the slope (elasticity) of the demand func-
tion with increases in response requirement,
b is the initial slope (initial elasticity) of the
demand function at minimal price, and L is
the initial level of demand at minimal price.
Hursh and Winger (1995) report that, in
most cases, highly reinforcing commodities
result in small negative or near-zero b values,
so that elasticity changes are seen as changes
in a. The elasticity at a particular price is the
slope of the tangent to the demand function
at that point. The size of this slope can be
calculated from (b — aP). The price (re-
sponse requirement) corresponding to unit
elasticity (or to a slope of —1.0) is termed
P, . and can be found from the equation

P..= 0+ b/a. (2)

When response rates initially increase and
then decrease as price (response require-
ment) increases, P, corresponds to the
price at which the maximum response rate
occurs.

In general, the demand for food has been
found to be elastic in open economies (using
extraexperimental feeding) and to be more
inelastic in closed economies (when all food

is earned under the experimental schedule)
(Hursh, 1991; Hursh & Bauman, 1987). How-
ever, the control of food intake is often con-
founded by session length. In order for the
animal to require extraexperimental food, it
must have obtained limited amounts within
the session; thus, session lengths are usually
short in open-economy procedures. In con-
trast, in order for the animal to obtain all the
food it requires within a session, closed econ-
omies frequently have sessions over 4 hr long
(up to 24 hr long). It is not known what ef-
fects session length might have on the result-
ing demand functions over and above any ef-
fects of feeding regime. Cohen, Furman,
Crouse, and Kroner (1990) suggest that it
might contribute significantly.

The purpose of the present study was to
examine domestic hens’ demand for food un-
der a range of economic conditions in which
price was changed by changing the FR sched-
ule and the degree of openness of the session
economy with regard to food was varied. The
open economy necessarily had short sessions,
but sessions of two different lengths were
used with the closed economy. In Part 1
(open economy) the amount of food con-
sumed was controlled by terminating the ses-
sions after the animals had received a set
number of reinforcers. This number was set
so that the subjects required extraexperimen-
tal feeding to maintain fixed weights. Thus
the economic conditions could be described
as open with regard to food. Two aspects of
the procedure were investigated. Raslear,
Bauman, Hursh, Shurtleff, and Simmons
(1988) showed that demand functions could
be obtained rapidly with animals by increas-
ing the price in each session. They generated
such demand functions but did not compare
them with those from stable responding from
the same subjects. Here stable responding
and responding under FR schedules that
were changed each session were compared.
In addition, in previous studies the FR re-
quirements have often been presented in an
ascending sequence only (smallest to largest)
(Staddon, 1979); here, performance on both
ascending and descending sequences was
compared.

In Part 2 (closed economy and short ses-
sions) sessions terminated after 40 min, and
the subjects’ weights were free to vary. Thus,
there was less control over weight than in Part
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1, and the economic conditions could be de-
scribed as closed with regard to food. Both
ascending and descending FR series were
studied. In Part 3 (closed economy and short
sessions at 80% weight) sessions were 40 min
long, but a subject took part in experimental
sessions only when her weight was within a
set range. Part 4 (closed economy and long
sessions) involved continuous access to the
FR schedules (the sessions were 24 hr long),
and no supplementary feed was provided out-
side the session. Thus the economic condi-
tions were again closed with regard to food.
Behavior under daily changes of the FR was
compared to behavior with each FR in effect
for 7 days. Whenever weights were free to
vary, the hens were weighed each day. In line
with the ethical standards for the use of ani-
mals in scientific investigations (e.g., the
American Psychological Association guide-
lines for ethical conduct in the care and use
of animals), no hen was allowed to drop to
below 70% of her free-feeding weight.

METHOD
Subjects

Six experimentally naive subjects, num-
bered 81 to 86, were used in Parts 1, 2, and
3. They were International Ross-brown hens
(Gallus gallus domesticus) and were 18 months
old at the start of the study. Hens 82, 83, and
86 took part in Part 4. Three International
Ross-brown hens (numbered 101 to 103, all
2 years old), with a history of responding un-
der continuously available FR schedules, and
3 Light-Sussex hens (numbered 104 to 106,
all 18 months old), with experience under
simple schedules, took part in Part 4 only. All
hens were housed in individual cages, with
water freely available and grit and vitamins
provided regularly. The birds were weighed
daily, and in Part 1 postsession food (com-
mercially prepared layers mash and pellets)
was provided to maintain them at approxi-
mately 80% of their free-feeding weights. In
Parts 2 and 3 the birds were fed after the ses-
sion only if their weights had fallen to more
than 50 g below their 80% weight. In Part 4
the hens were housed in individual home
cages that served as the experimental cham-
bers. They were weighed daily and were sup-
plied with extra food only if their weights fell
to less than 70% of their free-feeding weights.

Apparatus

The particle-board experimental chamber,
used for Parts 1, 2, and 3, was 42 cm wide, 54
cm high and 57 cm long with the front wall
being a down-opening door. A steel tray with
a mesh grid covered the floor. The clear plas-
tic (Perspex) key, 3 cm in diameter, was 38.5
cm above the floor in the right side wall and
30 cm from the front of the chamber. The
key could be lit from behind by a 1-W light.
A force of not less than 0.2 N operated a mi-
croswitch, darkened the key for 35 ms, and
provided a 35-ms feedback tone. A food mag-
azine, which was lit and allowed access to
wheat when raised, was located behind an ac-
cess hole that was directly below the key and
16 cm above the floor. Experimental events
were controlled and recorded by solid-state
equipment located away from the chamber.

In Part 4, hens were housed in metal-mesh
cages (39 cm wide, 43 cm long and 46 cm
high) with particle-board walls (37 cm by 43
cm) attached to the front wall. Each wall had
a central clear Perspex key, similar to the one
described above, located 19 cm above the
floor. A food magazine was situated behind
an access hole 14 cm below each key. The
equipment was controlled by a computer op-
erating a MED-PC1® program. Lighting in
the room was on a 12:12 hr light/dark cycle
(6:00 a.m. to 6:00 p.m.).

Procedure

Part 1 (open economy). The birds were given
free access to food to establish their free-feed-
ing weights. The amount of food was then
reduced until they reached 80% of these
weights. Birds were then magazine trained
and hand shaped to peck the key. An FR
schedule, which resulted in 3-s access to
wheat after completion of a set number of
pecks, was in effect throughout the experi-
ment. The size of the FR was varied as out-
lined below. Each bird experienced one ses-
sion at approximately the same time each day.
Sessions were terminated after 30 magazine
operations by the keylight turning off and the
key becoming inoperative.

In Condition 1, FR schedules of 10, 20, 40,
20, 10, 5, and 10 were in effect, in that order.
The FR schedule remained in effect until the
overall response rates, which were plotted
each day, were judged to be stable by visual
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inspection. The schedule was not changed for
any bird until the behavior of all 6 birds was
judged to be stable by visual inspection of the
session-by-session plots of the response rates.
The schedules were in effect for 53, 37, 35,
45, 45, 47, and 50 sessions.

In Conditions 2 through 9, the FR sched-
ules were changed each session. Condition 2
involved an ascending and descending FR se-
ries, with FR schedules of 5, 10, 20, 40, 60,
80, 60, 40, 20, 10, and then 5. Condition 3
replicated the series in Condition 2 with one
session with FR 5 in effect between each
schedule of the series. The next four condi-
tions (Conditions 4 to 7) involved ascending
series with FR schedules of 5, 10, 20, 40, 60,
and 80. In Conditions 6 and 7, the food con-
sumed in a session was estimated by weighing
the birds before and after each session. Hen
81 was ill during these two conditions and did
not take part. The last two conditions (Con-
ditions 8 and 9) involved descending series
with FR schedules of 80, 60, 40, 20, 10, and 5.

Part 2 (closed economy and short sessions). In
this part of the experiment, a bird received
postsession feed only if her weight was more
than 50 g below 80% weight. Sessions were
terminated after 40 min (including magazine-
operation time), and the FR schedule was
changed each session. In Conditions 10 to 12,
the ascending series of FR schedules (FR 5,
10, 20, 40, 60, and then 80) was used. Con-
ditions 13 and 14 involved the same FRs but
descending from FR 80 to FR 5. In Condition
15, each FR was in effect for five consecutive
sessions, and there were two sessions with an
FR 20 between each five-session block. The
series was presented in ascending order
(from 5 to 80).

Part 3 (closed economy and short sessions al
80% weight). In this next part of the experi-
ment, sessions remained 40 min long but
were conducted for any hen only on days
when her weight was less than 50 g over her
80% weight. There were three conditions
(Conditions 16 to 18). In each, the FR sched-
ule was changed each session in ascending
order (from 5 to 80). In Condition 18, the
hens were weighed before and after each ses-
sion to obtain estimates of the weight of feed
consumed. Hen 84 was ill during this condi-
tion and was not included.

Part 4 (closed economy and long sessions). In
Part 4 there were four conditions (Conditions

19 to 22) and three sets of hens. Experimen-
tal sessions were continuous, with the key lit
and operative 24 hr a day. The hens were
weighed daily, and additional food was made
available to a hen only if she dropped below
her 70% weight. At midnight the final data
for that session were stored to disk, all counts
were reset to zero, and the FR schedule was
changed (if a change was scheduled).

Before Condition 19, the 3 hens to be used
(Hens 82, 83, and 86) were moved to the ex-
perimental setting and were adjusted to the
regime and to working under continuously
available FR schedules. Condition 19 involved
three ascending series of FR schedules (5, 10,
20, 40, 60, and then 80), each series starting
immediately after the end of the previous
one, with the FR changing every 24 hr.

Hens 101, 102, and 103 were experienced
with continuously available FR schedules and
were placed straight into Condition 20. The
ascending series of FR schedules (5 to 80) was
used, with each FR in effect continuously for
7 days. The same hens served in Condition
21, in which the FR was changed every 24 hr
(as in Condition 19) and the ascending series
of FR schedules was repeated nine consecu-
tive times. Hens 104 to 106 were given ex-
perience responding under continuously
available FR schedules before Condition 22
was started. Condition 22 was similar to Con-
ditions 19 and 21, but with the ascending FR
series repeated six times.

In Parts 1, 2, and 3, the number of re-
sponses, the number of reinforcers obtained,
the total time spent in pausing after reinforc-
ers (postreinforcement pause time), and the
session time were recorded each session. The
measures of time did not include magazine-
operation time. The hens’ weights were re-
corded daily. In Conditions 6, 7, and 18, the
hens were weighed before and after each ses-
sion to obtain estimates of the amount of
food eaten. In Part 4, the number of re-
sponses, the total time spent pausing after a
reinforcer, and the number of reinforcers ob-
tained were recorded to disk every 30 min.
All counts were then reset to zero.

RESULTS
Part 1 (Open Economy)

In the steady-state condition (Condition 1),
between 35 and 53 sessions (an average of 44
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Fig. 1.

Overall response rates (responses per minute excluding magazine-operation time) plotted against the FR

schedule size for each condition and each hen in the open-economy series (Part 1). Open points show data from
the ascending series of FR values; filled points show data from the descending series.

sessions) were required for the behavior of all
hens to reach stability under each FR. The
maximum FR used in Condition 1 was only
40 because FR 60 did not maintain 4 hens’
behavior. For Condition 1, the averages of the
last three sessions with each FR schedule are
presented. Under all conditions, small FR re-
quirements (5 and 10) resulted in very short
sessions (from 2.5 to 6.0 min, excluding the

90-s magazine-operation time), and larger FR
requirements (60 and 80) sometimes resulted
in sessions over 40 min long. Very occasion-
ally, under FR 80, a hen did not obtain 30
reinforcers after 80 min; at this point, the ses-
sion was terminated, and these data are not
presented.

Figure 1 shows that response rates usually
increased as the schedule was increased from
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Fig. 2.

Postreinforcement pause time (per reinforcer) plotted against the FR schedule size for each hen for

Conditions 1, 4-7, and 8 and 9 (left three panels) in the open-economy series (Part 1), and for Conditions 15 and
16-18 (right two panels) in the closed-economy series (Parts 2 and 3). Open points show data from the ascending
series of FR values; filled points show data from the descending series.

FR 5 to FR 10 (in 59 of the 64 cases) and
decreased or remained roughly constant as
the FR increased beyond 10 (with the excep-
tions of Hens 82, 85, and 84 in Conditions 2,
1, and 3, respectively, in which rates in-
creased). The response-rate functions from
the ascending series did not differ consis-
tently from those from the descending series.

Thus the order in which the FR schedules
were presented had no effect. The response-
rate functions from the condition that provid-
ed extended exposure to each FR value (Con-
dition 1) did not differ consistently from the
functions obtained from the other condi-
tions.

Figure 2 (left three panels) shows that post-
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Fig. 3.

Running response rates (responses per minute excluding magazine-operation time and postreinforcement

pause time) plotted against the FR schedule size for each hen for Conditions 1, 4-7, and 8 and 9 (left three panels)
in the open-economy series (Part 1), and for Conditions 15 and 16-18 (right two panels) in the closed-economy
series (Parts 2 and 3). Open points show data from the ascending series of FR values; filled points show data from

the descending series.

reinforcement pauses generally increased sys-
tematically with increases in FR size. This was
true for all conditions. Figure 3 (left three
panels) shows that response rates based on
session time excluding this pause time (run-
ning response rates) decreased more steeply
than overall response rates with increasing FR

size, and there were very few occasions in
which running response rate increased at
small FRs. Figures 2 and 3 show that there
were no consistent differences in postrein-
forcement pause time or running response
rate resulting from the order of FR presen-
tation or the frequency of changing the FR.
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Fig. 4. The natural logarithms of obtained reinforcement rates plotted against the natural logarithms of FR

schedule size for each hen and for each condition in the
the lines, were obtained by fitting Equation 1 to the data.

Figure 4 shows the natural logarithms of
the reinforcement rates (Q in Equation 1) as
functions of the natural logarithms of the FR
size (P in Equation 1). Equation 1 was fitted
to the data in each figure iteratively through
nonlinear regression, and the resulting de-
mand functions are shown on the graphs (the
parameters, the percentages of the data vari-

open economy (Part 1). The demand functions, shown by

ance the functions account for [%VAC], and
the standard errors of the fits are given in
Table 1). The demand functions describe the
data well (both high %VAC and low standard
errors). The values of a, the rate of change
of elasticity, are small, in that many of the
data paths are almost linear. Some of the fit-
ted functions curve upwards (a negative).
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Table 1

The fitted parameters for Equation 1 for the open econ-
omy (Part 1) for each condition, together with the per-
centages of the data variances accounted for (%VAC) by
and the standard errors (SE) of the data about the fitted
functions. Asterisks denote conditions in which the func-
tion was linear and P,,,. could not be calculated.

max

Condi- %
tion Hen a b In(L) P,. VAC SE
1 81 —0.006 —1.15 4.64 23 100 0.03
82 0.004 —1.47 5.05 —118 99 0.08
83 —0.022 —-1.60 543 27 99 0.06
84 0.017 —-0.85 4.13 9 100 0.02
85 0.007 —-0.72 3.34 40 99 0.16
86 0.063 —0.33 3.41 11 99 0.16
2 81 0.009 —0.88 4.37 13 100 0.09
82 0.007 —-0.84 3.91 23 92 0.31
83 —0.004 —1.15 4.77 38 99 0.14
84 0.013 —0.67 3.70 25 100 0.08
85 0.006 —0.77 3.51 38 96 0.20
86 0.023 —0.59 3.58 18 95 0.31
3 81 0.001 -1.03 4.63 —-30 98 0.18
82 0.021 —0.61 3.69 19 99 0.14
83 —0.001 -—-1.12 483 120 99 0.11
84 0.008 —0.72 3.77 35 95 0.21
85 0.004 —0.96 3.98 10 95 0.26
86 0.028 —0.55 3.63 16 96 0.27
4t07 81 0.002 -1.04 4.67 —20 100 0.06
82 —0.002 -1.01 3.79 5 91 0.32
83 —0.011 -1.39 b5.16 35 98 0.18
84 0.014 -0.68 3.80 23 97 0.19
85 0.007 —0.90 3.90 14 97 0.18
86 0.023 —0.60 3.63 17 97 0.22
8and 9 81 0.000 —1.09 4.78 * 99 0.13
82 0.018 —0.88 3.92 7 97 0.24
83 —0.004 -—-1.23 4.97 58 99 0.11
84 0.008 —0.75 3.94 31 96 0.24
85 —0.006 —1.29 4.70 48 98 0.17
86 0.002 -1.18 4.62 —-90 96 0.28

However, the data points fall on the more lin-
ear parts of these functions. The initial
slopes, b, vary from —1.60 to —0.33, with 17
less and 13 more negative than —1.0. The y
intercept (or consumption rate at a price of
1.0) is equal to In(L) minus a. Thus, when a
is small, as it is here, In(L) is approximately
equal to the y intercept and thus to the con-
sumption rate at this point. In(L) ranges from
3.3 to 5.4 (L ranges from 27 to 221 reinforc-
ers per minute) and varies with the size of b
(the steeper the initial slope, i.e., the more
negative b, the larger L). The values of P,
(Equation 2) are given in Table 1. P, is the
FR size at which the slope of the tangent to
the demand function is —1.0. When response
rates are bitonic (i.e., increase as FR size in-
creases and then decrease as FR size increases

further), P, is the FR size at which maxi-
mum response rate (the peak of the re-
sponse-rate function) occurs. Seventeen of
the demand functions reflect increasing then
decreasing response rates (b less negative
than —1.0 and a positive) and, for these, P,,,,
is positive and falls between 5 and 40. When
response-rate functions are not bitonic, P,
does not correspond to a maximum response
rate. Eight of the demand functions (five of
these for Hen 83) reflect response rates that
decreased rapidly with increases in FR size
over the small FRs, then changed to decreas-
ing more gradually (6 more negative than
—1.0 and a negative). For these demand
functions, P, is the FR size at which an ini-
tially elastic demand function moves though
unit elasticity to being inelastic. For four de-
mand functions (two of these for Hen 82)
(where b is more negative than —1.0 and a is
positive), P,.. is negative, in that these de-
mand functions start elastic and then move
through a slope of —1.0 before passing
through the y axis. One demand function for
Hen 82 is almost linear (a is approximately
zero), so P .. cannot be calculated.

Figure 5 shows that the estimated weight of
food consumed per reinforcer, averaged over
the two estimates made in Conditions 6 and
7, did not vary consistently with changes in
the FR size.

Parts 2 and 3 (Closed Economy and Short
Sessions)

In these conditions, the obtained maga-
zine-operation time decreased as the FR size
increased—from between 5 and 17 min (for
the 100 to 330 reinforcers at FR 5) to be-
tween 0.5 and 2 min (for the 8 to 40 rein-
forcers at FR 80). For Condition 15, the data
presented are the averages over the five ses-
sions under each FR. Figure 6 shows the over-
all response rates plotted as functions of FR
size for Part 2 (Conditions 10 to 15) in which
body weight was free to vary. Response rates
tended to increase from FR 5 to FR 10 or FR
20 and then either to remain roughly con-
stant or to decrease gradually with further in-
creases in FR size. The exceptions are for
Hen 82 in Conditions 13 and 15 and for Hen
83 in Condition 15, in which response rates
tended to increase throughout. In Conditions
10 to 12 (ascending series), some hens ob-
tained large numbers of reinforcers during
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Fig. 5. The estimated weights (in grams) of wheat
taken on each magazine operation averaged over Con-
ditions 6 and 7 in Part 1 plotted as functions of FR sched-
ule size for each hen.

FR 5 sessions and still had food in their crops
24 hr later. The low response rates in some
FR 10 sessions occurred after this. This effect
did not happen for the ascending series in
Condition 15, with FR 20 sessions conducted
between the five-session block under each FR.
In Conditions 13 and 14 (descending series),
hens sometimes obtained large numbers of
reinforcers during the FR 10 sessions, and
overall response rates were low in the follow-
ing FR 5 sessions.

Under the shortsession closed economy,
when session frequency depended on hens’
weights (Part 3, Conditions 16 to 18), there
were several days between sessions at the
smaller FRs, and sessions became more fre-
quent as the FR size increased. There was usu-
ally at least 1 day between any two sessions
(except occasionally at the largest FRs). The
overall patterns of change in response rate
with increasing FR size (Figure 6, right panel)
are similar to those in Part 2, but the local

effect of obtaining large numbers of reinforc-
ers at small FR sizes was reduced.

For any hen, response rates under the
short-session closed economy (Figure 6)
tended to be lower at most FR sizes than in
the open economy (Figure 1). The general
shapes of the demand functions, however,
were similar except that under the open
economy there was a greater tendency for
overall response rates to decrease with in-
creases above FR 20, and there were fewer
cases in which the response rates continued
to increase with FR size.

In general, under the short-session closed
economy, postreinforcement pauses in-
creased systematically with increasing FR size.
The trend is illustrated by the data from Con-
dition 15 (Part 2) and Conditions 16 to 18
(Part 3) in the right two panels of Figure 2.
The postreinforcement pauses were not sys-
tematically different from those under the
open economy; occasionally, if a hen ceased
responding in a session she did so immedi-
ately after a reinforcer and pause time con-
tinued to cumulate, giving long pauses. Run-
ning response rates decreased systematically
with increases in FR size (right two panels of
Figure 3), even when overall response rate
increased. In these cases, running response
rate decreased less steeply (e.g., Hens 82 and
83 in Condition 15). Figure 3 shows that run-
ning response rates (right two panels) were
very similar to those from the open economy
(left three panels).

Figure 7 (first four panels) shows log-log
plots of the obtained reinforcement rates as
functions of FR size for the shortsession
closed economy. Equation 1 was fitted to each
data set, and the demand functions are
shown on the figure (the parameters and
measures of fit are given in Table 2). The de-
mand functions describe the data well (high
%VAC and low standard errors). The initial
slopes, b, were all less negative than —1.0. For
20 of the 24 demand functions (where a is
positive), P, was less than 53.

Controlling for body weight in the short-
session closed economy (Part 3) resulted in
data similar to those obtained when the
weight was free to vary (Part 2). Comparison
of the demand functions across the open and
short-session closed economies (Figures 4
and 7 and Tables 1 and 2) shows that, for any
given hen, the shortsession closed-economy
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Fig. 6. Overall response rates (responses per minute excluding magazine-operation time) plotted against FR
schedule size for each condition and each hen in the short-session closed economy (Part 2, Conditions 10-15; Part
3, Conditions 16-18). Ascending series are shown as open points, and descending series are shown as filled points.

demand functions were usually more curved
(a greater) and had shallower initial slopes (&
closer to zero). Comparison of the P, values
over the two economies shows that these val-
ues are very similar for both sets of condi-
tions, and there is no consistent difference
over individual hens’ data. In summary, the
open-economy demand functions were either

already elastic (b more negative than —1.0)
or moved from inelasticity (& less negative
than —1.0) to being elastic at small FRs (P,,,,
less than 40). The short-session closed-econ-
omy demand functions were generally inelas-
tic initially (b less negative than —1.0) and
moved through unit elasticity at similar FRs
(most P,,, values less than 50) to the open
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Fig. 7. The natural logarithms of the obtained reinforcement rates plotted against the natural logarithms of FR
schedule size for each hen and for each condition in the short-session closed economy (Parts 2 and 3) and the long-
session closed economy (Condition 19, Part 4). The demand functions, shown by the lines, were obtained by fitting

Equation 1 to the data.

economy. The open-economy demand func-
tions had larger In(L) values, reflecting the
higher response rates under this economy.
The fitted functions account for high per-
centages of the variance. The standard errors
for the short-session closed economy tend to
be larger when conditions involved several FR
series and thus more data points.

Figure 8 shows the hens’ weights during
the short-session closed-economy conditions
when weights were free to vary. Weights are
plotted against the FR schedule in effect after
the hen was weighed (because they were
weighed just before a session), so the graphs
show the effects of the previous FR. With the
exception of Hen 86, weights were higher
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Table 2

The fitted parameters for Equation 1 for the short-session closed economy conditions (Parts
2 and 3), together with the percentages of the data variance accounted for (%VAC) by and
the standard errors (SE) of the data about the fitted functions. Asterisks denote conditions

in which the function was linear and P,

max

could not be calculated.

Condition Hen a b In(L) P, .« %VAC SE
10 to 12 81 0.005 -0.78 3.57 44 92 0.29
82 0.043 —0.03 1.24 23 88 0.45
83 —0.001 —0.83 3.23 —-170 86 0.35
84 0.009 -0.70 3.28 33 92 0.30
85 0.015 —0.80 3.66 13 94 0.32
86 0.008 -0.87 3.63 16 89 0.41
13 and 14 81 0.030 —0.09 1.97 30 92 0.30
82 0.015 —0.40 1.85 40 92 0.27
83 0.042 0.23 1.19 30 93 0.27
84 0.019 —0.35 2.57 34 97 0.09
85 0.018 —0.60 2.93 22 94 0.32
86 0.042 0.20 1.49 29 94 0.30
15 81 0.021 —0.34 2.51 31 97 0.23
82 0.003 —0.60 2.12 133 93 0.27
83 0.002 -0.73 2.56 135 98 0.14
84 0.054 0.11 1.98 21 100 0.12
85 0.018 —0.57 2.90 24 96 0.32
86 0.027 —0.32 2.34 25 95 0.37
16 to 18 81 0.012 -0.47 2.83 44 92 0.25
82 0.027 —0.15 2.10 31 97 0.17
83 0.003 —0.84 3.14 53 75 0.48
84 0.000 —0.76 3.15 * 82 0.41
85 0.014 -0.76 3.70 17 99 0.15
86 0.013 —0.55 2.69 35 84 0.43

than the 80% weight throughout. In the as-
cending series, the FR 5 session resulted in a
weight increase at FR 10 (as a result of the
amount of food obtained); then weight de-
creased as the FR increased above 10. In the
descending series, FR 80 followed FR 5, and
the hens’ weights were high at FR 80, then
decreased as the FR decreased, increasing
again at FR 10 and FR 5. Hen 86 was the only
one that received any extraexperimental feed
during the whole of Part 2 and then only
twice after ascending series and large FRs.

Figure 9 shows the estimates of the weight
of wheat consumed both for each reinforcer
and for each session in the shortsession
closed economy. There are no consistent
trends in the estimated weight per reinforcer,
and these weights are very similar to the
equivalent hens’ data from the open econo-
my (Figure 5). The weight consumed each
session decreased with increasing FR size as
the numbers of reinforcers obtained de-
creased.

Part 4 (Closed Economy and Long Sessions)

Under the long-session (24-hr) closed
economy, all hens started responding around

the 12th half-hour recording interval (6:00
a.m.) and ceased between the 36th and 38th
recording intervals (6:00 p.m. to 7:00 p.m.).
The patterns of responding over a day were
stable. Hens 82, 83, 86, 101, 104, 105, and 106
responded intermittently over a 7-hr period
each day at all FRs. The response rates of
these hens increased during this period when
the FR increased. This pattern is illustrated
in Figure 10, which shows the number of re-
sponses each half hour for Hens 83 and 86
for one series of FR schedules. These data are
typical for these hens and are representative
of those of the other hens. For Hens 102 and
103, the period over which they responded
increased (from 1.5 to 7.5 hr for Hen 103,
and from 2.5 to 10 hr for Hen 102), as did
their response rates, as the FR increased from
5 to 80. Both patterns resulted in increased
numbers of responses in a 24-hr period as the
FR increased.

Figure 11 shows that overall response rates
increased markedly for most hens as the FR
size increased for all conditions. The averages
of the 7-day data (Condition 20) did not dif-
fer from the data from the same hens in Con-
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Fig. 8. The hens’ weights in ascending FR series
(Conditions 10 to 12) and descending FR series (Con-
ditions 13 and 14) in the short-session closed economy,
plotted against the size of the FR schedule. The dashed
lines show the hens’ 100% weights, the dotted lines show
their 80% weights, and the solid lines are 50 g below their
80% weights. Extra feed would have been provided if
weight had fallen below the solid line value.

dition 21, in which the FR changed daily. The
response rates were lower in these long ses-
sions than in all previous conditions, but this
is not surprising given the 24-hr time base
used. Estimating response rates over just
those recording intervals in which respond-
ing occurred gave responserate functions
with the same shape but with correspondingly
higher response rates for Hens 82, 83, 86,
101, 104, 105, and 106. The response-rate
functions were steeper for the other 2 hens.
In contrast to the short-session closed econ-
omy, response rates generally increased.
Pause-time data were collected but are not
easily interpretable. When a hen stopped re-
sponding for an extended period, it frequent-
ly did so just after obtaining a reinforcer, thus
adding considerable time to the postrein-
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Fig. 9. The estimated weights (in grams) of wheat taken
on each magazine operation (left panel) and the estimated
total weights of wheat taken each session (right panel) for
individual hens for Condition 18 (Part 3). (Weights were
not collected for one FR value for Hens 81 and 86.)

forcement pause counter. It was not clear
how to separate the schedule-related pausing
from pausing between bouts of responding.
However, postreinforcement pauses within
the 30-min recording interval in which the
maximum responding occurred increased
with FR size. Examples of these postreinforce-
ment pauses, given in Figure 12 (Conditions
21 and 22), show that they were of very sim-
ilar magnitudes to those in both the open
economy and the short-session closed econ-
omy. The problem with pause time also ap-
plied to calculations of running response
rate. The examples given in Figure 13 are
from the recording interval in which maxi-
mum responding occurred. These response
rates were of similar magnitude to those in
Parts 1 and 2 but did not generally decrease;
instead, they increased or remained roughly
constant as FR increased.

The rates of reinforcement (calculated ex-
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Fig. 10. The total numbers of responses in each half-hour recording interval over a 24-hr session with each FR

for 2 hens.

cluding magazine-operation time) are shown
plotted against FR size in log-log plots in Fig-
ure 7 (right panel, Condition 19) and Figure
14 (Conditions 20 to 22). Fitted demand
functions (Equation 1) are shown on the
graphs (parameters and measures of fit are
given in Table 3). There are no consistent
differences among the hens or conditions.
The data paths are almost linear with little

curvature, giving demand functions with
small a values, seven of which are negative (so
the demand functions curl upwards). The ini-
tial slopes, b, are similar to those for the
short-session closed economy. However, as a
result of the lack of downward curvature, the
demand functions are less steep overall than
any of the demand functions shown above for
the other conditions.
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Fig. 11. Opverall response rates (responses per minute excluding magazine-operation time) plotted against the FR

schedule size for each condition and each hen in the long-session closed economy (Part 4).

Because there were no consistent differ-
ences across conditions in either the short- or
the long-session closed economies, the data
for each hen were averaged for comparison.
The numbers of reinforcers obtained each
session were used for this comparison be-
cause they permit a more direct comparison;
they are shown plotted against the FR size in
log-log plots in Figure 15. The demand func-
tions (Equation 1) fitted to these averaged
data with number of reinforcers as the mea-
sure of consumption (Q) are also shown. Us-
ing the numbers of reinforcers obtained rath-
er than the reinforcement rates had no effect
on the shape of the long-session demand
functions, had very slight effects on the shape
of the short-session demand functions (alter-
ing a and b at the third or fourth decimal
place), and altered the intercepts of the de-
mand functions and hence In(L). Therefore,
the parameters and measures of fit given in
Table 3 (for Condition 19 and 22) apply to
these demand functions, with the In(L) in pa-
rentheses. The values for the averaged short-
session data and the average long-session
(Conditions 21 and 22) data are given in Ta-
ble 4. The long-session functions for Hens 82,
83, and 86 are higher and more linear than
the short-session functions; this difference is

the result of obtaining more reinforcers in
the long sessions at all FRs and obtaining rel-
atively more reinforcers at the larger FRs than
at the smaller FRs. The long-session demand
functions for Hens 101 to 106 are also higher
and more linear than the shortsession de-
mand functions for Hens 81 to 86. The initial
elasticities of the long- and short-session de-
mand functions were similar, with all equally
inelastic (b less negative than —1.0). The
short-session demand functions curve down-
wards (a positive), and for all hens except
Hen 83, P, corresponds to a moderate FR
value. Three long-session demand functions
curve downwards and have peak response
rates at large FRs. The other six long-session
demand functions either curl upwards at
large FRs or are approximately linear; all
would be almost as well described by straight
lines. When the data are averaged across con-
ditions, the long-session closed-economy de-
mand functions are less steep overall than the
short-session ones.

Hens 82, 83, and 86 started the 24-hr
closed economy (Condition 19) at their 80%
weights. Their weights rose to 90% and they
maintained this weight throughout the daily
changes in FR. None of these hens received
extraexperimental food. Hens 101, 102, and
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Fig. 12. Postreinforcement pause time (per reinforc-
er) for the recording interval in which the maximum
number of responses occurred plotted against FR sched-
ule size for each hen in the long-session closed economy
(Conditions 21 and 22, Part 4).

103 started the 7 days under each FR (Con-
dition 20) at their 80% weights; weights then
increased over sessions before dropping to
below 70% weight during the FR 80 sessions
(thus, all hens required extra food at this
point). When the FR changed daily in Con-
ditions 21 and 22, the weights of all hens were
usually well above 80%, but Hens 102, 103,
and 106 dropped to below 70% occasionally
after large response requirements (60 or 80),
so those hens received extra food. There
were no consistent differences in the data re-
sulting from the provision of extra food.

DISCUSSION

Under the open economy, the multisession
steady-state condition gave data similar to
those obtained when the FR schedules were
changed each session. In addition, the order
of schedule presentation (ascending or de-
scending) did not affect the outcome. Both
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Fig. 13. Running response rates (excluding maga-
zine-operation time and postreinforcement pause time)
for the recording interval in which the maximum num-
ber of responses occurred plotted against FR schedule
size for each hen in the long-session closed economy
(Conditions 21 and 22, Part 4).

of these results support the suggestion of Ras-
lear et al. (1988), based on closed-economy
conditions, that increasing the FR each ses-
sion is a quick and appropriate method of
examining performance under FR schedules.
These are the first data reported from hens
responding