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Animals’ behavioral needs have become an important component of animal welfare legislation. Be-
havioral economics provides a framework for the study of such needs. A function, analogous to a
demand function relating consumption rate to price, can be obtained by increasing the price (or
work) required for access to a commodity. This experiment investigated the effects of different
response types and price manipulations on these functions. Six hens pushed a door or pecked a key
for food under open economic conditions (short experimental sessions and supplementary food).
In Part 1, the number of door pushes required (fixed-ratio schedule) was increased each session,
and the force needed to push the door was increased across conditions. In Part 2, the force needed
to push the door was increased session to session, and the fixed-ratio schedule was increased across
conditions. In Part 3, the number of key pecks required was increased each session. Both response
types produced similarly shaped (approximately linear in logarithmic coordinates and downward
sloping) demand functions when price was increased by increasing the number of responses re-
quired. These imply an elastic demand for food under these conditions. In contrast, increasing the
force required to push the door resulted in highly curvilinear functions. These functions indicated
little change in consumption across lower door forces and abrupt drops in consumption at higher
force requirements, implying mixed elasticity in the animals’ demand for food. The differences
between the shapes of the two functions seem to arise from the different ways that the two price
manipulations alter the time taken to complete the work required. Increasing the fixed-ratio require-
ment necessarily increases the time needed to complete each response unit, whereas increasing the
force requirement does not. The different shapes of the functions were robust when either force or
number was varied across sessions and the value of the other was varied over conditions. They were
also robust when the price increases were taken from different conditions, showing that the shapes
of the functions were independent of the place in the experiment in which the price was examined.
Unit price (which combines number and force into a single price measure) unified the data from
the two price manipulations to a large degree, producing moderately curved functions. However,
there was some variance around the unit price functions, and this was attributable to the different
shapes of the underlying functions. The data suggest that different price manipulations may give
different measures of animal demand but that unit price might provide some unification.
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There has been recent interest in an area
known as behavioral economics in which
ideas and terms from economic theories are
applied to the behavior of individual organ-
isms (Allison, 1983; Hursh, 1980, 1984).
Some writers have also suggested that basic
economic concepts, such as demand func-
tions, may be of use in assessment of what are
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sometimes called animal needs (Dawkins,
1983, 1990; Matthews & Ladewig, 1985). In-
creasing numbers of countries are introduc-
ing legislation that requires that an animal’s
physical and behavioral needs be met for its
welfare to be satisfactory. Measures of de-
mand may allow the assessment of such be-
havioral needs.

In animal experiments, demand functions
are generated by increasing an analogue of
the price of an outcome (usually the number
of responses required to obtain that outcome,
or fixed-ratio [FR] schedule) and then plot-
ting consumption rate against price, both
measured logarithmically. How hard an ani-
mal will work to obtain a commodity in the
face of price increases determines both the
slope of the demand function and the height
of the function above the origin. Thus, the
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functions may allow researchers to rank dif-
ferent commodities in terms of either mea-
sure (Dawkins, 1983, 1990). Such rankings
could provide information relevant to deci-
sions on animal welfare legislation, where
questions such as ‘‘Does a hen need a nest
box?’’ are becoming highly relevant.

When the slope of the logarithmic demand
function is equal to 21.0, unit elasticity is said
to be shown. Unit elasticity implies that re-
sponse (spending) rates have remained con-
stant across FR (price) increases, so that pro-
portional increases in price have led to
proportional decreases in consumption. If
the slope of the demand function is more
negative than 21.0, then consumption has
decreased rapidly across price increases, and
demand is described as elastic. If the slope is
less negative than 21.0, then consumption
was less affected by price, and demand is de-
scribed as inelastic. Inelastic demand implies
that spending rate (in human terms) has in-
creased so that consumption rate has not fall-
en as quickly as the price has increased.
When FR increases are the analogue of price,
finding inelastic demand means that overall
response rate has also increased (analogous
to increased spending). In relation to the
measurement of animals’ needs, Dawkins
(1990) suggested that the finding of inelastic
demand functions will identify needs, and
highly elastic functions will identify less need-
ed events. In many studies (e.g., Foltin, 1991;
Foster, Blackman, & Temple, 1997; Hursh,
Raslear, Bauman, & Black, 1989), however,
the resulting demand functions have been
found to be curvilinear. Curved demand
functions are said to show mixed elasticity
and commonly are concave downwards, con-
taining portions of inelastic and elastic de-
mand.

Hursh, Raslear, Shurtleff, Bauman, and
Simmons (1988) presented an equation that
has been found to describe nonlinear de-
mand functions adequately (e.g., De-
Grandpre, Bickel, Hughes, & Higgins, 1992;
Foltin, 1991, 1994; Hursh & Winger, 1995).
In logarithmic terms, the equation is

ln(Q) 5 ln(L) 1 b[ln(P)] 2 a(P), (1)

where Q refers to consumption (reinforcer
rate or number of reinforcers), P denotes
price (response requirement), L is the level
of consumption at minimal price, b is the ini-

tial slope or elasticity of the demand function,
and a is the rate of change in the slope or
elasticity of the demand function with in-
creases in price. The price that yields maxi-
mal response output, or the point at which
demand changes from inelastic to elastic, is
termed Pmax (Hursh et al., 1988) and can be
found using the equation

Pmax 5 (1 1 b)/a. (2)

One major factor that has been suggested
to influence the shape of demand functions
is the type of economy in effect. Open eco-
nomic conditions, in which an alternative
source of the commodity is available, are said
to produce more elastic demand functions
than those generated under closed economic
conditions (Hursh, 1991; Hursh & Bauman,
1987). Recently, however, it has been sug-
gested that the length of the experimental
session may be the most crucial difference be-
tween these two conditions (Foster et al.,
1997). Other factors that may bear on the
shape of a demand function are the type of
response required of the subject (Allison,
Miller, & Wozny, 1979; Duran & McSweeney,
1987; Hursh, 1980) and the nature of the
price analogue.

Researchers in behavioral economics typi-
cally use response types that are conventional
to the species under study. For example, key
pecks are commonly used with hens and pi-
geons (e.g., Foster et al., 1997; Robinson, Fos-
ter, Temple, & Poling, 1995; Sumpter, Foster,
& Temple, 1995) and lever presses are typi-
cally used with rats and monkeys (e.g., Alling
& Poling, 1995; Foltin, 1991). Most research-
ers also alter the price analogue of an out-
come by increasing the number of responses
required to obtain a reinforcer (i.e., the FR
requirement). In such cases, except when ses-
sions are long, animals generally respond at
a roughly constant rate across the midrange
of prices (thus consumption decreases direct-
ly with price increases), and the resulting de-
mand function is close to linear with a slope
that approximates 21.0 for much of its range
(Hursh & Bauman, 1987; Foster et al., 1997).
However, as suggested by Alling and Poling
(1995), another way of manipulating the
price analogue would be to vary the required
force of a response. Response force can be
varied alone or in combination with the num-
ber of responses required.
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Very little is known about the effects of us-
ing different response types, or different
price manipulations, on demand functions.
Duran and McSweeney (1987) compared de-
mand functions generated by different
groups of pigeons key pecking and treadle
pressing for food under variable-ratio sched-
ules of reinforcement and closed economic
conditions. They found that the functions
generated by the treadle-pressing subjects
were more elastic than those generated by
the key-peck group, and suggested that this
result was not surprising because more force
was required to operate the treadle than the
key. Hursh et al. (1988) reported on the ef-
fects of two different lever forces (among oth-
er variables) on the shape of demand func-
tions, and also found that demand was more
elastic when the higher force was required.
Similarly to Duran and McSweeney’s (1987)
study, closed economic conditions were em-
ployed and comparisons were made across
subjects.

Sumpter et al. (1995), using concurrent
second-order schedules, investigated the bi-
asing effects of different response types on
choice performance in hens. They found,
when a key peck and a door push were con-
currently available, that the two responses
functioned similarly to affect performance,
but the hens’ behavior was biased towards the
key-peck alternative by about 5:1. This bias
was attributed to both the differing times and
forces required to emit each response. This
finding also seems to suggest that the use of
more effortful responses, either of different
forms or by increases in the force required,
may lead to more elastic demand functions.

Alling and Poling (1995) examined the ef-
fects of altering the force required to operate
a lever on rats’ performance under multiple
schedules of food delivery. They found that
overall and running response rates decreased
gradually and interresponse times increased
with increases in required response force.
These results support the suggestions made
by Notterman and Mintz (1985) and are con-
sistent with the few other studies that have
examined response-force effects (e.g., Adair
& Wright, 1976; Mowrer & Jones, 1943). They
also parallel, to an extent, those obtained
when the number of responses required to
produce a reinforcer has been increased
(e.g., Felton & Lyon, 1966; Ferster & Skinner,

1957; Powell, 1970). On the basis of these
similarities, Alling and Poling suggested that
manipulations of required response force
and response number may be alike in their
effects on behavior.

Leslie (1992) compared demand curves
generated by domestic hens key pecking un-
der increasing FR requirements and door
pushing under increasing force require-
ments. When price was increased by increas-
ing the number of key pecks required, the
resulting demand functions were approxi-
mately straight and downward sloping, indi-
cating that consumption rate decreased al-
most linearly (in logarithmic coordinates)
across the range of FR requirements. When
price was varied by increasing the force re-
quired to push the door, distinctly different-
shaped functions resulted. These functions
were highly curved, reflecting mixed elastic-
ity. This finding suggests that manipulations
of response number and response force may
not have the same effect on behavior because
they produce differently shaped demand
functions. Unfortunately, however, it is hard
to make direct comparisons based on Leslie’s
data because it is not clear whether the dif-
ferences in the shape of the demand function
arose from the different responses used or
the different price manipulations.

There appear, therefore, to be suggestions
that alterations in required response force
and number may have either similar or dif-
ferent effects on demand measures. So far no
data allow comparison of their effects on de-
mand functions using the same behavior and
the same subjects. If the two manipulations
(i.e., response force and response number)
do produce demand functions with different
shapes, then direct, quantitative comparisons
still pose a problem in that the scales mea-
suring price are different. However, this prob-
lem may be approached by considering a con-
cept known as unit price.

Unit price is a cost-benefit ratio that allows
the effects of multiple independent variables
to be compared directly by expressing cost as
effort required per reinforcer (Bickel, De-
Grandpre, Higgins, & Hughes, 1990; Hursh
et al., 1988; Hursh & Winger, 1995). Formal-
ized by Hursh et al. (1988), the unit price
concept is expressed as

responses 3 effort
unit price 5 , (3)

reinforcers 3 value
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where values in the numerator describe the
work required to obtain reinforcement (e.g.,
the number of responses required and the
duration and force of each response), and
values in the denominator describe the rein-
forcer parameters (e.g., the number of rein-
forcers delivered and the weight, caloric gain,
and flavor of each reinforcer). Within this
model, then, consumption rate should be the
same at the same unit price, regardless of the
constituents making up that unit price. For
example, consumption should be the same
when 20 responses each requiring a force of
10 N are needed to obtain 1 g of food, when
10 responses requiring a force of 20 N are
necessary to obtain 1 g of that same food, and
when 40 responses requiring a force of 20 N
are needed to obtain 4 g of that food. In ad-
dition, if unit price is the factor that controls
consumption, then data from studies exam-
ining several different response and reinforc-
er parameters should converge onto a single,
positively decelerating demand function. The
efficacy of the unit price model is of applied
interest, because conclusions regarding the
importance of a particular commodity to an
animal may differ depending on the proce-
dure used to assess demand. It may be that
the unit price model will allow unification of
data generated in different ways.

The first aim of the present study was to
investigate the importance of response type
in determining the shape of demand func-
tions. This was achieved by comparing de-
mand functions produced by increasing FR
size using both key-peck and door-push re-
sponses, both maintained by food delivery.
On the basis of the data reviewed above, the
two sets of demand functions were both ex-
pected to be approximately linear, with slopes
close to 21.0, although door pushing might
be expected to produce more elastic demand
because more force is required by this re-
sponse. The second aim was to compare de-
mand functions produced by ratio manipu-
lations with those produced by manipulations
of required response force, using the door-
push response. If these differ in form, then
an analysis in terms of unit price may unify
the data. In order to maintain constant eco-
nomic conditions, we used short sessions and
provided supplementary food throughout.

METHOD

Subjects

Six Shaver Starcross hens, numbered 81 to
86, served as subjects. The hens were 3 years
old at the start of the experiment and had
prior experience with pecking a single key for
reinforcement. All hens were housed individ-
ually with free access to water, and grit and
vitamins were provided regularly. They were
weighed daily and were provided with post-
session food (commercially prepared layers
pellets) to maintain them at 80% (65%) of
their free-feeding weights. The hens were
supplied with extra food when their weights
had fallen below their 80% weight, when they
had not received a reinforcer for two consec-
utive sessions, or when they were between se-
ries of experimental conditions.

Apparatus

A particleboard experimental chamber 58
cm long, 42 cm wide, and 54 cm high was
used. During Parts 1 and 2 of the experiment
a door, similar to that described in detail by
Sumpter et al. (1995), was located on the
front wall so that its top was 36 cm above the
grid floor and its right edge was 2 cm from
the right wall. The door consisted of two ver-
tical brass rods (through which the hens
could push their heads and necks) which,
when suspended, hung 4 cm inside the front
wall and 10 cm above the grid floor. So that
an effective door push could be made, these
rods needed to be pushed 5 cm forward
(measured at the bottom of the rods) or to
an angle of 158. This movement operated a
microswitch and required a minimum force
of 2.3 N when no weights were attached.

So that the hen did not hit the front wall
when the rods were pushed to an angle of
158, a hole (10 cm by 19 cm) was cut out of
the front wall directly below the door frame
and 11 cm from the floor. A box (10 cm wide,
18 cm deep, and 29 cm wide) was fixed to
the rear of the front wall so that it covered
the hole. This meant that the hen’s head
would be in this box when an effective door
push was made. A 1-W white bulb located at
the rear of this box provided illumination of
the door.

In Part 3 of the experiment the door was
removed, the hole was covered, and a Per-
spex response key (3 cm diameter) was cen-
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tered on the front wall, 35 cm above the grid
floor. The key could be transilluminated red
and, when lit, could be operated by pecks ex-
ceeding a force of 0.2 N.

In all parts of the experiment, a food mag-
azine providing access to wheat was located
behind an aperture (7 cm by 10 cm) that was
centered on the response wall 8 cm from the
floor. During reinforcement, the magazine
was raised and illuminated white, and the
manipulanda lights were extinguished. A Mi-
croware 386 PC computer, located in another
room, using MEDt 2.0 software, controlled
and recorded all experimental events.

Procedure

The hens were trained by the method of
successive approximations to push the door.
Once door pushing was occurring reliably, re-
sponding was maintained on an FR 1 sched-
ule for three sessions and then on an FR 5
schedule for four sessions. Each effective re-
sponse was signaled to the subject by a short
(30 ms) audible beep, and the completion of
each FR requirement resulted in both the
short beep and access to the reinforcer for
3.5 s. All sessions ended after 30 reinforcers
or 40 min (whichever occurred first), and at
least six sessions were conducted each week
(Monday to Saturday).

Part 1: Increasing FR (door push). The hens
responded on FR schedules of reinforce-
ment. The FR requirements were systemati-
cally varied across sessions, and the force re-
quired to push the door was increased across
experimental conditions.

Each series of FR schedules began with an
FR 5 schedule in effect for three sessions. The
FR value was then increased to FR 10 for one
session. Over subsequent sessions, the FR val-
ue was increased by 10 to FR 20, FR 30, FR
40, and so on. For each hen the daily increas-
es in schedule size continued until she had
not received a reinforcer for two consecutive
sessions. The hen was then exposed to an FR
1 schedule for three sessions or until 30 re-
inforcers had been obtained in a session
(whichever occurred first). Following this,
the hen remained in her home cage, where
she was given supplementary feed until the
behavior of all hens had reached this criteri-
on. A new series then began, starting with an
FR 5 schedule in effect for three sessions as
described above.

The hens were initially exposed to four se-
ries of FR schedules with no weight added to
the door (Condition 1). The force required
to push the door was then changed by adding
a series of lead weights to the door, and two
series of FR increases were conducted at each
of six door-force requirements. Table 1 sum-
marizes the sequence of conditions, the
weights added to the door and the corre-
sponding force requirements (measured 18
cm from the pivot using a calibrated spring
balance), and the maximum FR value at
which each bird completed a series (i.e., the
highest FR value at which at least one rein-
forcer was received).

Part 2: Increasing door force. Throughout
Part 2 the force required to push the door
was systematically varied across sessions, and
the FR schedule in effect was increased across
experimental conditions. Each experimental
condition began with a 25-g weight placed on
the door for three sessions. During the con-
dition in which only one door push was re-
quired (FR 1), the door weight was then in-
creased by 25 g over nine sessions to 250 g.
The weight was then increased by 50 g each
session. During all other conditions (in which
multiple responses were required) the weight
was increased by 25 g for three sessions only
(i.e., up to 100 g). It was then increased by
50 g each session. In all conditions, the 50-g
increments in door weight continued until a
hen had failed to receive a reinforcer for two
consecutive sessions. The hen then remained
in her home cage and was given supplemen-
tary food until the behavior of all hens had
reached this criterion. Once all of the hens
had failed to receive a reinforcer for two con-
secutive sessions, the weight on the door was
removed and all hens were exposed to the
unweighted door for three sessions or until
30 reinforcers had been obtained in a session
(whichever occurred first). At this point, a
new condition was put into effect.

The FR schedule in effect was changed
over six conditions from FR 1 to FR 5, FR 10,
FR 20, FR 40, and FR 80. The sequence of
experimental conditions conducted during
this part of the experiment, along with the
maximum door weights at which each hen
completed a condition, are shown in Table 1.

Part 3: Increasing FR (key peck). The hens
were exposed to session-to-session changes in
FR requirement with key pecking as the re-



334 CATHERINE E. SUMPTER et al.

Table 1

The order of experimental conditions, together with the highest FR schedule or the greatest
weight added to the door. Session-to-session increases in FR requirement or door weight are
indicated by ‘‘inc.’’

Condition Series FR

Weight
added

(g)
Force
(N)

Subject

81 82 83 84 85 86

Part 1: Increasing FR (door push) Highest FR (door)
1 1 inc 2.3 220 60 120 190 160 100

2 inc 2.3 170 90 140 140 190 150
3 inc 2.3 260 150 170 200 280 200
4 inc 2.3 200 80 130 220 190 200

2 1 inc 75 2.9 120 170 110 170 150 170
2 inc 75 2.9 170 110 90 140 170 200

3 1 inc 150 3.5 130 100 70 80 120 150
2 inc 150 3.5 180 80 120 110 150 170

4 1 inc 300 4.6 80 60 70 80 90 80
2 inc 300 4.6 50 60 90 80 80 110

5 1 inc 450 5.8 110 30 30 40 70 70
2 inc 450 5.8 30 30 30 20 40 180

6 1 inc 600 7.1 20 20 40 10 30 5
2 inc 600 7.1 60 60 50 10 40 10

7 1 inc 750 8.1 50 40 5 40 30 20
2 inc 750 8.1 30 40 1 20 20 100

Part 2: Increasing door force Greatest weight (door)
1 1 1 inc inc 950 1,200 900 1,200 1,500 1,800
2 1 5 inc inc 1,250 1,150 700 950 1,250 1,150
3 1 10 inc inc 950 750 650 950 650 950
4 1 20 inc inc 700 250 300 650 250 600
5 1 40 inc inc 550 500 400 400 350 1,000
6 1 80 inc inc 250 75 50 50 150 800

Part 3: Increasing FR (key peck) Highest FR (key)
1 1 inc 0.2 120 90 50 140 100 120

2 inc 0.2 200 120 90 100 220 240
3 inc 0.2 190 110 90 120 400 220

quired response. Three series of FR schedule
changes were conducted, and the force re-
quired to peck the key remained constant at
0.2 N. Reinforcement time was also reduced
from 3.5 s to 3 s because, when key pecking
was required, the hens were quicker in reach-
ing the magazine. Table 1 shows the maxi-
mum FR values at which each hen completed
each series of FR schedule changes conduct-
ed during Part 3. Other aspects of the pro-
cedure were identical to those employed dur-
ing Part 1.

RESULTS

During Condition 1 of Part 1 and Part 3 of
the experiment, more than two series of FR
schedules were conducted. Because there
were no consistent differences between the
data from each series within a condition, and

in order to reduce the data presentation, only
the data from the last two series are included
in the analyses.

Unless 30 reinforcers were obtained, the
hens were required to complete three ses-
sions in which they were exposed to the FR 1
and FR 5 schedules (Parts 1 and 3) and to
the 0-g and 25-g door weights (Part 2) during
each series. This requirement was designed to
maximize responding at the low prices follow-
ing exposure to high FR or force require-
ments. Although the hens usually worked well
under these low prices by the first session, the
data collected from only the last of those ses-
sions were used in the analyses. The data col-
lected from the sessions in which a hen laid
an egg were also omitted.

The experimental sessions were stopped af-
ter 30 reinforcers had been obtained or 40
min had elapsed, whichever occurred first. In
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Fig. 1. The overall response rates (per minute) plotted for all hens as functions of the natural logarithms of the
FR schedules. The top row presents the data obtained during Part 3 (key peck), and the remaining rows present the
data obtained during Part 1 (door push). The solid and dashed lines represent the data from the last two series of
FR increases within each condition.

the present data sets, the sessions reached 40
min at FR values between FR 5 and FR 40,
with a tendency for the FR at which this oc-
curred to be lower at weights over 150 g.

The data in the top two rows of Figure 1
show the effects of FR manipulations on both
key-pecking and door-pushing performances
when the force required to emit each re-
sponse type was kept at its lowest level. The
overall rates of both key pecking and door
pushing usually increased as the schedule was
increased from FR 1 (ln 0) to FR 10 (ln 2.3)
and decreased as the FR increased beyond

10. The only exceptions to this finding can
be seen in one series of the key-pecking data
from Hens 83 and 85, where the overall re-
sponse rates did not show this inverted U-
shaped pattern. Although the overall rates of
key pecking and door pushing were usually
similar across the FR values, when an FR 1
schedule was in effect higher key-pecking
rates tended to occur.

Comparisons of the data in rows 2 to 8 of
Figure 1 show the effects of added door
weight on the overall rates of door pushing
when price was increased by increasing the
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Fig. 2. The running response rates (per minute) plotted for all hens as functions of the natural logarithms of
the FR schedules. The data in the top row were obtained during Part 3 (key peck), and the data in the remaining
rows were obtained during Part 1 (door push). The solid and dashed lines represent the data from the last two series
of FR increases within each condition.

number of door pushes required. The overall
response rates were consistently higher when
the door was unweighted and slowed down as
door weight was increased. Once door weight
reached 300 or 450 g, it is clear that the over-
all response rates tended to decrease sharply
and the inverted U-shaped pattern is less ob-
vious, but is still present in most cases. It is
also clear that the hens stopped responding
at smaller FR values when higher weights
were placed on the door.

Although they are not presented, the av-
erage postreinforcement-pause (PRP) times

(per session) obtained during each condition
of Parts 1 (FR door push) and 3 (FR key
peck) of the experiment were graphed and
inspected. In general, and irrespective of re-
sponse type, the PRP times increased as the
FR schedule increased. They also became
longer at all FR requirements as larger
weights were placed on the door. These in-
creases reflect, and contribute to, the de-
creases in the overall response rates observed
across both the session-to-session increases in
FR size and the increases in door weight.

Figure 2 shows that the running response
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Fig. 3. The natural logarithms of the consumption rates (reinforcers per minute) plotted for all hens as func-
tions of the natural logarithms of the FR schedules. The top row presents the data obtained during Part 3 (key
peck), and the remaining rows present the data obtained during Part 1 (door push). For each hen, the data were
averaged across the last two series of FR determinations within a condition. Lines through the data were fitted
using Equation 1.

rates (calculated from the first to the last re-
sponse in each ratio) decreased rapidly with
increasing FR size, and that there were a few
occasions in which the running rates in-
creased across the small FRs (i.e., FR 5 [ln
1.6] to FR 10 [ln 2.3]). Comparisons of rows
1 and 2 of Figure 2 show that, when the force
required to make each response was kept at
its lowest level, there were no consistent dif-
ferences between the key-pecking and door-
pushing running response rates. Irrespective
of FR size, the running response rates on the

door also became lower as the weight on the
door increased. This can be seen by compar-
ing the data in rows 2 to 8 of Figure 2.

For each hen, the consumption-rate data
(based on session time excluding cumulative
reinforcement time) from the last two series
of FR manipulations within each condition
were averaged. Because there were no consis-
tent differences across the two series, pre-
senting the averaged data simplifies the pre-
sentation and preserves the form of the
individual functions. Figure 3 presents the
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natural logarithms of the averaged consump-
tion-rate data obtained during the increasing
FR key-peck (Part 3; top row) and door-push
(Part 1; rows 2 to 8) conditions as functions
of the natural logarithms of the FR require-
ments. The measure presented in Figure 3
(consumption rate) is appropriate for these
data and reveals orderly effects of the vari-
ables manipulated. Although other measures,
such as total consumption (the number of re-
inforcers obtained), are possible, they would
be confounded by the differences in session
length in the present data set. Consumption
rate allows direct comparison between ses-
sions when either total consumption or avail-
able time is restricted.

Comparisons of the top and second rows
of Figure 3 show that when price was altered
by increasing FR size, similarly shaped de-
mand functions were produced by both re-
sponse types. Irrespective of response topog-
raphy, the resulting demand functions were
only slightly curvilinear, indicating that con-
sumption tended to decrease almost linearly
with successive increases in FR size.

The lines shown on Figure 3 are the best
fits to Equation 1 found through nonlinear
regression. The parameters of the equations
describing the data are presented in Table 2,
together with the variances accounted for by
the lines (%VAC) and the FRs, predicted
from the equations, at which the response
rates are maximal and the change from in-
elastic to elastic demand occurs (Pmax). In
some cases, when the force requirements
were high, there were either too few data
points to conduct a nonlinear regression
analysis or the fitted functions had a values
that were negative. Negative a values gave fit-
ted functions that curved upwards beyond
the data range and predicted increases in
consumption with further increases in price;
a prediction which clearly does not coincide
with any likely data. For this reason, those
lines are not presented on Figure 3. The
functions that have been fitted do, however,
describe the data well, accounting for over
90% of the data variance in all but one case.

All the demand functions that fit the key-
peck and unweighted door-push data have
negative initial slopes, and initial demand is
inelastic (b values less negative than 21.0) in
all but two cases (i.e., Hens 81 and 83 key-
peck data). In all cases a is positive, indicating

that the demand functions become increas-
ingly more elastic as FR size increases. In
those two cases in which initial demand is
elastic, the FRs corresponding to the predict-
ed peaks in overall response rate (Pmax) are
negative. In the remaining cases, they range
from 11 to 38.

Although the shape of the key-peck and
unweighted door-push functions are similar,
some differences in the parameters of the
equations fitting those functions are appar-
ent. Key pecking tended to result in larger
values of L, reflecting the finding that slightly
higher overall response rates (and therefore
higher reinforcement rates) generally oc-
curred at FR 1 when key pecking was re-
quired. The a values (rates of change of
slope) do not differ consistently across the
two data sets, but initial demand was more
elastic (b values more negative) when key
pecking was the required response. As a con-
sequence, the Pmax values are consistently
smaller for key pecking than for door push-
ing. In general, then, the functions were ini-
tially slightly higher but more elastic when
key pecking was required.

Careful examination of the changes in the
parameters of the lines describing the door-
push data (Table 2) shows that there were no
consistent changes in parameters a (rates of
change in slope) or b (initial slopes) as door
weight was increased. They tended to vary un-
systematically across the door-weight manip-
ulations, and for only 1 hen (Hen 85) did
they both increase as door weight increased.
Only parameter L (initial consumption rates)
changed consistently and systematically across
the increases in door weight, decreasing at
weights of 300 g or higher. This result indi-
cates that although the shape of the demand
functions did not change systematically with
door-weight increases, the initial consump-
tion rates (and therefore the overall height
of the demand functions) were lower at high-
er door weights.

Figure 4 presents the overall response rates
obtained when the force required to push the
door was increased each session (Part 2) plot-
ted against the logarithms of the required
door force minus the logarithms of the initial
door force. In order to estimate the door
forces as functions of the added weights, the
following analysis was employed. The force
required to push the door was measured
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when the added weights were 0 g, 75 g, 150
g, 300 g, 450 g, 600 g, and 750 g, and these
forces are presented in Table 1. The mea-
sured forces were then plotted as functions of
the added weights, giving an almost perfect
linear function, and a regression line was fit-
ted. Estimates of the force requirements at
other weight values used when door weight
was increased across sessions rather than con-
ditions (e.g., 25 g, 50 g, 100 g) were made
from this fitted line. The logarithm of the
force (converted to force-grams) required to
push the unweighted door was then subtract-
ed from the logarithms of the door-force es-
timates so that the lowest x-axis value would
correspond to a price of 1.0 (or 0.0 in loga-
rithmic terms). This procedure permits more
direct comparisons of the data produced by
daily increases in ratio size and required re-
sponse (i.e., door) force, because both start
at a price of 0.0 in logarithmic terms (al-
though these are not the actual prices).

The changes in overall response rate with
increasing door weight (Part 2, Figure 4) are
similar to those seen in response to increas-
ing FR size during Part 1. The response rates
were commonly maximal at the smaller door
weights (between 0 g [ln 0] and 75 g [ln
2.18]) and tended to decrease as the door
weight increased. However, comparisons of
the data in the top row of Figure 4 (when the
FR requirement was held at one door push
and door force was increased each session)
with those in the second row of Figure 1
(when the door was unweighted and FR was
increased each session) indicate that the ses-
sion-to-session increases in door weight (Part
2) typically reduced the overall response rates
to a lesser extent than did the session-to-ses-
sion increases in FR requirement (Part 1). In
other words, the overall rates of door pushing
remained relatively constant across a wider
range of price increases when price was ma-
nipulated by increasing required door force
than when it was manipulated by increasing
FR.

The overall response rates during the ses-
sion-to-session increases in door force also
tended to decrease as the FR schedule was
increased across conditions (rows 1 to 6, Fig-
ure 4). An apparent exception to this finding
was the relatively low overall response rates
observed during exposure to the FR 1 sched-
ule (top row). With perhaps the exception of

Hen 86, the hens exhibited higher overall re-
sponse rates during the FR 5 (second row)
and, in some cases, FR 10 conditions (third
row) than during the FR 1 (top row) condi-
tions. This result parallels the inverted U-
shaped functions observed in Figure 1 over
similar FR changes.

The average PRP data from each condition
of Part 2 were also graphed. Inspection of
these data indicated that the PRPs tended to
increase as door weight increased, although
these increases were sometimes small over
the lower weight range. The larger FR re-
quirements also resulted in longer PRPs at all
door weights.

An overall comparison of the effects of
door-weight increases and FR increases on
the PRP durations was also possible. Inspec-
tion and comparison of the various figures
revealed that the PRPs increased quite rapidly
and regularly with increases in FR size (how-
ever arranged) but remained generally low
with increases in weight before rising quite
sharply at the higher weights studied.

Figure 5 presents the running response
rates from Part 2 plotted against the loga-
rithms of the required door force minus log
initial door force. Consistent with the overall
response rates, the running response rates re-
mained fairly constant across the smaller
door weights but became slower as door
weight increased further. In general, the run-
ning response rates were also slower at all
door weights when FR size was increased
across conditions.

Figure 6 shows how consumption rate var-
ied as a function of door weight when the
weight added to the door was increased each
session (Part 2). The lines shown in Figure 6
are the best fits provided by Equation 1, ex-
cluding those for which there were too few
data points or the solution gave negative a
values. The parameters of those fitted lines
are shown in Table 3. The equation accounts
for a smaller percentage of the variance in
the individual data sets as FR size increased
across conditions. In contrast to the almost
linear form of the demand functions gener-
ated by manipulations of FR size (Figure 3),
the functions presented in Figure 6 are quite
curved and convex upwards.

The difference in the shape of the func-
tions describing the ratio- and force-manipu-
lation data is most clearly illustrated by com-
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Table 2

The parameters a, b, and ln(L) of the lines fitted by Hursh et al.’s (1988) total consumption
equation (Equation 1) to the log consumption rate versus log FR data from Part 1 (door
push) and Part 3 (key peck) of the experiment. The predicted FR values at which responding
was maximal (Pmax; Equation 2) and the percentages of variance accounted for by the lines
(%VAC) are also shown. All data are taken to three significant figures.

Hen a b ln(L) Pmax %VAC

Part 3: FR (key peck)
81 0.0185 21.08 2.99 24.32 93.6
82 0.0332 20.626 2.83 11.2 97.9
83 0.0113 21.27 3.22 223.8 97.5
84 0.0283 20.671 2.97 11.6 97.1
85 0.00716 20.725 2.21 38.4 97.9
86 0.0105 20.750 2.86 23.8 97.3
M 0.0154 20.854 2.86 9.48 96.9

Part 1: FR (door push)
No additional door weight

81 0.0152 20.507 2.13 32.4 94.3
82 0.0398 20.317 2.35 17.2 95.0
83 0.0253 20.425 2.05 22.7 94.6
84 0.0132 20.566 2.13 32.9 93.0
85 0.0206 20.385 1.93 29.9 95.6
86 0.0159 20.658 2.99 21.5 95.1
M 0.0217 20.476 2.26 24.1 94.6

Additional 75-g door weight
81 0.0332 20.249 2.06 22.6 96.6
82 0.0283 20.703 3.11 10.5 98.4
83 0.0355 20.516 1.98 13.6 98.3
84 0.0221 20.574 2.86 19.3 98.0
85 0.0178 20.619 2.33 21.4 94.0
86 0.0176 20.677 2.97 18.4 96.0
M 0.0272 20.556 2.56 16.3 96.9

Additional 150-g door weight
81 0.0302 20.232 1.49 25.4 94.5
82 0.0500 20.482 3.02 10.4 97.0
83 0.0311 20.614 1.74 12.4 93.6
84 0.0318 20.530 2.79 14.8 95.8
85 0.0187 20.726 2.72 14.6 97.6
86 0.0297 20.0748 1.20 31.2 96.5
M 0.0320 20.443 2.11 17.4 95.8

Additional 300-g door weight
81 0.0560 20.190 0.831 14.5 92.2
82 0.0560 20.725 3.25 4.91 99.5
83 0.00884 21.221 2.27 224.9 95.2
84 0.0106 20.809 2.33 18.0 97.4
85 0.0357 20.760 2.67 6.72 98.2
86 0.0368 20.547 2.00 12.3 93.7
M 0.0341 20.709 2.22 8.53 96.0

Additional 450-g door weight
81 0.0260 20.846 1.66 5.92 90.5
82 0.160 20.189 2.37 5.07 91.6
83 20.0426 21.485 1.11 11.5 95.7
84 0.0928 20.528 2.20 5.09 97.5
85 0.0520 20.463 2.11 10.3 99.2
86 0.0348 20.185 1.41 23.4 96.2
M 0.0539 20.616 1.81 7.12 95.1
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Table 2

(Continued)

Hen a b ln(L) Pmax %VAC

Additional 600-g door weight
81 0.00391 20.848 0.612 38.9 90.2
82 0.131 0.0328 1.80 7.88 98.3
83 0.0320 20.525 20.0649 14.8 99.0
84
85 0.106 20.235 1.62 7.22 97.9
86
M 0.0684 20.410 0.992 8.63 96.3

Additional 750-g door weight
81 0.0327 20.657 0.0548 10.5 98.2
82 0.0412 20.444 1.14 13.5 90.2
83
84 0.153 0.137 1.11 7.43 82.6
85 0.190 0.312 0.668 6.91 93.2
86 0.00507 20.543 0.444 90.1 90.9
M 0.0843 20.239 0.684 9.03 91.0

paring the parameters of the functions
presented in the top row of Figure 6 (Table
3) with those describing the functions pre-
sented in the second row of Figure 3 (Table
2). These conditions involved manipulations
of one variable (i.e., either door force or FR
size) while the other was held at its lowest
level. The L (initial consumption rate) values
do not differ consistently over the two data
sets. In contrast to the FR data, in which the
initial slopes were all negative, all but one of
the functions produced by manipulating
door force have positive initial slopes (b val-
ues). These positive values indicate that con-
sumption rate generally increased over the
smaller force requirements. The values of a
for the force-manipulation data are positive,
but are also larger than those describing the
FR manipulation data. This reflects the find-
ing that the functions produced by manipu-
lating door force are far more curvilinear
than those produced by manipulating the
number of door pushes.

The effects of increases in FR requirement
on the data produced by session-to-session in-
creases in door force (Part 2) can be exam-
ined by careful inspection of the parameters
in Table 3. In general, the a values (rates of
change in slope) remained roughly constant
as FR size increased. Although there was
some tendency for parameter b (initial
slopes) to decrease with increasing FR size,
this was not systematic or consistent across
hens. By contrast, and for all hens, the L val-

ues (initial consumption levels) decreased
systematically over the six FR schedule deter-
minations. These findings are consistent with
the effects of increasing door weight across
conditions during Part 1.

The data from Parts 1 and 2 (door push-
ing) of this experiment allow investigation of
the utility of the unit price concept in cor-
recting for differences in price manipulation.
In the present case, two cost factors were de-
fined to determine unit price: the number of
responses emitted per reinforcer (specified
by the FR requirement) and the force (mea-
sured in grams-force) required to push the
door. Thus, the unit price definition is as fol-
lows:

unit price 5 fixed ratio 3 door force. (4)

To test the prediction that consumption
would be constant at a given price, we ex-
amined consumption when unit prices were
made up from combinations of the FR 1, FR
5, FR 10, FR 20, FR 40, and FR 80 schedules
and the 0-g, 75-g, 150-g, 300-g, 450-g, 600-g,
and 750-g door weights. The selected con-
sumption-rate data from Parts 1 (session-to-
session increases in FR size) and 2 (session-
to-session increases in door force) of the
experiment are plotted as functions of unit
price on logarithmic coordinates in the top
six and bottom six graphs in Figure 7, re-
spectively. Equation 1 was fitted to the data,
and the parameters of these functions are
presented in Table 4, together with the per-
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Fig. 4. The overall response rates (per minute) obtained during Part 2 (increasing door force) plotted for all
hens as functions of the natural logarithms of the door forces. The natural logarithm of the force required to push
the unweighted door (in grams-force) was subtracted from the logarithm of each door force to allow examination at
a price of 1.0.

centages of variance accounted for (%VAC)
and the predicted unit prices at which re-
sponding was maximal (Pmax).

Figure 7 shows that, although there is con-
siderable variability in the data (%VAC
ranged from 68% to 91%), the unit price an-
alyses unified the data to produce what could
be described as single underlying demand
functions. In fact, when plotted as functions
of unit price, the data from the two session-
to-session price manipulations produce simi-
larly shaped demand functions. All of the
unit price functions have negative initial
slopes, and demand was initially inelastic (b
values less negative than 21.0) in all but two
cases. The a values were all positive and close

to 0.0 and, along with the estimates of the
parameter L, were similar across the two unit
price analyses. Thus, although the manipu-
lations of FR size and response force pro-
duced their own characteristic effects on con-
sumption, they appear to interact to produce
similar effects on this measure when plotted
in terms of unit price.

DISCUSSION

The main finding of this study is that the
manipulations of FR size produced essentially
linear demand functions, irrespective of the
response type employed, whereas the manip-
ulations of required response force produced
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Fig. 5. The running response rates (per minute) plotted for all hens as functions of the natural logarithms of
the door forces minus the logarithm of the force required to push the unweighted door.

clearly curved functions. These demand func-
tions are based on calculated consumption
rates at the various price requirements. By
contrast, studies using fixed-length sessions
(e.g., Hursh et al., 1988; Raslear, Bauman,
Hursh, Shurtleff, & Simmons, 1988) often
present total consumption measures. Howev-
er, when sessions are restricted (either by
time or by number of reinforcers) total con-
sumption is, itself, a restricted variable. Con-
sumption rate, on the other hand, is not, and
can vary with price requirement. Foster et al.
(1997) showed that similar data were gener-
ated (in terms of consumption rate) from ses-
sions restricted to 30 reinforcers and from
sessions restricted to 40 min. In the latter
case, of course, consumption rate is equiva-
lent to total consumption. Hence, presenting
our data in terms of consumption rate seems
appropriate because it allows comparison of

equivalent data (in terms of consumption
rate) from sessions restricted in both ways.

Session-to-Session Increases in FR
Requirement (Key Peck and Door Push)

Increases in the FR requirement, for both
the key peck and door push, produced simi-
lar effects on the consumption rates. In both
cases the demand functions were slightly cur-
vilinear and downward sloping. The elastic
demand functions found here (Figure 3, rows
1 and 2) are consistent with those found in
other studies that have manipulated price by
increasing the number of responses required,
using short experimental sessions and with
the provision of postsession food (open econ-
omies; Foster et al., 1997; Hursh & Bauman,
1987; Leslie, 1992).

If the overall response rates had remained
constant across the FR values, then absolutely
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Fig. 6. The natural logarithms of the consumption rates (per minute) obtained during Part 2 plotted for all hens
as functions of the natural logarithms of the required door force minus the logarithm of the force required to push
the unweighted door. Lines through the data were fitted using Equation 1.

linear demand functions with unit elasticity
would have resulted. This follows from the
fact that doubling the FR requirement would
double the time taken to complete the re-
sponse requirement and, hence, would halve
the obtained consumption rate. In the pre-
sent case, there was some curvilinearity (i.e.,
the functions were not absolutely straight).
This arises from the fact that the overall re-
sponse rates were not constant over the FR
increases. The lower overall rates at both
smaller (i.e., FR 1 or FR 5) and larger (over
FR 80) FRs produced the changing elasticity.
The lower response rates observed at the

larger FR values are not unexpected (e.g.,
Foster et al., 1997). The lower rates at the
smaller FRs have also been found by other
researchers. Crossman, Trapp, Bonem, and
Bonem (1985), for example, found that in-
creasing the ratio requirement from FR 1 to
FR 3 increased overall response rates. On the
basis of this result, they argued that perfor-
mance under small FRs differs from perfor-
mance at higher ratio values. This difference
is possibly an artifact of the time it takes an
animal to get from the magazine to the re-
sponse manipulandum following reinforce-
ment (magazine-to-response latency or PRP
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Table 3

The parameters a, b, and ln(L) of the lines fitted by Equa-
tion 1 to the log consumption rate versus log door-force
minus log initial door-force data from Part 2 of the ex-
periment. The predicted door force (i.e., the required
door force divided by the initial door force, in force-
grams at which responding was maximal (Pmax; Equation
2) and the percentages of variance accounted for by the
lines (%VAC) are also shown. All data are taken to three
significant figures.

Hen a b ln(L) Pmax

%
VAC

FR 1
81 0.0737 0.396 1.90 18.9 86.5
82 0.0539 0.520 2.20 28.2 91.1
83 0.0956 0.419 1.72 14.8 89.7
84 0.0576 0.691 2.33 29.4 63.8
85 0.0267 20.0794 2.51 34.5 80.5
86 0.0576 0.615 3.02 28.0 93.3
M 0.0609 0.427 2.28 23.4 84.2

FR 5
81 0.0208 20.610 2.30 18.8 70.6
82 0.0484 0.425 1.16 29.4 80.9
83 0.106 0.144 1.55 10.8 89.1
84 0.0610 0.307 2.19 21.4 69.4
85 0.0396 0.317 1.08 33.3 60.7
86 0.0829 0.852 1.30 22.3 94.6
M 0.0598 0.239 1.60 20.7 77.6

FR 10
81 0.0382 20.365 0.889 16.6 84.1
82 0.0187 0.423 20.0560 76.1 69.1
83 0.0792 0.0718 0.732 13.5 91.4
84 0.0437 0.273 1.34 29.1 81.1
85 0.0735 0.647 0.327 22.4 88.6
86 0.0661 0.699 0.836 25.7 60.8
M 0.0532 0.291 0.678 24.3 79.2

FR 20
81 0.0214 20.474 0.276 24.6 42.9
82 20.223 21.870 20.824 3.90 64.6
83 0.0735 0.00608 21.47 13.7 60.0
84 0.132 0.965 20.688 14.9 59.3
85 0.140 20.149 20.378 6.08 55.8
86 0.0990 0.698 0.408 17.2 66.9
M 0.0405 20.137 20.445 21.3 58.3

FR 40
81 0.0173 20.629 20.488 21.4 64.4
82 0.0160 20.0377 21.38 60.1 16.3
83 20.0292 20.703 21.65 210.2 39.6
84 21.97 20.232 20.645 20.390 62.0
85 0.0222 20.566 20.612 19.5 56.3
86 0.0507 0.456 20.355 28.7 84.5
M 20.316 20.285 20.854 22.26 44.6

FR 80
81 0.0525 0.159 22.69 22.1 18.0
82 20.560 20.917 24.05 20.148 54.3
83
84
85 0.225 0.492 22.08 6.63 47.6
86 0.0497 0.404 21.24 28.2 88.7
M 20.0582 0.0345 22.52 14.2 52.2

time). Under FR 1 schedules, overall re-
sponse rates are almost completely a function
of this time, whereas under larger FR sched-
ules, overall response rates are a combination
of both magazine-to-response latency and in-
terresponse time (IRT). If the magazine-to-
response latency at FR 1 is larger than the
average IRT (at values greater than FR 1),
which is usually the case, then it will neces-
sarily cause the response rate at FR 1 to be
lower. This is because the magazine-to-re-
sponse latency represents a greater propor-
tion of the time base and contributes differ-
entially more to reduce the overall response
rates during exposure to small FR (particu-
larly FR 1) requirements. The lowering in the
overall response rates at higher FRs is a result
of both increases in the magazine-to-response
(PRP) time and an increase in the average
IRT (usually a result of within-ratio pausing).

Several authors (Allison et al., 1979; Duran
& McSweeney, 1987; Green, Kagel, & Battalio,
1987) have suggested that elasticity of de-
mand will depend on the type of response
required, and therefore, that demand should
differ for different responses. The present re-
sults provide little support for this suggestion.
The main differences between the key-peck
and door-push functions produced here from
variations in FR size are in the L values (key
peck larger) and initial slopes (key peck
steeper) of the demand functions. These two
differences are related, and both come main-
ly from the generally higher overall rates of
key pecking observed at FR 1. The physical
layout of the apparatus was such that it took
longer for the hens to move to and operate
the door than the key following magazine op-
eration. Otherwise the functions are very sim-
ilar. We did not find that elasticity was greater
when the more effortful (door push) re-
sponse was used, which contrasts with the sug-
gestion made by Allison et al. (1979) and
Duran and McSweeney (1987).

Session-to-Session Increases in Door Force

Increasing the force required to push the
door at FR 1 (Figure 6, row 1) did not have
the same effect on consumption rate as in-
creasing the number of required door push-
es, even though the two manipulations were
conducted under similar economic condi-
tions (i.e., feeding regimes and rules for ses-
sion termination). In contrast to the relatively
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Fig. 7. The logarithms of the consumption-rate data plotted for each hen as functions of the natural log unit
price (FR 3 required door force). The data from Part 1 (increasing FR door push) are shown in rows 1 and 2, and
the data from Part 2 (increasing door force) are shown in rows 3 and 4. The data selected for reanalysis were those
obtained during the FR 1, FR 10, FR 20, FR 40, and FR 80 schedules and 0-g, 75-g, 150-g, 300-g, 450-g, 600-g, and
750-g door-weight combinations. Lines through the data were fitted using Equation 1.

linear and elastic demand functions pro-
duced by the FR manipulations, the force in-
creases produced markedly curvilinear de-
mand functions (mixed elasticity). The
door-force functions have a flat or rising ini-
tial path followed by a fairly abrupt downward
curve. These curvilinear demand functions
are consistent with those obtained by Leslie
(1992) who increased response force. Togeth-
er with the similar functions produced by the
FR manipulations for both key pecking and
door pushing, these results suggest that
curved demand functions may be character-
istic of those generated by response-force ma-
nipulations.

The best explanation we can offer for the
different-shaped functions resulting from the
FR and force variations focuses on the way in
which the two price manipulations affect the

time taken to complete each response re-
quirement and hence the overall response
rates. When FR size was increased, the overall
response rates increased initially, but they in-
creased more slowly than the increases in FR
requirement. For this reason, the consump-
tion rates decreased and showed elastic de-
mand when plotted against the session-to-ses-
sion increases in FR size. When door force
was increased, the overall response rates at FR
1 remained relatively constant across a wide
range of force requirements (Figure 4, row
1). Because no extra responses were re-
quired, consumption rate also remained fair-
ly constant and the initial path of the demand
functions (Figure 6, row 1) was approximate-
ly horizontal (inelastic demand). The approx-
imately constant overall response rates also
imply that the PRPs (magazine-to-response la-
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Table 4

The parameters a, b, and ln(L) of the lines fitted by Equa-
tion 1 to the log consumption rate data from Parts 1 and
2 of the experiment reanalyzed as functions of log unit
price. The log consumption rates obtained during the
last series of increasing FR schedules conducted during
Part 1 were used. The unit prices at which responding
was maximal (Pmax; Equation 2) and the percentages of
variance accounted for by the lines (%VAC) are also
shown. Where necessary, data are taken to three signifi-
cant figures.

Hen a b ln(L) Pmax %VAC

Part 1: Increasing FR (door push)
81 0.000500 20.617 3.89 766 68.1
82 0.000888 20.697 5.25 341 84.8
83 0.000589 20.610 3.50 662 73.8
84 0.000427 20.763 5.27 559 89.1
85 0.000949 20.557 4.44 467 90.5
86 0.000147 20.792 5.13 1414 70.5
M 0.000583 20.673 4.58 561 79.5

Part 2: Increasing door force
81 0.000999 20.745 4.70 588 71.8
82 0.000631 20.865 5.62 214 75.1
83 0.000610 21.04 5.34 265.6 75.9
84 0.00265 20.431 4.56 215 86.8
85 0.000654 20.746 4.58 388 70.2
86 0.0000675 21.01 7.09 2148 88.1
M 0.000935 20.806 5.32 207 78.0

tencies) did not increase over the lower to
middle range of forces at FR 1.

As Bauman (1991) and Leslie (1992) ar-
gued, increases in FR size necessarily increase
the time required to complete the response
unit and therefore increase interreinforce-
ment time. Thus, when session length is re-
stricted, rate of responding would have to in-
crease to maintain a similar level of
consumption across ratio increases. In gen-
eral, animals respond at quite high rates dur-
ing short experimental sessions, even at small
ratios, and increases in response rate may not
be possible. Hence, consumption rate usually
drops under such arrangements. In contrast,
increases in response force (at least over a
moderate range) do not necessarily increase
the time taken to make a response and there-
fore obtain a reinforcer (or not to the same
degree). Even when session length is con-
strained, a subject could respond at a con-
stant (or even a moderately lower) rate across
a range of force increases and still maintain
a relatively stable rate of consumption. It is
also possible, but not testable from these re-
sults, that the hens’ door pushing, being a

large whole-body response, occurs at such a
force that differences in the lower force re-
quirements were simply not effective.

The above explanations may account for
the initially flatter portion of demand func-
tions produced by variations in response
force, but they do not account for the sudden
drops in consumption at the higher force re-
quirements. On the basis of her data, Leslie
(1992) argued that the physical size of the
animal was not the important factor in deter-
mining the maximum door weight an animal
will push. That suggestion is supported by the
present results because Hen 86 tended to
push at higher force requirements than the
other hens, and she was the lightest subject
studied. However, an animal’s physical
strength will determine the maximum force
it can exert. When demand is assessed by
changing force requirements, the time con-
straints may disappear, but it is quite possible
that the animal may have continued respond-
ing if it were able to. This may mean that
when an animal stops working for one com-
modity at a lower force requirement than an-
other, it is probably safe to conclude a lesser
demand for the first commodity. However,
when an animal stops at the same force re-
quirement when working for two different
commodities, it is not necessarily possible to
conclude that demand is equal for those two
commodities. Such a result may reflect only
the limits of the animal’s ability.

Increasing Door Force Across Conditions

There were two main findings from the se-
ries of conditions in which FR was increased
session to session while door force was in-
creased over conditions (Part 1, Figure 3).
First, the shapes (approximately linear) of
the demand functions generated from in-
creasing FR size stayed similar across the dif-
ferent force requirements, but second, at the
higher forces only, these functions were low-
ered. In other words, there were no consis-
tent or systematic changes in parameters a
(rates of change of elasticity) or b (initial
slopes) as door weight was increased, but the
L values (initial consumption rates) de-
creased across the higher door weights (300
g or higher).

This approximate linearity of these func-
tions is not surprising given the findings from
Parts 1 and 3 that session-to-session increases
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in FR requirement gave approximately linear
functions for both the key peck and the un-
weighted door push. Because, in all condi-
tions (i.e., irrespective of door force), FR
manipulations were employed, the approxi-
mately linear functions reflect only that the
overall response rates remained reasonably
constant session to session for any particular
force requirement. Even the lower functions
found at the higher door forces reflect ap-
proximately constant, but lower, overall re-
sponse rates at these higher force require-
ments.

The approximately constant heights (L val-
ues) of the demand functions produced by
changing the FR requirements at the lower
door weights parallel the approximately flat
portions of the demand functions found
across the same range of weights when door
weight was increased each session with only
one door push required (Part 2, Figure 6, row
1). The overall response rates (at FR 1)
showed noticeable decreases only when the
added door weight was 300 g or greater, giv-
ing the flat portions of the demand functions
found. Similarly, the response rates here did
not decrease (and the door-push functions
therefore remained high) until the door
weights exceeded 300 g. These two sets of re-
sults parallel each other. Both arise from the
lack of effect of door force on response rate
until higher force requirements were
reached, and from the effects of the session-
to-session FR increases that gave approxi-
mately linear demand functions for any par-
ticular force requirement. The results also
suggest that changes in the lower force re-
quirements (i.e., those forces associated with
door weights smaller than 300 g) may not
have been differentially effective.

Increasing FR Requirement Across
Conditions

There were also two main findings from
the series of conditions in which required
door force was increased session to session
while FR size was increased over conditions
(Part 2, Figure 6). Again the shapes (clearly
curvilinear) of the demand functions pro-
duced by the session-to-session manipulations
of door force remained generally unchanged
by the different FR requirements, but these
were systematically lowered as the FR require-
ment was increased.

Taken together, these two sets of results are
related. When force requirement was
changed across conditions (and FR session to
session), then the changes in the demand
functions (virtually no change at low force re-
quirements followed by the lowering of the
functions at higher forces) closely parallel the
effects of the session-to-session changes in
force requirement. Similarly, when FR re-
quirement was changed across conditions
(and door force was changed session to ses-
sion), the changes in the demand functions
(relatively systematic lowering with FR in-
creases) parallel the effects of session-to-ses-
sion manipulations of FR size.

The patterns of change in the demand
functions are not counterintuitive, because
changes in rates of consumption are changes
in interreinforcement time. Within each se-
ries of response-force increases (or within
each condition) conducted during Part 2, the
FR requirement was kept constant. This
meant that the time needed to emit each re-
sponse unit, and therefore the interreinforce-
ment times, within each series (or condition)
did not necessarily increase (i.e., FR 10 with
150-g weight need take no longer than FR 10
with no weight added). However, because the
FR requirement was increased across condi-
tions, a completed FR in a later condition
would necessarily have taken longer to emit
than a completed FR in an earlier one. In
other words, the interreinforcement times
must necessarily increase with FR require-
ment across conditions but not within con-
ditions in which only door force was varied.
On that basis, one would have expected little,
if any, change in the shapes (or elasticities)
of the demand functions arising from the re-
sponse-force increases (i.e., irrespective of FR
requirement). One would, however, expect
the overall level (intensity) of the demand
functions to be lowered, because each larger
FR at a particular force requirement would
take longer to complete.

The present study did not investigate the
effects of session length or type of economy
on demand measures. Recently, Foster et al.
(1997) suggested that session length, rather
than type of economy (i.e., whether or not
supplementary feed is provided), has the
greater effect on the shape of demand func-
tions. It is clear that the effects of session
length on demand functions generated by
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different price manipulations are as yet un-
determined. However, it would be interesting
to compare door-pushing performance un-
der increases in door force with that under
increases in FR requirement in closed econ-
omy conditions (i.e., long sessions and no
supplementary feed). Consistent with previ-
ous findings (e.g., Collier, Hirsch, & Hamlin,
1972; Duran & McSweeney, 1987; Hursh et
al., 1988), increasing the required number of
door pushes in the longer sessions usually re-
quired by a closed economy should result in
less elastic demand than that found here
(Part 1, Figure 3). This difference is based on
the fact that when experimental sessions are
long, responding under FR increases is less
likely to be affected by limitations in available
time. In contrast, if the eventual decline in
consumption rate with increases in required
response force can be attributed in some way
to the animal’s physical strength, then the na-
ture of the experimental economy, or the
length of the sessions, should have little effect
on the shape of demand functions generated
by response-force increases. Under both types
of economy, session-to-session variations in re-
sponse force should produce highly curvilin-
ear demand functions similar to those found
here.

The Effect of Experimental Context

An important question regarding any func-
tional relation is whether a given set of ex-
perimental conditions will produce a given
pattern of behavior, once stable, irrespective
of the experimental path to those conditions.
In terms of the present experiment this
would mean that the effects of a particular
combination of required response force and
FR requirement (e.g., 150 g and FR 10) on
behavior should be similar, regardless of the
experimental path to that combination. In or-
der to test this, we replotted a selection of the
consumption-rate data obtained in Part 1
(i.e., when FR schedule was increased across
sessions and door force was held constant) as
if door force had been increased across ses-
sions and FR size had been held constant. If
the assumption is correct, then the demand
functions fitting the reanalyzed data should
be similar to the demand functions presented
in Figure 6 (i.e., when session-to-session in-
creases in door force were conducted at dif-
fering FR requirements). Figure 8 presents a

selection of the consumption-rate data from
Part 1 replotted in this way. The data selected
for reanalysis were the averages of the con-
sumption rates obtained during the last two
series of FR 1, FR 5, FR 10, FR 20, FR 40, and
FR 80 schedules and 0-g, 75-g, 150-g, 300-g,
450-g, 600-g, and 750-g door-weight combi-
nations. The fitted demand curves were cal-
culated using Equation 1. The fitted func-
tions from the original session-to-session
increases in door force (Part 2, Figure 6) are
also presented for comparison. Many of the
functions describing the data from the FR 20
to FR 80 manipulations curved upwards be-
yond the data range and are not presented
on the figure.

Visual comparisons of the demand func-
tions describing the original and reanalyzed
data indicate that remarkably similar func-
tions (in both shape and intensity) result, ir-
respective of the session-to-session manipula-
tions originally employed. Consistent with the
majority of the demand functions produced
by the actual session-to-session increases in
door force, those describing the reanalyzed
data are highly curvilinear, indicating mixed
demand. That is, consumption remained rel-
atively inelastic across the low to moderate
door forces and decreased only at higher
force requirements.

Similarly, we replotted a selection of the
consumption rates obtained during Part 2 of
the present experiment (when door force was
increased each session and FR was held con-
stant) as if session-to-session increases in FR
size had been employed and the required
door force had been held constant. Figure 9
shows a selection of the consumption-rate
data from Part 2 replotted in this way, togeth-
er with the fitted demand functions. The
functions describing the data from the origi-
nal session-to-session FR manipulations (Part
1, Figure 3) are also shown for comparison.
The effects of FR size on consumption were
very similar, regardless of the way in which FR
size was increased (i.e., session to session dur-
ing Part 1 or once every several weeks in the
midst of force manipulations during Part 2).
The overall heights of the functions are again
remarkably alike, and most of the functions
are approximately linear and downward slop-
ing, indicating relatively elastic demand
across the range of FR values examined.

From these comparisons, it appears that
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Fig. 8. The natural logarithms of the consumption-rate data obtained during Part 1 reanalyzed for each hen as
a function of the natural logarithms of the forces required to push the door minus the logarithm of the force required
to push the unweighted door. The data selected for reanalysis were those obtained during the FR 1, FR 10, FR 20,
FR 40, and FR 80 schedules and 0-g, 75-g, 150-g, 300-g, 450-g, 600-g, and 750-g door-weight combinations. Lines
through the data were fitted using Equation 1.

the characteristic shapes of the demand func-
tions (highly curved when plotted against
added door weight and approximately linear
when plotted against increased FR size) are
still present, even when the paths to the par-
ticular data points were quite different. That
is, the experimental conditions had similar ef-
fects on behavior, regardless of the paths to
those effects.

Unit Price
The above analysis in terms of experimen-

tal context shows that any particular combi-

nation of required response force and FR size
(e.g., FR 10 and 75 g) has a relatively constant
effect, regardless of the path to it. This com-
parison is very different from comparing the
consumption rates obtained from, say, FR 10
at 75 g and FR 1 at 750 g. These combina-
tions must be compared in terms of unit
price, which involves a rescaling of the x axis.

When the data from Part 1 and Part 2 were
analyzed in terms of unit price, the data were
unified to a large degree, and similarly
shaped (moderately curved and downward
sloping) demand functions resulted, irrespec-
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Fig. 9. The natural logarithms of the consumption-rate data obtained during Part 2 reanalyzed for each hen as
a function of the natural logarithms of the FR schedule manipulations. The data selected for reanalysis were those
obtained during the FR 1, FR 10, FR 20, FR 40, and FR 80 schedules and 0-g, 75-g, 150-g, 300-g, 450-g, 600-g, and
750-g door-weight combinations. Lines through the data were fitted using Equation 1.

tive of the session-to-session price manipula-
tions originally employed. This finding pro-
vides support for the utility of the unit price
model as a means to incorporating the effects
of several independent variables on consump-
tion. Nevertheless, there was more variability
around these unit price functions than had
been found around the original fitted func-
tions. Some of this variability is inevitable
when two differently shaped functions (from
force and number manipulations) are com-
bined.

Conversion of the various measures to a

single scale of unit price is, essentially, a sim-
ple (multiplicative) manipulation of x-axis
values. Such manipulations cannot change
the underlying shapes of the original func-
tions. Consider two unit prices, one of which
is twice the other (say, 10 newton-presses and
20 newton-presses). If the 10 newton-presses
were made up of 10 responses at 1 newton
and the 20 newton-presses came from 20 re-
sponses also at 1 newton, we would expect,
from our results, approximately half the con-
sumption rate at the higher unit price. If,
however, the higher unit price arose from the
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Fig. 10. The natural logarithms of the consumption-rate data obtained during Part 1 (increasing FR door push,
rows 1 and 2) and Part 2 (increasing door force, rows 3 and 4) plotted for each hen as functions of the natural log
unit price (FR 3 required door force). The data obtained during exposure to the FR 1, FR 5, FR 20, and FR 80
schedules are indicated and joined.

same number of presses (10) at twice the
force (2 N), we might well expect, based on
our findings of the effects of small force in-
creases, virtually no change in consumption
rate between the two. This implies that the
deviations of the points from the unified
function should be detectable as arising di-
rectly from the differently shaped functions.

To examine this suggestion, a selection of
the data in Figure 7 are re-presented in Figure
10, wherein the consumption rates obtained
during exposure to the FR 1, FR 5, FR 20, and
FR 80 schedules are indicated and joined. Al-
though it is not completely clear, the deviations
in the main data paths can be seen to arise
from the much more curvilinear (and sharply
falling away) effects on consumption rate of
weight increases at particular FR values. This is
most clear in the data from Hens 81, 83, and

85 and least in the data from Hens 82 and 84.
If the range of weights and FR requirements
that were varied during the joint manipulations
(Parts 1 and 2) had been larger (i.e., larger
than 750 g and FR 80), it is likely that these
data paths would have deviated even further.
Although not presented, a similar replotting of
the data joining the points from constant door
weights gave approximately linear functions
less steep than, and lying around, the unified
function. Whether such deviations will pose a
problem for the present unit price analysis re-
quires a more extensive data set with a wider
range of unit prices.

Summary and Conclusions

This paper has presented data and argu-
ments that, under conditions in which session
length and total reinforcer delivery are lim-
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ited, manipulations of required response
force and response number have different ef-
fects on the shape of the resulting demand
functions. Specifically, manipulations of re-
sponse number produced generally elastic,
relatively linear functions, using two different
types of response (key peck and door push).
Manipulations of required response force
(door push only) produced quite curved
functions with mixed elasticity. The functions
were relatively flat over initial force increases
and then fell quite sharply. It appears that the
differing function shapes arise mainly from
the effects the two manipulations have on the
time to complete the response requirement
as the price analogue is increased. Increases
in the FR requirement necessarily increase
the time taken to complete the FR and,
hence, lower consumption rate. Increases in
force did not increase the time taken, at least
not over the range studied. Hence, consump-
tion rate remained constant for a range, giv-
ing inelastic demand.

The different shapes of the two sorts of
functions remained detectable when each
variable was manipulated over sessions while
holding the value of the other constant. For
example, the functions generated by increas-
ing the FR requirement were similar at vari-
ous constant force requirements, and the
functions generated by manipulating force
were similar at various constant FR require-
ments. Reanalyzing the data showed that the
different shapes of the two functions were
also robust, even when the experimental
paths to a particular data point differed. Fur-
ther reanalyses in terms of unit price unified
the data to a large degree, but the residual
variance still showed the different shapes of
the two functions.

It has been suggested (Dawkins, 1983,
1990; Matthews & Ladewig, 1985) that the na-
ture of an animal’s assessed demand for an
environmental event can help in deciding
whether or not that event, or activity, is a
need. The present results suggest further that
assessing such needs (or demand) may not be
simple. On the basis of our results we could
easily have concluded at least three different
types of demand for food, depending on the
price analogue used and the range of prices
studied. We might have found inelastic de-
mand if we had used FR 1 and only low to
moderate force increases as our price manip-

ulations, approximately unit elasticity if we
had used ratio increases over a middle range,
and highly elastic demand if we had used only
the higher force requirements. Clearly, the
answers we find may depend, in part, on how
we choose to ask the questions.
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