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a  b  s  t  r  a  c  t

Birds  and other  nonhuman  animals  can choose  the  larger  of  two  discrete  or  continuous  quantities.  How-
ever,  whether  birds  possess  the  conceptual  grasp  and  cognitive  control  to flexibly  switch  between  relative
more-or-less-than  judgments  remains  elusive.  We therefore  tested  carrion  crows  in  a rule-based  line-
length  discrimination  task  to flexibly  select  lines  presented  on  a  touchscreen  according  to their  relative
length.  In  the  first  experiment,  the  crows  needed  to discriminate  a  shorter  from  a longer  line, and  vice
versa.  In  the  second  experiment,  the crows  were  required  to choose  a medium  long  line  among  three  lines
of different  length  (intermediate-size  task).  The  crows  switched  effortlessly  between  “longer  than/shorter
than”  rules,  showing  no signs  of  trial  history  affecting  switching  performance.  They  reliably  chose  the
relatively  longer  and  shorter  line  length,  thus  demonstrating  a concept  of  greater  than/less  than  with  a
xecutive function
ntermediate relation
ntermediate size

continuous  magnitude.  However,  both  crows  failed to discriminate  a line  of  ‘medium’  length  embedded
in  longer  and  shorter  lines.  These  results  indicate  that  relational  discrimination  exhibits  different  cog-
nitive  demands.  While  a greater  than/less  than  concept  requires  only  one  relational  comparison  (with
the  respectively  greater  or smaller  magnitude),  the  discrimination  of  a ‘medium’  magnitude  demands  to
relate  two  or  more  comparisons,  which  might  overburden  crows  and maybe  animals  in  general.
. Introduction

It is well established that nonhuman animals can choose
etween discrete numbers of items (numerosity) and make car-
inal judgements. The earliest scientific evidence for quantitative
ognitive capabilities in animals dates back to the 1930s and
940s, when Koehler (1941, 1951) and his students pioneered this
eld of research. Interestingly, Koehler worked almost exclusively
ith birds to show that pigeons, corvids and parrots discriminate

et size. Since then, different forms of numerical competence have
een reported in pigeons (Xia et al., 2001; Emmerton and Renner,
006, 2009; Scarf et al., 2011), chicks (Rugani et al., 2008), parrots
Pepperberg, 1994; Al Ain et al., 2009) and corvids (Zorina and
mirnova, 1996; Smirnova et al., 2000; Bogale et al., 2011). Like
any other animals, birds spontaneously respond to quantity

nd use this information adaptively. In different avian species,
uantity discriminations play a role in fighting brood parasitism

Lyon, 2003; White et al., 2009), caching food (Hunt et al., 2008),
ommunicating about predators via alarm calls (Templeton et al.,
005), or recognizing individuals (Thompson, 1969).
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Compared to representations of discrete quantities, much less
attention has been given to the discrimination of continuous
quantity, such as extent or length (Tudusciuc and Nieder, 2010).
This is surprising, given that size information clearly is also of
adaptive value and spontaneously exploited by animals in the
wild in foraging situations (Al Ain et al., 2009; Beran, 2010) and
mate choice. For instance, the size of body features, such as tail
length (Moller et al., 1998; Moller, 1990; Andersson, 1992), is a
prominent fitness signal in many bird species. Birds should thus
be able to judge relative extent.

Simply being able to discriminate continuous quantity,
however, is not by itself an advantage. In addition to quantity
comparisons, items need to be chosen according to behavioral
principles, or rules, that describe the conditional logic of a goal-
directed task (Cantlon and Brannon, 2005; Bongard and Nieder,
2010). For instance, fish can be trained to prefer an absolute object
size but seem to lack a concept of relative size (Mark and Maxwell,
1969), whereas American crows are able to choose objects based
on relative size by following a single relational rule like ‘choose
larger one’ (Coburn, 1914).

The ability to recognize the relationship between two (or more)

stimuli irrespective of the precise appearance of those stimuli is
classically investigated in transposition tasks (Lazareva, 2012). In
its simplest layout, a single pair of stimuli is presented to a subject,
and the subject is required to indicate the relation between the
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Fig. 1. Behavioral protocol and stimulus examples. (a) The crows initiated a trial
by  pecking on the colored ‘longer/shorter than’ rule cue on a touchscreen. After a
500  ms  delay, two line stimuli appeared at randomly generated vertical positions.
The crows had to peck the longer or shorter line, respectively, depending on the pre-
vious rule cue to gain a food reward. (b) Photograph of a working crow in front of the
touchscreen during line stimulus presentation. (c) The standard (line area increases
F.W. Moll, A. Nieder / Behavio

wo stimuli along a previously indicated stimulus dimension. For
nstance, subjects are trained to always respond to the brighter,
onger, or more numerous stimulus in a pair of stimuli. In a more
laborate form, subjects are presented with three stimuli that
ary along a predefined dimension to select the middle stimulus
‘intermediate size problem’). If the subjects continue to make
he right choice even when new stimuli in such pairs of stimuli
re shown, relational learning might be evident. Spence (1937),
owever, argued based on theoretical accounts that preference

or a relationally correct stimulus would not require an animal
o actually respond to the relations between stimuli. Rather, his
iscrimination theory predicts that reinforcement history and the
ubsequent generalization behavior alone (establishing a ‘postdis-
rimination generalization gradient’ in his model) would predict
n animal’s choice in transposition experiments. In other words,
ecause the discriminative stimulus associated with reward (S+)

s always the brighter, longer, or more numerous stimulus in a
air of stimuli, generalization behavior would suffice to explain an
nimal’s choice in transposition tasks.

We  therefore reasoned that relational learning could be
emonstrated – and simple generalization behavior based on
einforcement history could be excluded – if the discriminative
timulus associated with reward (S+) would not be fixed, but
hange from trial to trial according to task instructions. This would
revent the formation of sign-fixed postdiscrimination gener-
lization gradients as predicted by Spence (1937) and provide
vidence for relational learning. In addition, to avoid an impact of
einforcement history, multiple pairs of training stimuli and a wide
ange of testing pairs that include nonadjacent testing stimuli are
ssential (Lazareva, 2012).

While transposition tasks with fixed discrimination rules are
lready demanding for animals, it is even more challenging for them
o choose items according to switching rules (Stoet and Snyder,
003; Vallentin et al., 2012; Eiselt and Nieder, 2013). Whether
rows are able to switch flexibly between relational rules applied
o magnitudes remains unknown. Rule switching is a hallmark of
ognitive control functions and provides animals with superior
ehavioral flexibility. Corvids are well known for their impressive
ognitive capabilities that rival even primates (Emery and Clayton,
004). They manufacture and use tools (Hunt, 1996; Weir et al.,
002; Bird and Emery, 2009), represent hidden objects (Pollok et al.,
000; Zucca et al., 2007; Hoffmann et al., 2011), or take the status
nd prospective actions of conspecifics in social interactions into
ccount (Emery and Clayton, 2001; Paz-Y-Miño et al., 2004). More-
ver, corvids exhibit a high level of cognitive control and easily
ransfer relational rules to new sets of stimuli (Wilson et al., 1985).

In the present study, we therefore tested a corvid songbird,
he carrion crow, in a rule-based line-length discrimination task.

e investigated if and how crows can learn “longer than/shorter
han” rules and apply them conceptually in the context of a longer
nd a shorter line. The crows’ relational longer-versus-shorter per-
ormance was analyzed as a function of varying length ratios. An
nalysis of the trial-rule history was performed to detect poten-
ial performance decreases as a result of random trial-by-trial rule
witches. In the final extension of the experiments, the discrimina-
ion of a ‘middle’ line length embedded in a longer and a shorter
ine was tested.

. Methods

.1. Subjects
Two tame male carrion crows (Corvus corone;  bird T and bird M)
eighting 540 g and 450 g were used. They were housed in a large

ndoor aviary (3.6 m × 2.4 m × 3.0 m)  in a social group (Hoffmann
with length) and control line stimulus sets (line area decreases with length) from
which the two displayed lines were randomly chosen per trial. Adjacent line stimuli
differed in length by factor 1.2.

et al., 2011). The crows were taken from the Institute’s breeding
stock (Animal Physiology, University of Tübingen) at three weeks
of age in June 2011 (bird T) and June 2012 (bird M)  and raised by
hand. The crows’ age was 23 (bird T) and 11 (bird M) months at the
time of testing. During behavioral sessions, they were maintained
on a controlled feeding protocol and earned food during and after
the daily tests. Both crows were equipped with leather jesses to
secure them to their perch during experimental sessions in front
of a touchscreen. All procedures were carried out according to the
guidelines for animal experimentation and approved by the local
authorities, the Regierungspräsidium Tübingen, Germany.

2.2. General procedure

The psychophysical set-up was composed of a fully controlled
opaque operant conditioning chamber containing a 15 inch touch-
screen (Fig. 1b; 3 M microtouch, 60 Hz refresh rate), a custom-made
feeder, one night vision infrared video camera (iSImim321R
Genius) and a wooden perch for the crows to stand on. Leather
jesses secured the crows loosely to their perch. Apart from that,
crows were able to move freely and could easily reach the touch-
screen with their beak. Correct pecks on the screen were rewarded
automatically with birdseed pellets and mealworms (Tenebrio moli-
tor larvae). During reward phases, a small light integrated in the
feeder lit up as additional positive feedback. For stimulus presen-
tation and behavioral monitoring, personal computers running the
CORTEX program (NIH) were used.
2.3. Behavioral protocol 1: longer/shorter than rule task

Our two  crows were trained on a rule switching, line-length
discrimination task. For this, the birds were placed in front of a
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Fig. 2. Generalization performance of both birds from absolute (left) to relative
(right) line length. Three successive test situations are shown (separated by dotted
v
t
t

t
p
e
i
s
s
p
a
l
g
f
h
o
W
f
t
2

n
t
l
b
b
T
s
a
t
s
(
t
w
l
a
t

2

p
d
w
t
s
t
t

ertical lines): when two out of two lines were presented (left, training step 1), when
wo  out of a set of three line lengths were shown (middle, training step 2), and when
wo  out of a set of five line lengths were displayed (right, training step 3).

ouchscreen monitor on which the rule cues and line stimuli were
resented (Fig. 1a). A trial started when a colored rule cue (9 × 9 mm
dge size; 500 ms  in duration) appeared on the screen. A red square
ndicated that the longer-than rule was in effect, whereas a blue
quare signified the shorter-than rule. The two rule cues were pre-
ented pseudorandomly interleaved. The crows initiated a trial by
ecking on the rule cue that disappeared thereafter. Next followed

 delay (500 ms  duration; black screen). Then, two visual target
ines appeared side-by-side (distance 75 mm)  at pseudorandomly
enerated vertical positions on the screen (with a jitter of ±33 mm
rom center). Depending on the previously shown rule, the crows
ad to peck either the shorter (after the blue “shorter than”-rule)
r the longer line (red “longer than”-rule) to gain a food reward.
rong choices resulted in omission of food reward, a flashing gray

eedback screen (500 ms  duration) and a 1 s time-out during which
he computer remained dormant. Every new trial started after a
.5 s intertrial interval (black screen).

To ensure that the crows based their choice on the relative and
ot the absolute length of a given stimulus, the two line stimuli per
rial were pseudo-randomly chosen from a set of five different line
engths (Fig. 1c; 15, 18, 21, 25 and 30 mm,  adjacent stimuli differed
y a factor of 1.19). However, the crows’ choice still could have been
ased on relative stimulus brightness rather than stimulus length.
o control for this, we chose the stimuli from two different stimulus
ets (Fig. 1c). In the standard set, the longest line was also the widest
nd therefore the brightest stimulus in the set, whereas in the con-
rol set the shortest line was the widest and thereby the brightest
timulus. Therefore, a choice based only on stimulus brightness
or width) would have resulted in chance performance. During the
raining phase (Fig. 2, training steps 1–3) we used a stimulus set,
hich was different from the stimulus sets depicted in Fig. 1c. The

ines of these training stimuli were 7, 14, 28, 42 and 56 mm long
nd adjacent stimuli differed by the factors 1.33, 1.5 or 2.0. At all
imes, all relevant task parameters were balanced.

.4. Behavioral protocol 2: medium-length rule task

In the medium-length rule task, three line stimuli per trial were
resented. In the first version of the medium-length rule task, three
ifferent rule cues (shorter: blue, medium: yellow and longer: red)
ere used. The line stimuli were pseudo-randomly chosen from
he previously used longer/shorter rule task stimulus set (Fig. 1c,
tandard set) and were presented within a virtual triangle around
he touch-screen’s center at random vertical positions. Following
he rule, the shortest, medium or longest of the three presented
rocesses 107 (2014) 142–149

stimuli had to be chosen to earn a food reward. The three rule cues
were presented pseudorandomly interleaved.

In the second, simpler, version of the medium-length rule task
crows always had to choose the line stimulus of medium length.
The longer/shorter than rule cues were not used any more. To make
the task even easier, the three presented line stimuli per trial were
pseudo-randomly chosen from a new stimulus set (Fig. 5; 3.5, 10,
20, 35 and 60 mm).  Adjacent stimuli differed by the factor 1.7 at
least and were all of the same width. To make length comparisons as
easy as possible, lines were presented with their lower ends placed
upon the same y-plane.

2.5. Data analysis

For the behavioral protocol 1 (longer/shorter than rule task),
we analyzed 20 consecutive sessions for each bird, each of which
consisted of 160 trials. Behavioral protocol 2 (medium-length rule
task) was  analyzed over five consecutive sessions, each of which
consisted of about 300 trials. We  derived the median reaction
times for single sessions and report the average of these medi-
ans over sessions throughout the paper. To analyze performance
levels for different stimulus conditions within single sessions, the
percent correct responses were derived and tested for individual
crows using binomial tests. For all other comparisons (of data dis-
tributions), nonparametric tests (Wilcoxon and Friedman tests for
paired data) were applied using SPSS 22 (IBM, Armonk, USA).

For our probability distributions (Fig. 6b–c) that described the
correct response distribution for the medium-length rule task, line
lengths were valued by their probability to appear as the correct
(i.e. ‘medium’) stimulus. Line lengths ‘1′ and ‘5′ were never the cor-
rect line of medium length (0% probability), while lines ‘2′ and ‘4′

were correct in 30% of all trials and line ‘3′ was  correct in 40% of the
cases. Based on the latter five values (shown as ‘original’ distribu-
tion in Fig. 6a, filled circles),  the correct response probability for the
ten possible line-lengths-triplet displays was calculated (Fig. 6b).
For example, the correct response probability for the line lengths
triplet ‘1-2-3′ (Fig. 6b, first bar) was  calculated as follows. The cor-
rectness probabilities 0% (line ‘1′), 30% (line ‘2′) and 40% (line ‘3′)
were each divided by their sum, resulting in the response probabil-
ity values 0% (‘1′), 42.9% (‘2′) and 57.1% (‘3′), i.e. now 100% in sum.
Therefore, for the triplet ‘1-2-3′, our approach predicts a probabil-
ity of 42.9% that the correct line stimulus of medium length (‘2′) is
chosen (Fig. 6b, first bar). In addition, we  fitted a Gaussian distribu-
tion (sigma = 0.94) to the original probability values (Fig. 6a, open
circles).  The same calculations as described above were then done
with the resulting fitted correctness probabilities. This resulted in
a more appropriate response distribution (Fig. 6c), which largely
mirrored the crows’ real behavioral response distribution (Fig. 6d).

3. Results

3.1. Generalization from absolute to relative line length

Two crows were trained to flexibly choose either the shorter or
longer line from a display of two lines based on randomly switching
longer than/shorter than rules. During the course of the initial train-
ing, we  tested whether the crows could immediately generalize
from absolute line lengths judgments to relative length discrimina-
tions. In the first training step (Fig. 2, left section), the crows had to
choose between two  test lines of constant length. During this phase,
the crows still succeeded by responding to the absolute length of

the lines. After reaching the performance criterion of 80.0% correct
over one session, the crows were required to choose the longer
or shorter, respectively, of two  lines taken from a set of three line
lengths. Depending on the stimulus combination, the stimulus of
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iddle length could now be the relatively longer or shorter of the
wo displayed lines, forcing the crows to make relative lengths
udgments.

When switching from training step 1 (two out of two  line
engths, Fig. 2, left section) to training step 2 (two out of three line
engths, Fig. 2, middle section), both birds performed significantly
bove chance for all three out of the three possible lengths com-
inations in the very first session (first-session data) of training
tep 2 (Fig. 2, middle section;  pooled performance bird T: 80.5%;
ird M:  70.1%; all stimulus combinations p < 0.001; Binomial test;
wo-tailed; minimum number of trials per stimulus combination
n either bird = 86 - maximum number of trials = 157).

To arrive at the final version of the task (training step 3; Fig. 2,
ight section), two test lines were pseudorandomly chosen from a
et of five possible lengths. Both crows performed above chance
n the very first session (first-session data pooled across all length
ombinations) (bird T: 81.4%; bird M:  72.2% correct performance;

 < 0.001, binomial test, two-tailed). In bird T, performance for
ine out of the ten possible lengths combinations was signifi-
ant (p < 0.05, binomial test, two-tailed, minimum number of trials
er combination = 31 – maximum number of trials = 45), with the
xception of the line-length combination with the smallest length
atio (56 mm versus 42 mm;  p > 0.05, Binomial test, two-tailed,
umber of trials = 49). In bird M,  performance for 6 out of the ten
ossible lengths combinations was significant (p < 0.05, binomial
est, two-tailed, minimum number of trials per combination = 19

 maximum number of trials = 27), with the exception of the four
ine-length combination with the smallest length ratio (56 mm  vs.
2 mm;  42 mm vs. 28 mm,  28 mm vs. 14 mm,  42 mm vs. 14 mm;

 > 0.05, Binomial test, two-tailed, minimum number of trials per
ombination = 26 – maximum number of trials = 36).

For all subsequent sessions (n = 20 sessions), both crows sig-
ificantly discriminated lines in all of the ten possible length
ombinations and reliably switched between the two  rules (bird

 data pooled across all length combinations: 84.2% correct per-
ormance; bird M:  84.7%; all stimulus combinations p < 0.001, one
ample Wilcoxon test, test value = 0.5; two-tailed).

Performance was moderately better with the standard stimuli
han with the control stimuli (Fig. 1c) for both crows (bird T:
6.2% versus 82.5%; bird M:  87.6% vs. 82.2%) (bird T: Wilcoxon test,

wo-tailed, U = −2.417, p = 0.016, n = 20; bird M:  Wilcoxon test, two-
ailed, U = −3.659, p < 0.001, n = 20). We  suspect this mild bias to be

 reflection of more intensive experience with the standard stimuli
uring initial training. Overall, these results confirm that the crows

ig. 3. Behavioral discrimination performance of both crows as a function of line lengt
ncreasing line lengths ratio (i.e. factor). (b) Reaction times were highest for the smallest
he  standard error of mean.
ocesses 107 (2014) 142–149 145

reliably discriminated the length of the lines rather than low-level
visual parameters.

Reaction times (RTs) differed in both crows for correct versus
error trials. In bird T, the average median RT (derived from the
RT-medians of 20 single sessions) of 415 ms  (standard deviation
(SD) = 28 ms)  in correct trials increased to 465 ms  (SD = 37 ms)  in
error trials (Wilcoxon test, two-tailed, U = −3.920, p < 0.001, n = 20).
In bird M,  the average median RT of 484 ms  (SD = 26 ms)  in correct
trials increased to 601 ms  (SD = 106 ms)  in error trials (Wilcoxon
test, two-tailed, U = −3.584, p < 0.001, n = 20).

3.2. Performance varies with stimulus length ratio

Next, we investigated whether the ratio between the lengths of
the two  test lines had an impact on the crows’ performance. The
crows’ performance improved systematically with increasing rela-
tive length differences between the test lines (Fig. 3a). Because the
two lines were chosen from a set of five different lengths, the rela-
tive length of line pairs differed by the factors (ratio) of 1.2, 1.4, 1.7
and 2.0 (Fig. 3a). The difference in performance between these four
line ratios was significant (bird T: Friedman test, X2(df 3) = 52.77,
p < 0.001, n = 20; bird M:  Friedman test, X2(df 3) = 58.43, p < 0.001,
n = 20) and reliably present in every session. Performance between
length ratios 1.7 and 2.0 was  almost perfect (96.0–98.0%, Fig. 3a)
(ceiling effect). Additionally, the crows’ reaction times in correct tri-
als differed significantly between the four line ratios (Fig. 3b; bird
T: Friedman test, X2(df 3) = 22.47, p < 0.001, n = 20; bird M:  Fried-
man  test, X2(df 3) = 21.0, p < 0.001, n = 20). Average median reaction
time was  at a clear maximum (bird T: 437 ms,  SD = 34 ms;  bird M:
518 ms,  SD = 35 ms)  for trials from the smallest line ratio 1.2 and at
a minimum (bird T: 394 ms,  SD = 26 ms;  bird M:  460 ms,  SD = 64 ms)
for the highest ratio 2.0 (Fig. 3b).

3.3. Rule-switching performance is independent of trial history

Longer than/shorter than rules were presented in a pseudoran-
dom order on a trial-by-trial basis. The crows switched between
the longer than and the shorter than rule in a perfectly flexible
manner. Both rules were mastered with equal proficiency (longer
rule bird T: 85.7% and bird M:  84.8%; shorter rule bird T: 83.1%
and bird M:  84.9%) (bird T: Wilcoxon test, two-tailed, U = −1.40,

p = 0.161, n = 20; bird M:  Wilcoxon test, two-tailed, U = −0.261,
p = 0.794, n = 20). Therefore, there was  no bias to preferentially
pick the longer or shorter stimulus, just as there was no bias to

hs ratios. (a) The crows’ correct performance level systematically increased with
 line lengths ratio, and lowest for the largest ratio, respectively. Error bars indicate
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Fig. 4. Influence of rule switch on correct performance and reaction time. (a)
Schematic layout of rule-type sequence. Every square (T1–T3) indicates one trial.
The  squares background pattern indicates the rule type (longer or shorter than). If
the rule in the third trial (T3) was different from the second trial (T2), a “switch trial”
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as  in effect, otherwise a “stay trial”. (b) Correct performance between switch and
tay  trials was unchanged. (c) Reaction time in switch and stay trials were unchanged
or  both crows.

referentially pick the left (bird T: 84.0% and bird M:  84.7%) or
ight (bird T: 84.6% and bird M:  85.1%) stimulus on the screen (bird
: Wilcoxon test, two-tailed, U = −0.566, p = 0.571, n = 20; bird M:
ilcoxon test, two-tailed, U = −0.373, p = 0.709, n = 20).
To explore a putative effect of the trial history on performance,

e compared correct performance and reaction times for trials of
 given rule preceded by the same rule, (‘stay-trials’; e.g. a longer-
han trial preceded by a longer-than trial) with trials in which the
ule switched relative to the previous trial (‘switch-trials’; e.g. a
onger-than trial after a shorter-than trial) (Fig. 4a). Correct per-
ormance in stay-trials (84.8% and 84.4%, bird T and bird M)  was
omparable to switch-trials (83.8% and 84.9%) (bird T: Wilcoxon
est, two-tailed, U = −0.635, p = 0.526, n = 20; bird M: Wilcoxon test,
wo-tailed, U = −0.299, p = 0.765, n = 20) (Fig. 4b). The same was  true
or average median reaction times (Fig. 4c) in stay (bird T: 415 ms,
D = 27 ms;  bird M:  491 ms,  SD = 63 ms)  and switch trials (bird T:
17 ms,  SD = 31 ms;  bird M:  479 ms,  SD = 48 ms). Neither the rule
ype nor the trial history had a discriminative impact on the crows’
ule-switching behavior.

.4. Failure to choose a “medium” line stimulus

After the crows had acquired the two longer than/shorter than
ules, a third rule indicating the instruction to choose medium line
ength (second longest or shortest, respectively) was  introduced.
nstead of two test lines, three test lines were now shown. As long
s three lines of constant lengths were shown (absolute length),
he crows could discriminate the medium long line. However, when
he three presented line stimuli per trial were evenly chosen from a
et of five lines in succeeding generalization sessions, performance
or the medium-length rule reached chance level of 33%. At the
ame time, only a slight drop in performance on the longer than

nd shorter than rule was found. In fact, the crows were perfectly
ble to choose the shortest or longest line out of three presented
timuli based on relative line length, whereas they were unable to
iscriminate the line of medium length.
Fig. 5. Performance in the ‘medium’-length rule task. Crows were unable to reliably
choose the stimulus of medium length from a three-line stimulus test display. Error
bars  indicate the standard error of mean. The dashed line indicates chance level.

To help the crows to acquire a concept of “middle”, the task
protocol was simplified by removing the rule cue and simply hav-
ing the crows choose the medium long line out of a set of three
lines. To reduce the task protocol even more, the lower ends of
the three test lines were no longer presented at variable verti-
cal positions, but always centered on the same horizontal plane.
Moreover, the length ratios between the test lines were increased
to differ by a factor of at least 1.7. Despite of all these simplifi-
cations, the crows had considerable difficulties to discriminate a
stimulus of medium length. Fig. 5 presents correct performance for
all ten possible line-length combinations averaged over five ses-
sions of training on this simplified task. Performance averaged over
these five sessions was only 64.0% and 55.0% correct (bird T and M).
Correct performance depended strongly on line lengths combina-
tion (Fig. 5; bird T: Friedman test, X2(df 9) = 39.34, p < 0.001, n = 5;
bird M:  Friedman test, X2(df 9) = 41.25, p < 0.001, n = 5), with about
chance performance at both ends of the line-length range, indi-
cating that the crows’ choice was  based on strong preferences for
absolute rather than relative line length. This poor performance is
likely not attributed to a lack of training because bird T had been
trained for thirteen sessions and bird M had completed five training
sessions prior to the collection of these data.

4. Discussion

The main findings of the current study are that (1) carrion crows
grasp the concept “longer” and “shorter” applied to the lengths of
lines, (2) switch effortlessly between “longer than/shorter than”
rules, but (3) fail to learn to discriminate a line of “medium” length
embedded in a longer and a shorter line. Critical aspects related to
these findings will be discussed in the following section.

4.1. Scope and limit of relational length discrimination

Our experiments show that crows master quantity discrimi-
nations based on absolute (fixed) length and grasp a concept of
relative length. When faced with lines of variable length, they reli-
ably chose the longer or shorter one, respectively, according to task
contingencies. An analysis of accuracy as a function of whether the
continuous variable of surface area was  congruent versus incon-
gruent with length showed that the crows’ behavior was  controlled
by length. As with classical finding for magnitude discriminations,

the crows showed a length ratio dependent performance signa-
ture: Accuracy values were positively correlated with the line ratio,
whereas reaction times were negatively correlated. Therefore, per-
formance improved with greater differences between lengths, thus



ural Pr

r
a
a
o
t
o
d

c
i
n
g
t
s
t
i
t
fi
s
a
(
w
r
S

F
l
t
T

F.W. Moll, A. Nieder / Behavio

eflecting a quantitative distance effect. Such a distance effect has
lso been reported in African gray parrots discriminating food
mounts (Al Ain et al., 2009). We suspect this effect to be a reflection
f a Weber Law signature classically present in a variety of magni-
ude discriminations, namely the finding that the discriminability
f two magnitudes depends on their ratio, not absolute magnitude
ifferences.

As mentioned in the introduction, Spence (1937) in his dis-
rimination theory convincingly argued that successful behavior
n transposition tasks may  not be the result of relational discrimi-
ations. He showed that reinforcement history and the subsequent
eneralization behavior alone would predict an animal’s choice in
ransposition experiments. In his model, excitatory (around the S+
timulus associated with reinforcement) and inhibitory (around
he S− stimulus associated with non-reinforcement) ‘postdiscrim-
nation generalization gradients’ are becoming established with
raining and learning history. Importantly, the S+ and the S− are
xed relative to one another on the discriminative stimulus dimen-
ion. We  think that – in addition to the wide range of standard
nd control testing pairs that included nonadjacent testing stimuli
Fig. 1c) – our approach of combining a length transposition task

ith a rule-switching task is well suited to avoid such a non-

elational explanation. This is because in our experiment the S+ and
− were randomly and constantly exchanged according to the rule

ig. 6. Evaluation of ‘medium’ length discriminations based on the probability of certain a
ine  stimuli to be the correct ‘medium’ choices (filled circles)  and Gauss fitted correctness p
he  original correctness probabilities (a, filled circles). (c) Fitted response probability distri
he  crows’ real behavioral response distribution (see also Fig. 5).
ocesses 107 (2014) 142–149 147

that was  active for any single trial. Thus, the formation of sign-fixed
postdiscrimination generalization gradients as predicted by Spence
(1937) would have left the crows at chance performance, because
in half of the trials the reinforcement would not have been associ-
ated with the S+ but with the S−, and vice versa. We  therefore argue
that the discrimination behavior of our crows is best explained by
relational discriminations. Our result of relational discriminations
in crows is in agreement with more recent findings in pigeons that
– albeit for different experimental reasons – also showed behavior
based on relational factors (Lazareva et al., 2005, 2008; Lazareva,
2012).

The concept of relative length, however, seems to be restricted
to the endpoints of the length continuum, because our crows failed
to learn to discriminate a line of medium lengths amidst longer or
shorter lines. Even after considerable simplifications of the stimuli
and several days of training, performance was still around chance
level and showed unexpected response distributions (Fig. 5). We
therefore examined whether the probabilities of certain absolute
line lengths to be correct ‘medium’ choices could explain the crows’
behavior. With a set of five different line lengths as used in our
study, the middle lengths of this set are more likely to be the cor-

rect choices (see ‘original’ distribution in Fig. 6a, filled circles)  than
the longer or shorter lines from this set. When we  used this proba-
bility distribution to calculate the likelihood that the medium long

bsolute line lengths to be correct choices. (a) Original probabilities of the five used
robabilities (open circles). (b) Basic response probability distribution resulting from
bution resulting from the Gauss fitted correctness probabilities (a, open circles).  (d)
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ines (lines 2–4) amidst the possible combinations with a longer
nd a shorter line were the correct choice, the resulting response
istribution (Fig. 6b) showed characteristics of the crows’ real per-
ormance (seen in Fig. 6d). Even more, when a Gauss function
tted to the original probability distribution was used (Fig. 6a, open
ircles), the calculated response distribution (Fig. 6c) largely mir-
ored the crows’ real behavioral performance. Based on these clear
redictions, we  conclude that the crows were not discriminating
he middle line to solve the medium-length rule task, but rather
ollowed a preference to choose the absolute line length “3”. Never-
heless, we can not exclude that more intense training for more than
8 sessions in bird T and 10 sessions in bird M might have enhanced
he crows’ intermediate size performance. Moreover, prior train-
ng to the longer/shorter than rule task could have deteriorated the
rows’ ability to learn an intermediate-size task. Still, as discussed
elow, poor performance of tested animals in intermediate-size
asks seems to be a general trend that does not seem to vanish
fter more intense training or a certain training history.

Solving intermediate size tasks not only seems difficult for our
rows, but for animals in general. When Spence (1942) investigated
he responses of chimpanzees on an “intermediate size problem”
he animals seemed to respond on the basis of the absolute prop-
rties of the stimulus rather than the relative ones. Gonzalez et al.
1954) extended Spence’s study and used a broader range of stimuli.

 preference for the middle-sized stimuli suggesting preference for
he relative properties was detected, but repeated test trials with
he same two stimulus sets can not exclude that specific length
onfigurations might have been learned by the chimpanzee. This
rotocol was later repeated with rhesus monkeys to find a similar
bove chance preference for the middle-sized stimuli (Gentry et al.,
959; Brown et al., 1959). Squirrel monkeys also seem to have prob-

ems to grasp the middle size relation. In the study by McGonigle
nd Jones (1978), monkeys failed to choose the object of medium
ize or brightness from a three-object display. ‘Middleness’ requires
elational coordination, as it is required in transitive reasoning like
when B is larger than A and C is larger than B, then C is largest’
McGonigle and Chalmers, 1977). It was suggested that monkeys do
ot logically coordinate the two available pieces of information in a
ransitive task. Instead, their choices could result from single binary
ecision making and are well predicted by a straightforward ‘binary
statistical) decision model’ (McGonigle and Chalmers, 1977).

Both in our and the above cited primate studies, animals were
ested for inference of explicitly quantitative aspects. Interest-
ngly, transitive inference of ordinal relations (rank position in

 sequence) has been demonstrated multiple times in differ-
nt animal species (Bond et al., 2003; Grosenick et al., 2007;
azes et al., 2012). This may  suggest that transitive inference of

ank information is widespread in the animal kingdom, whereas
ntermediate-size transposition, i.e. transitive inference based on
uantitative information (Merten and Nieder, 2009), is much more
ifficult for all animals including primates and crows.

.2. Rule-switching performance and trial history

In our study, crows managed to switch effortlessly from the
ule “pick the longer line” to “pick the shorter line”. Switching on
emand from one cognitive task to another, thus rapidly selecting
he appropriate course of action, is a fundamental manifestation
f cognitive (executive) control. In mammals, this feat is primarily
ttributed to the prefrontal cortex (Miller and Cohen, 2001; Stoet
nd Snyder, 2009; Bongard and Nieder, 2010). Birds, however, lack

 neocortex and thus also a prefrontal cortex altogether. Instead,

hey possess an integrative endbrain structure, called nidopallium
audolaterale (NCL) that subserves analog functions based on con-
ergent evolution (Güntürkün, 2005). Neurons in this brain region
how sustained activity during working memory tasks (Veit et al.,
rocesses 107 (2014) 142–149

2014) and signal abstract ‘match’ versus ‘nonmatch’ rules in a
behaviourally relevant manner (Veit and Nieder, 2013), suggest-
ing that also the “longer than/shorter than” decisions investigated
in the current study are represented in the crows’ NCL.

Behavioral flexibility in humans comes at a price and causes
switch costs, a worsening in performance associated with chang-
ing versus repeating the task performed on the previous trial within
mixed-task blocks (Jersild, 1927; Rogers and Monsell, 1995). Thus,
humans performing a rule-switching task show robust switch costs
in reaction time of about 35 ms  (7.4% of mean reaction time) (Stoet
and Snyder, 2007). Even extensive training (up to 30,000 trials) nei-
ther abolishes nor systematically reduces switch costs in humans
(Stoet and Snyder, 2007).

In contrast to human data, our crows did not show any dis-
criminative switch costs during the longer than/shorter than
rule-switching trials. An absence of switch costs was  also found
in monkeys performing a rule-switching task fully comparable to
human protocols (Stoet and Snyder, 2003, 2007). However, when
Stoet and Snyder (2003) decreased the intertrial interval down to
170 ms,  significant switch costs began to appear in monkey per-
formance. Recently, Caselli and Chelazzi (2011) did report switch
costs in monkeys that were comparable in size to those paid by
humans. This indicates that switch costs are present in animals,
but are very sensitive to the precise task contingencies applied.
Whether corvids would still show switch costs under different task
circumstances thus remains an unresolved question.
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