


The proportion of test trials in which dogs chose
by exclusion showed a significant increase with the
total number of correction trials in the inference by
exclusion training (Table 5, model 15) after con-
trolling for age in months. Therefore, regardless of
age, dogs which needed more correction trials in
the training chose more often using inference by
exclusion in test 2.

Task 4: memory test

Of the 82 dogs which completed the final learning
criterion of the inference training, 46 participated in
the memory test after a break of at least 6 months.
Forty-two of these dogs scored significantly above
chance level in the first session (22 or more out of the
possible 32 first correct choices (binomial test 22/
32 = 0.6875, chance level = 0.5, p = 0.050; 81.52
±10.10 %). There were no significant effects of age or

stimulus group on the proportion of correct first choices
in the first session of the memory test (Supplementary
Table S6).

Discussion

The aim of the present study was to examine age effects
on visual discrimination learning, inferential reasoning
by exclusion and long-term memory in domestic dogs
kept as pets. We found a significant effect of age on the
number of trials needed to reach criterion (as age in-
creased, discrimination learning ability decreased) and
degree of perseveration (the number of correction trials)
in the two visual discrimination learning tasks. In con-
trast, older dogs chose more often by exclusion than
younger dogs in the crucial (second) reasoning by ex-
clusion test. Finally, dogs’ long-termmemorywas main-
tained into old age, with no difference in performance in

Table 4 Generalised linear mixed model on the proportion of trials chose S’ when paired with a known negative (S−) in test 1 of the
inference by exclusion task, showing the direction of effects and the significance level of the terms

Response variable Model Minimal model Average effect SE Wald statistic /deviance p value

Proportion of trials chose S’ Model 9 Cycle: cycle 2 −0.4943 0.0839 34.723 <0.001

Stimulus: group B 0.3478 0.1007 11.136 <0.001

Age in months 0.0037 0.0014 6.567 0.010

Sex: male 0.1919 0.0988 3.693 0.055

Bold numbers indicate significant values at p =≤0.05

Fig. 6 The proportion of test trials in test 1 in which the dog chose
S’; a group A and group B, and b cycle 1 (sessions 1 to 4) and
cycle 2 (sessions 5 to 8), and age in months. The upper dashed line
indicates the levels of performance beyondwhich preference for S’

was inferred (68.75 %; choice by novelty, avoidance of S− or
reasoning by exclusion). The lower dashed line indicates the level
of performance below which preference for S− was inferred
(31.25 %; choice by familiarity)
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any of the age groups after a 6-month break from the
touchscreen.

The ability to learn new visual stimulus associations
decreased with age as predicted. The youngest dogs
aged from 5 months to 1 year needed the lowest number
of sessions to complete the criteria, indicating that this
age group was already performing at peak performance,
and from this age onward, dogs’ learning abilities began
to decline. In contrast to the present study, previous
studies in non-human animals have found no effect of

aging on associative learning in simple object discrim-
ination tasks either in the rhesus macaque (aged from 3
to 34 years; Bachevalier et al. 1991) or in laboratory
dogs (aged from 1.5 to 11 years; Milgram et al. 1994).
One possible reason for this discrepancy is that, by
utilising a higher number of stimuli to be discriminated,
we sufficiently increased the difficulty level and thus
facilitated the appearance of age effects. This interpre-
tation is also supported by the difference we find be-
tween the two stimuli groups both in the drawing and
underwater photo discrimination and in the clip art
discrimination: If the discrimination seems to be easier
for the dogs (‘drawing’; group B), the age differences,
although still apparent, are not as pronounced as in the
more difficult groups (‘underwater’; group A).
However, although age effects were more apparent in
the groups with the less preferred stimuli as positive
(that is, in the more difficult version of each task), we
found no evidence for an interaction between age and
stimulus group in any of the discrimination tasks. For a
discussion of stimulus preferences in two choice dis-
criminations, please refer to the Supplementary
Materials: Stimulus preferences.

Age differences were more pronounced in the clip art
picture discrimination than in the drawing and underwa-
ter photo discrimination. This difference in effect size
may be explained firstly in terms of the number of
stimuli to be discriminated (six in the drawing and
underwater discrimination and eight in the picture dis-
crimination) and additionally by the fact that the draw-
ing discrimination could be solved more easily by

Fig. 7 The proportion of times in which the dog chose based on
inference by exclusion in group A and group B and age in months
in test 2 (cycles 1 and 2 pooled). The dashed line indicates the
levels of performance beyond which preference for S’was inferred
(40.625 %; reasoning by exclusion)

Table 5 Generalised linear model on the proportion of times the
dogs’ chose S’ when paired with the known negative (test 1
refresher) and also chose S’ in the subsequent trial when S’ was

paired with the novel S^ (test 2 trial) in the inference by exclusion
task, showing the direction of effects and the significance level of
the terms

Response variable Model Minimal model Average
effect

SE Wald statistic /
deviance

z p value

Proportion of times chose S’ in
both test 1 refresher trial
and test 2 trial

Model 12 Age in months 0.0099 0.0014 45.538 <0.001

Stimulus: group B 0.7027 0.1367 27.739 <0.001

Model 13 Age group 54.570 <0.001

Age group 2 0.4654 0.2816 1.653 0.094

Age group 3 0.6387 0.2989 2.137 0.033

Age group 4 1.2223 0.2900 4.215 <0.001

Age group 5 1.3916 0.2788 4.992 <0.001

Model 14 Sessions to criterion 0.0008 0.0029 0.082 0.775

Model 15 Total no. of correction trials 0.0006 0.0003 4.103 0.043

Z tests indicate which age groups differ from age group 1 in the respective analysis. Age in months was included in models 12 and 13 to
control for age effects. Bold numbers indicate significant values at p=≤0.05
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learning a perceptual discrimination rule. All the draw-
ings looked perceptually similar to each other, as did the
underwater photographs, but the clip art picture discrim-
ination required that all the stimuli be encoded into
memory individually, as there were no perceptual com-
monalities in the positive or the negative stimuli. Our
results are in line with the findings from human studies;
age effects can be better detected bymore complex tasks
(Alvarez and Emory 2006; Mell et al. 2005).

The poorer performance of dogs aged over 3 years in
our study could be explained by several possibilities. First,
older dogs may suffer from attentional deficits due to
reduced processing resources (Snigdha et al. 2012).
Additionally, older dogs may use ineffectual strategies in
an attempt to solve the discriminations, for example, a
stimulus response strategy (such as stimulus preferences
or avoidance, as seenwhen dogs repeatedlymake incorrect
choices) and/or a positional strategy (side bias), before
finally switching to a cognitive strategy. Both stimulus
response and positional strategies require less working
memory and are therefore less costly than a cognitive
strategy (Chan et al. 2002). Unfortunately, we were unable
to analyse positional strategies due to limitations in the
software program.

Second, younger dogs may have been quicker to utilise
the cognitive strategy of forming reward associations for
the positive stimuli by utilising working memory and
swift-encoding to long-termmemory. These younger dogs,
assuming that their working memory abilities were good,
might have shown more focused selective attention
allowing them to quickly pick out the correct stimuli and
ignore the negative stimuli (Mongillo et al. 2010; Snigdha
et al. 2012;Wallis et al. 2014). In contrast, older dogs have
a reduced capacity for working memory (Chan et al. 2002;
Tapp et al. 2003b), similarly to other species including
humans (Cowan 2001; Matzel and Kolata 2010).
Evidence in humans suggests that older individuals with
lower working memory capacity may also need to cope
with the processing of negative (or distractor) stimuli,
which leads to slower learning and the storage of more
information inmemory than younger individuals with high
working memory capacity (Konstantinou et al. 2014;
Vogel et al. 2005).

Third, an important non-cognitive factor, which
could have influenced the results, is age differences in
sensory ability (namely eyesight). However, all older
dogs in our study were able to pass the criteria in three
visual discrimination tasks, and in the geometric forms
task, we found no age differences in the number of

sessions to criteria (see Supplementary Materials,
Table S1). Additionally, we tested many of the subjects
in behavioural tests and found little evidence that visual
impairments influenced the dogs’ performance (Wallis
et al. 2015; Wallis et al. 2014).

The total number of correction trials increased with
age in all discrimination tasks possibly due to a lack of
attention, persistency and/or side bias in the older dogs,
resulting in an inability to adjust thinking or attention in
response to feedback. Similarly to earlier findings in
dogs (Chan et al. 2002), the oldest age group displayed
the most perseverative errors and thus displayed reduced
flexibility. Aged members of other species have also
shown reduced flexibility reflected in an inability to
suppress and/or change behaviour on the basis of nega-
tive feedback; for example rats (Stephens et al. 1985),
non-human primates (Lai et al. 1995; Manrique and Call
2015; Voytko 1999; Voytko 1993) and humans
(Botwinick 1978; Daigneault et al. 1992).

The proportion of test trials in which the dogs chose
based on novelty, avoidance or exclusion in test 1 of the
inference by exclusion task increased with age.
However, no significant differences between the age
groups were found. The proportion of test trials in which
the dogs chose based on exclusion in test 2 also in-
creased with age, but with most dogs choosing at chance
levels. Less than 10 % of dogs in the current study
showed patterns of choice consistent with inference by
exclusion, indicating that inference by exclusion was
not the predominant strategy used by the dogs. In Aust
et al.’s (2008) study by comparison, three out of six dogs
were found to display this ability.

In contrast to our prediction of a peak in inference by
exclusion ability in young adult dogs, seven dogs in
middle-to-late adulthood were found to perform above
chance, suggesting that they used reasoning by exclu-
sion. Similarly, in non-human primates, one study by
Call (2006) found that the ability to reason by exclusion
increases with age. Our results are superficially similar
to the primate study; however, after looking into the data
more carefully, our results seem to reflect a learning
rather than a reasoning effect. This learning effect was
strongest in younger individuals: In the test trials, the
dogs were not rewarded for choosing based on exclu-
sion (choosing S’), which might have made them switch
to choosing randomly due to the missing feedback.

A similar effect might explain why in test 1 choosing S’
(based on novelty, avoidance or exclusion) declined from
the first to the second cycle. In the tests, younger dogs
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might have reacted to the lack of feedback sooner/more
often than the older dogs, reflecting their more flexible
problem solving style. This interpretation is further sup-
ported by the impact of the degree of perseverative
responding in the training on performance in the inference
by exclusion in test 2. After controlling for age, our results
indicated that a higher amount of perseverative responding
increases the likelihood of finding response patterns con-
sistent with choosing by exclusion. Conversely, the higher
degree of flexibility of the younger dogs may have led to a
lower probability of choices following the inference by
exclusion pattern in this particular paradigm, where test
trials were not rewarded. We suggest that older dogs,
especially those that were in the more difficult to learn
group B, were more likely to stick with their initial choice
of S’ due to the fact that they showed greater levels of
perseverative responding in the training and consequently
hadmore chance to learn about the negative stimuli. These
dogs may have persisted in their choice of S’ in the test
trials in test 1, did not alter their strategy in response to the
lack of feedback, and may have been able to encode S’ to
workingmemory to enable them to choose S’when paired
with S^ a few trials later in test 2. In the study of Aust et al.
(2008), all three dogs, which chose by inference by exclu-
sion, and which were also in group B, needed more
sessions to reach criteria in the training and therefore had
more experience with correction trials, similarly to dogs in
our study. Results from studies on aged humans show
similar findings of reduced flexibility (shown in difficulties
in switching task sets) and deficiencies in adaptation to
external feedback (Kray and Lindenberger 2000; Mell
et al. 2005), supporting the findings of the current study.

Finally, there was no effect of age or stimulus group on
the performance of dogs in the memory test 6 months later.
However, the 6-month break was likely too short a time
period to enable the detection of age effects. The lack of age
effects on long-term memory confirms previous results in
laboratory dogs by Araujo et al. (2005). Nearly all the dogs
tested in the current study scored above chance in the very
first session, suggesting that long-termmemory for specific
stimuli on the touchscreen is longer than 6 months in dogs.
Recently, we re-tested five dogs of different breeds, which
had undergone inference by exclusion training between 3
and 5 years previously, and these individuals performed at
over 80%correct first choices on the first day of re-training,
which is comparable to the performance of dogs in the
memory test of the current study. Therefore, domestic dogs’
long-term memory for picture stimuli may exceed 5 years,
similarly to baboons and pigeons (Fagot and Cook 2006).

In conclusion, older dogs showed slower learning and
reduced flexibility, which may have contributed to an
increase in choosing by inference by exclusion in the tests
in comparison to young dogs, which were more sensitive
to the lack of feedback in test trials, and subsequently
flexibly changed their response pattern and used strategies
other than inference by exclusion. Dogs’ long-term mem-
ory for the clip art picture discrimination was well main-
tained into old age. Our results in the visual discrimination
learning tasks show clear age differences confirming that
the tests used are suitable to detect cognitive aging in pet
dogs and provide additional evidence of the suitability of
the dog as a model for aging. The baseline measures
associated with normal cognitive aging in the pet Border
Collie found in the current study can serve as a basis for
comparison to help diagnose cognition-related problems
and as a tool to assist with the development of treatments
to delay cognitive decline. Moreover, the touchscreen
apparatus offers a standardised procedure, which can be
applied across different dog breeds, other non-human
animals and even humans. Utilising this method, future
studies could investigate the development and aging of
cognitive processes and disorders and their interactions
with genetic, environmental and social factors.

Acknowledgments We would like to thank the owners who
volunteered to participate in this long-term study and especially
the research assistants Angela Gaigg and Teresa Marmota for
training and testing the dogs on the touchscreen. Additionally,
we would like to thank Mark O’Hara for statistical help and our
sponsors Royal Canin for providing funding for this project. Lisa
Wallis was furthermore supported by the DK CogCom Program
(Austrian Science Fund Doctoral Programs W1234). Writing was
supported by a FWF grant (project number P24840-B16) to FR,
WWTF project CS11-026 to ZsV, WWTF project CS11-025 to
LH, and the FWF grant P21418 to LH and FR.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestrict-
ed use, distribution, and reproduction in any medium, provided
you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.

References

Adams B, Chan A, Callahan H, Milgram NW (2000a) The canine
as a model of human cognitive aging: recent developments.
Prog Neuro-Psychopharmacol Biol Psychiatry 24:675–692

AGE  (2016) 38:6 Page 15 of 18  6 



Adams B, Chan A, Callahan H, Siwak C, Tapp D, Ikeda-Douglas
C,…, Milgram NW (2000). Use of a delayed non-matching
to position task to model age-dependent cognitive decline in
the dog. Behav Brain Res 108:47–56. doi:10.1016/S0166-
4328(99)00132-1

Alvarez JA, Emory E (2006) Executive function and the frontal
lobes: a meta-analytic review. Neuropsychol Rev 16(1):17–
42. doi:10.1007/s11065-006-9002-x

Araujo JA, Studzinski CM,Milgram NW (2005) Further evidence
for the cholinergic hypothesis of aging and dementia from the
canine model of aging. Prog Neuro-Psychopharmacol Biol
Psychiatry. doi:10.1016/j.pnpbp.2004.12.008

Aust U, Range F, Steurer M, Huber L (2008) Inferential reasoning
by exclusion in pigeons, dogs, and humans. Anim Cogn
11(4):587–597. doi:10.1007/s10071-008-0149-0

Bachevalier J, Landis LS,Walker LC, BricksonM,MishkinM, Price
DL, Cork LC (1991) Aged monkeys exhibit behavioral deficits
indicative of widespread cerebral dysfunction. Neurobiol Aging
12(2):99–111. doi:10.1016/0197-4580(91)90048-O

Baddeley AD, Baddeley HA, Bucks RS, Wilcock GK (2001)
Attentional control in Alzheimer’s disease. Brain J Neurol
124:1492–1508. doi:10.1093/brain/124.8.1492

Baltes PB (1987) Theoretical propositions of life-span develop-
mental psychology: on the dynamics between growth and
decline. Dev Psychol 23(5):611–626. doi:10.1037//0012-
1649.23.5.611

Borella E, Carretti B, De Beni R (2008) Working memory and
inhibition across the adult life-span. Acta Psychol 128(1):33–
44. doi:10.1016/j.actpsy.2007.09.008

Botwinick J (1978) Aging and behavior: a comprehensive inte-
gration of research findings. Springer, New York

Brickman AM, Stern Y (2010) Aging and memory in humans. In:
Squire L (ed), Encyclopedia of Neuroscience (Vol. 1, pp. 175–
180). Elsevier. doi:10.1016/B978-008045046-9.00745-2

Brockmole JR, Logie RH (2013) Age-related change in visual
working memory: a study of 55,753 participants aged 8–75.
Front Psychol 4:12. doi:10.3389/fpsyg.2013.00012

Bussey TJ, Padain TL, Skillings EA, Winters BD, Morton AJ,
Saksida LM (2008) The touchscreen cognitive testing meth-
od for rodents: how to get the best out of your rat. LearnMem
15(7):516–523. doi:10.1101/lm.987808

Call J (2006) Inferences by exclusion in the great apes: the effect of
age and species. Anim Cogn 9(4):393–403. doi:10.1007/
s10071-006-0037-4

Cepeda NJ, Kramer AF, Gonzalez de Sather JC (2001) Changes in
executive control across the life span: examination of task-
switching performance. Dev Psychol 37(5):715–730. doi:10.
1037/0012-1649.37.5.715

Chan ADF, Nippak PMD, Murphey H, Ikeda-douglas CJ,
Muggenburg B, Head E, …, Milgram NW (2002)
Visuospatial impairments in aged canines (Canis familiaris):
the role of cognitive-behavioral flexibility. Behav Neurosci
116(3):443–454. doi:10.1037/0735-7044.116.3.443

Christie L-A, Studzinski CM, Araujo JA, Leung CSK, Ikeda-
Douglas CJ, Head E,…, Milgram NW (2005) A comparison
of egocentric and allocentric age-dependent spatial learning
in the beagle dog. Prog Neuro-Psychopharmacol Biol
Psychiatry 29(3):361–369. doi:10.1016/j.pnpbp.2004.12.002

Chuderski A (2013) When are fluid intelligence and working
memory isomorphic and when are they not? Intelligence
41(4):244–262. doi:10.1016/j.intell.2013.04.003

Clark CR, Paul RH,Williams LM, ArnsM, Fallahpour K, Handmer
C, Gordon E (2006) Standardized assessment of cognitive
functioning during development and aging using an automated
touchscreen battery. Arch Clin Neuropsychol Off J Nat Acad
Neuropsychol 21(5):449–467. doi:10.1016/j.acn.2006.06.005

Costello MC, Madden DJ, Mitroff SR, Whiting WL (2010) Age-
related decline of visual processing components in change de-
tection. Psychol Aging 25(2):356–368. doi:10.1037/a0017625

Cowan N (2001) The magical number 4 in short-term memory: a
reconsideration of mental storage capacity. Behav Brain Sci
24(1):87–114. doi:10.1017/S0140525X01003922,
discussion 114–185

Craik FIM, Bialystok E (2006) Cognition through the lifespan:
mechanisms of change. Trends Cogn Sci 10(3):131–138. doi:
10.1016/j.tics.2006.01.007

Daigneault S, Braun CMJ, Whitaker HA (1992) Early effects of
normal aging on perseverative and non-perseverative pre-
frontal measures. Dev Neuropsychol 8(1):99–114. doi:10.
1080/87565649209540518

De Luca CR, Wood SJ, Anderson V, Buchanan J, Proffitt TM,
Mahony K, Pantelis C (2003) Normative data from the
CANTAB. I: development of executive function over the
lifespan. J Clin Exp Neuropsychol 25:242–254. doi:10.
1076/jcen.25.2.242.13639

Fagot J, Cook RG (2006) Evidence for large long-term memory
capacities in baboons and pigeons and its implications for
learning and the evolution of cognition. Proc Natl Acad Sci U
S A 103(46):17564–17567. doi:10.1073/pnas.0605184103

Fiset S (2007) Landmark-based search memory in the domestic
dog (Canis familiaris). J Comp Psychol 121(4):345–353. doi:
10.1037/0735-7036.121.4.345

Fiset S, Beaulieu C, Landry F (2003) Duration of dogs’ (Canis
familiaris) working memory in search for disappearing objects.
Anim Cogn 6(1):1–10. doi:10.1007/s10071-002-0157-4

González-Martínez Á, Rosado B, Pesini P, García-Belenguer S,
Palacio J, Villegas A, …, Sarasa M (2013) Effect of age and
severity of cognitive dysfunction on two simple tasks in pet
dogs. Vet J 198(1):176–181. doi:10.1016/j.tvjl.2013.07.004

Grant DA, Berg E (1948) A behavioral analysis of degree of
reinforcement and ease of shifting to new responses in a
Weigl-type card-sorting problem. J Exp Psychol 38(4):404–
411. doi:10.1037/h0059831

Griebel U, Oller DK (2012) Vocabulary learning in a Yorkshire
terrier: slowmapping of spoken words. PLoS ONE 7(2). doi:
10.1371/journal.pone.0030182

Head E, Mehta R, Hartley J, Kameka M, Cummings BJ, Cotman
CW, …, Milgram NW (1995) Spatial learning and memory
as a function of age in the dog. Behav Neurosci 109(5):851–
858. doi:10.1037/0735-7044.109.5.851

Head E, CallahanH,Muggenburg BA, Cotman CW,MilgramNW
(1998) Visual-discrimination learning ability and beta-
amyloid accumulation in the dog. Neurobiol Aging 19(5):
415–425. doi:10.1016/S0197-4580(98)00084-0

Head E, Cotman CW, Milgram NW (2000) Canine cognition,
aging and neuropathology. Prog Neuro-Psychopharmacol
Biol Psychiatry 24(5):671–673. doi:10.1016/S0278-
5846(00)00100-7

Heibeck TH, Markman EM (1987) Word learning in children: an
examination of fast mapping. Child Dev 58(4):1021–1034.
doi:10.2307/1130543

 6 Page 16 of 18 AGE  (2016) 38:6 

http://dx.doi.org/10.1016/S0166-4328(99)00132-1
http://dx.doi.org/10.1016/S0166-4328(99)00132-1
http://dx.doi.org/10.1007/s11065-006-9002-x
http://dx.doi.org/10.1016/j.pnpbp.2004.12.008
http://dx.doi.org/10.1007/s10071-008-0149-0
http://dx.doi.org/10.1016/0197-4580(91)90048-O
http://dx.doi.org/10.1093/brain/124.8.1492
http://dx.doi.org/10.1037//0012-1649.23.5.611
http://dx.doi.org/10.1037//0012-1649.23.5.611
http://dx.doi.org/10.1016/j.actpsy.2007.09.008
http://dx.doi.org/10.1016/B978-008045046-9.00745-2
http://dx.doi.org/10.3389/fpsyg.2013.00012
http://dx.doi.org/10.1101/lm.987808
http://dx.doi.org/10.1007/s10071-006-0037-4
http://dx.doi.org/10.1007/s10071-006-0037-4
http://dx.doi.org/10.1037/0012-1649.37.5.715
http://dx.doi.org/10.1037/0012-1649.37.5.715
http://dx.doi.org/10.1037/0735-7044.116.3.443
http://dx.doi.org/10.1016/j.pnpbp.2004.12.002
http://dx.doi.org/10.1016/j.intell.2013.04.003
http://dx.doi.org/10.1016/j.acn.2006.06.005
http://dx.doi.org/10.1037/a0017625
http://dx.doi.org/10.1017/S0140525X01003922
http://dx.doi.org/10.1016/j.tics.2006.01.007
http://dx.doi.org/10.1080/87565649209540518
http://dx.doi.org/10.1080/87565649209540518
http://dx.doi.org/10.1076/jcen.25.2.242.13639
http://dx.doi.org/10.1076/jcen.25.2.242.13639
http://dx.doi.org/10.1073/pnas.0605184103
http://dx.doi.org/10.1037/0735-7036.121.4.345
http://dx.doi.org/10.1007/s10071-002-0157-4
http://dx.doi.org/10.1016/j.tvjl.2013.07.004
http://dx.doi.org/10.1037/h0059831
http://dx.doi.org/10.1371/journal.pone.0030182
http://dx.doi.org/10.1037/0735-7044.109.5.851
http://dx.doi.org/10.1016/S0197-4580(98)00084-0
http://dx.doi.org/10.1016/S0278-5846(00)00100-7
http://dx.doi.org/10.1016/S0278-5846(00)00100-7
http://dx.doi.org/10.2307/1130543


Herman LM, Richards DG, Wolz JP (1984) Comprehension of
sentences by bottlenosed dolphins. Cognition 16(2):129–
219. doi:10.1016/0010-0277(84)90003-9

Horst JS, Samuelson LK (2008) Fast mapping but poor retention
in 24-month-old infants. Infancy 13(2):128–157. doi:10.
1080/15250000701795598

Huber L, Apfalter W, Steurer M, Prossinger H (2005) A new
learning paradigm elicits fast visual discrimination in pi-
geons. J Exp Psychol Anim Behav Process 31(2):237–246.
doi:10.1037/0097-7403.31.2.237

Joly M, Ammersdörfer S, Schmidtke D, Zimmermann E (2014)
Touchscreen-based cognitive tasks reveal age-related impair-
ment in a primate aging model, the grey mouse lemur
(Microcebus murinus). PLoS ONE 9(10):e109393. doi:10.
1371/journal.pone.0109393

Julesz B, Schumer RA (1981) Early visual perception. Annu Rev
Psychol 32:575–627. doi:10.1146/annurev.ps.32.020181.
003043

Kaminski J, Call J, Fischer J (2004) Word learning in a domestic
dog: evidence for Bfast mapping^. Science 304(5677):1682–
1683. doi:10.1126/science.1097859

Kastak CR, Schusterman RJ (2002) Sea lions and equivalence:
expanding classes by exclusion. J Exp Anal Behav 78(3):
449–465. doi:10.1901/jeab.2002.78-449

Kaulfuss P, Mills DS (2008) Neophilia in domestic dogs (Canis
familiaris) and its implication for studies of dog cognition.
Anim Cogn 11(3):553–556. doi:10.1007/s10071-007-0128-x

Konstantinou N, Beal E, King JR, Lavie N (2014). Working
memory load and distraction: dissociable effects of visual
maintenance and cognitive control. Atten Percept
Psychophys 1985–1997. doi:10.3758/s13414-014-0742-z

Kray J, Lindenberger U (2000) Adult age differences in task
switching. Psychol Aging 15(1):126–147. doi:10.1037/
0882-7974.15.1.126

Kyllonen PC, Christal RE (1990) Reasoning ability is (little more
than) working-memory capacity?! Intelligence. doi:10.1016/
S0160-2896(05)80012-1

Lai ZC, Moss MB, Killiany RJ, Rosene DL, Herndon JG (1995)
Executive system dysfunction in the aged monkey: spatial
and object reversal learning. Neurobiol Aging 16(6):947–
954. doi:10.1016/0197-4580(95)02014-4

Landsberg GM, HunthausenWL, Ackerman LJ (2003) The effects of
aging on behavior in senior pets. In: Saunders (ed) Behavior
problems of the dog and cat, 2nd edn. Elsevier Health Sciences,
Philadelphia, pp 269–280, Retrieved from https://books.google.
com/books?id=eYbVBMkYvSAC&pgis=1

Lavie N (1995) Perceptual load as a necessary condition for
selective attention. J Exp Psychol Hum Percept Perform
21(3):451–468. doi:10.1037/0096-1523.21.3.451

Lee JY, Lyoo IK, Kim SU, Jang HS, Lee DW, Jeon HJ, …, Cho
MJ (2005) Intellect declines in healthy elderly subjects and
cerebellum. Psychiatry Clin Neurosci 59(1):45–51. doi:10.
1111/j.1440-1819.2005.01330.x

Manrique HM, Call J (2015) Age-dependent cognitive inflexibil-
ity in great apes. Anim Behav 102:1–6. doi:10.1016/j.
anbehav.2015.01.002

Matzel L, Kolata S (2010) Selective attention, working memory,
and animal intelligence. Neurosci Biobehav Rev 34(1):23–
30. doi:10.1016/j.neubiorev.2009.07.002.Selective

Mell T, Heekeren HR, Marschner A, Wartenburger I, Villringer A,
Reischies FM (2005) Effect of aging on stimulus-reward

association learning. Neuropsychologia 43(4):554–563. doi:
10.1016/j.neuropsychologia.2004.07.010

Milgram NW, Head E, Weiner E, Thomas E (1994) Cognitive
functions and aging in the dog: acquisition of nonspatial
visual tasks. Behav Neurosci 108(1):57–68. doi:10.1037/
0735-7044.108.1.57

Milgram NW, Head E, Muggenburg B, Holowachuk D, Murphey
H, Estrada J, …, Cotman CW (2002) Landmark discrimina-
tion learning in the dog: effects of age, an antioxidant forti-
fied food, and cognitive strategy. Neurosci Biobehav Rev
doi:10.1016/S0149-7634(02)00039-8

Milgram NW, Head E, Zicker SC, Ikeda-Douglas CJ, Murphey H,
Muggenburg B, …, Cotman CW (2005) Learning ability in
aged beagle dogs is preserved by behavioral enrichment and
dietary fortification: a two-year longitudinal study. Neurobiol
Aging 26(1):77–90. doi:10.1016/j.neurobiolaging.2004.02.014

Mongillo P, Bono G, Regolin L, Marinelli L (2010) Selective
attention to humans in companion dogs, Canis familiaris.
Anim Behav 80(6):1057–1063. doi:10.1016/j.anbehav.
2010.09.014

Mongillo P, Araujo JA, Pitteri E, Carnier P, Adamelli S, Regolin L,
Marinelli L (2013) Spatial reversal learning is impaired by
age in pet dogs. Age 35:2273–2282. doi:10.1007/s11357-
013-9524-0

Moshman D (2004) From inference to reasoning: the construction
o f r a t i o n a l i t y. T h i n k Re a s on . d o i : 1 0 . 1 0 8 0 /
13546780442000024

Nagahara AH, Bernot T, Tuszynski MH (2010) Age-related cog-
nitive deficits in rhesus monkeys mirror human deficits on an
automated test battery. Neurobiol Aging 31(6):1020–1031.
doi:10.1016/j.neurobiolaging.2008.07.007

Pearce JM (2008) Animal learning and cognition: an introduction,
3rd edn. Psychology Press, New York

Pilley JW, Reid AK (2011) Border collie comprehends object
names as verbal referents. Behav Process 86(2):184–195.
doi:10.1016/j.beproc.2010.11.007

R. C. Team (2013) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Retrieved from http://www.r-project.org

Range F, Aust U, Steurer M, Huber L (2008) Visual categorization
of natural stimuli by domestic dogs. Anim Cogn 11(2):339–
347. doi:10.1007/s10071-007-0123-2

Rapp PR (1990) Visual discrimination and reversal learning in the
aged monkey (Macaca mulatta). Behav Neurosci 104(6):
876–884, Retrieved from http://www.ncbi.nlm.nih.gov/
pubmed/2285486

Salvin HE, McGreevy PD, Sachdev PS, Valenzuela MJ (2011)
The canine sand maze: an appetitive spatial memory para-
digm sensitive to age-related change in dogs. J Exp Anal
Behav 95(1):109–118. doi:10.1901/jeab.2011.95-109

Sander MC, Lindenberger U, Werkle-Bergner M (2012) Lifespan
age differences in workingmemory: a two-component frame-
work. Neurosci Biobehav Rev 36(9):2007–2033. doi:10.
1016/j.neubiorev.2012.06.004

Scott W (1962) Cognitive complexity and cognitive flexibility.
Sociometry 25(4):405–414. doi:10.2307/2785779

Siegal M, Barlough JE (1995) UC Davis book of dogs. Harper
Collins, New York

Snigdha S, Christie L-AA, De Rivera C, Araujo JA, MilgramNW,
Cotman CW (2012) Age and distraction are determinants of
performance on a novel visual search task in aged Beagle

AGE  (2016) 38:6 Page 17 of 18  6 

http://dx.doi.org/10.1016/0010-0277(84)90003-9
http://dx.doi.org/10.1080/15250000701795598
http://dx.doi.org/10.1080/15250000701795598
http://dx.doi.org/10.1037/0097-7403.31.2.237
http://dx.doi.org/10.1371/journal.pone.0109393
http://dx.doi.org/10.1371/journal.pone.0109393
http://dx.doi.org/10.1146/annurev.ps.32.020181.003043
http://dx.doi.org/10.1146/annurev.ps.32.020181.003043
http://dx.doi.org/10.1126/science.1097859
http://dx.doi.org/10.1901/jeab.2002.78-449
http://dx.doi.org/10.1007/s10071-007-0128-x
http://dx.doi.org/10.3758/s13414-014-0742-z
http://dx.doi.org/10.1037/0882-7974.15.1.126
http://dx.doi.org/10.1037/0882-7974.15.1.126
http://dx.doi.org/10.1016/S0160-2896(05)80012-1
http://dx.doi.org/10.1016/S0160-2896(05)80012-1
http://dx.doi.org/10.1016/0197-4580(95)02014-4
https://books.google.com/books?id=eYbVBMkYvSAC&pgis=1
https://books.google.com/books?id=eYbVBMkYvSAC&pgis=1
http://dx.doi.org/10.1037/0096-1523.21.3.451
http://dx.doi.org/10.1111/j.1440-1819.2005.01330.x
http://dx.doi.org/10.1111/j.1440-1819.2005.01330.x
http://dx.doi.org/10.1016/j.anbehav.2015.01.002
http://dx.doi.org/10.1016/j.anbehav.2015.01.002
http://dx.doi.org/10.1016/j.neubiorev.2009.07.002.Selective
http://dx.doi.org/10.1016/j.neuropsychologia.2004.07.010
http://dx.doi.org/10.1037/0735-7044.108.1.57
http://dx.doi.org/10.1037/0735-7044.108.1.57
http://dx.doi.org/10.1016/S0149-7634(02)00039-8
http://dx.doi.org/10.1016/j.neurobiolaging.2004.02.014
http://dx.doi.org/10.1016/j.anbehav.2010.09.014
http://dx.doi.org/10.1016/j.anbehav.2010.09.014
http://dx.doi.org/10.1007/s11357-013-9524-0
http://dx.doi.org/10.1007/s11357-013-9524-0
http://dx.doi.org/10.1080/13546780442000024
http://dx.doi.org/10.1080/13546780442000024
http://dx.doi.org/10.1016/j.neurobiolaging.2008.07.007
http://dx.doi.org/10.1016/j.beproc.2010.11.007
http://www.r-project.org/
http://dx.doi.org/10.1007/s10071-007-0123-2
http://www.ncbi.nlm.nih.gov/pubmed/2285486
http://www.ncbi.nlm.nih.gov/pubmed/2285486
http://dx.doi.org/10.1901/jeab.2011.95-109
http://dx.doi.org/10.1016/j.neubiorev.2012.06.004
http://dx.doi.org/10.1016/j.neubiorev.2012.06.004
http://dx.doi.org/10.2307/2785779


dogs. Age (Dordr) 34(1):67–73. doi:10.1007/s11357-011-
9219-3

Spiegel C, Halberda J (2011) Rapid fast-mapping abilities in 2-
year-olds. J Exp Child Psychol 109(1):132–140. doi:10.
1016/j.jecp.2010.10.013

Spinelli S, Pennanen L, Dettling AC, Feldon J, Higgins GA, Pryce
CR (2004) Performance of the marmoset monkey on com-
puterized tasks of attention and working memory. Cogn
Brain Res 19(2):123–137. doi:10.1016/j.cogbrainres.2003.
11.007

Stephens DN, Weidmann R, Quartermain D, Sarter M (1985)
Reversal learning in senescent rats. Behav Brain Res 17(3):
193–202. doi:10.1016/0166-4328(85)90043-9

Steurer MM, Aust U, Huber L (2012) The Vienna comparative
cognition technology (VCCT): an innovative operant condi-
tioning system for various species and experimental proce-
dures. Behav Res Methods 44(4):909–918. doi:10.3758/
s13428-012-0198-9

Süß HM, Oberauer K, Wittmann WW, Wilhelm O, Schulze R
(2002) Working-memory capacity explains reasoning abili-
ty—and a little bit more. Intelligence 30:261–288. doi:10.
1016/S0160-2896(01)00100-3

Tapp PD, Siwak CT, Estrada J, Head E,Muggenburg BA, Cotman
CW, Milgram NW (2003a) Size and reversal learning in the
beagle dog as a measure of executive function and inhibitory
control in aging. Learn Mem 10(1):64–73. doi:10.1101/lm.
54403

Tapp PD, Siwak CT, Estrada J, Holowachuk D, Milgram NW
(2003b) Effects of age on measures of complex working
memory span in the beagle dog (Canis familiaris) using two
versions of a spatial list learning paradigm. Learn Mem
10(2):148–160. doi:10.1101/lm.56503

Venables WN, Ripley BD (2002) Modern applied statistics with S.
Springer New York, New York. doi:10.1007/978-0-387-
21706-2

Vogel EK, McCollough AW, Machizawa MG (2005) Neural mea-
sures reveal individual differences in controlling access to
working memory. Nature 438(7067):500–503. doi:10.1038/
nature04171

Voytko ML (1993) Cognitive changes during normal aging in
monkeys assessed with an automated test apparatus.
Neurobiol Aging 14(6):643–644. doi:10.1016/0197-
4580(93)90055-G

Voytko ML (1999) Impairments in acquisition and reversals of
two-choice discriminations by aged rhesus monkeys.
Neurobiol Aging 20(6):617–627. doi:10.1016/S0197-
4580(99)00097-4

Wallis LJ, Range F, Müller CA, Serisier S, Huber L, Virányi Z
(2014) Lifespan development of attentiveness in domestic
dogs: drawing parallels with humans. Front Psychol 5(71):
71. doi:10.3389/fpsyg.2014.00071

Wallis LJ, Range F, Müller CA, Serisier S, Huber L, Virányi Z
(2015) Training for eye contact modulates gaze following in
dogs. Anim Behav 106:27–35. doi:10.1016/j.anbehav.2015.
04.020

 6 Page 18 of 18 AGE  (2016) 38:6 

http://dx.doi.org/10.1007/s11357-011-9219-3
http://dx.doi.org/10.1007/s11357-011-9219-3
http://dx.doi.org/10.1016/j.jecp.2010.10.013
http://dx.doi.org/10.1016/j.jecp.2010.10.013
http://dx.doi.org/10.1016/j.cogbrainres.2003.11.007
http://dx.doi.org/10.1016/j.cogbrainres.2003.11.007
http://dx.doi.org/10.1016/0166-4328(85)90043-9
http://dx.doi.org/10.3758/s13428-012-0198-9
http://dx.doi.org/10.3758/s13428-012-0198-9
http://dx.doi.org/10.1016/S0160-2896(01)00100-3
http://dx.doi.org/10.1016/S0160-2896(01)00100-3
http://dx.doi.org/10.1101/lm.54403
http://dx.doi.org/10.1101/lm.54403
http://dx.doi.org/10.1101/lm.56503
http://dx.doi.org/10.1007/978-0-387-21706-2
http://dx.doi.org/10.1007/978-0-387-21706-2
http://dx.doi.org/10.1038/nature04171
http://dx.doi.org/10.1038/nature04171
http://dx.doi.org/10.1016/0197-4580(93)90055-G
http://dx.doi.org/10.1016/0197-4580(93)90055-G
http://dx.doi.org/10.1016/S0197-4580(99)00097-4
http://dx.doi.org/10.1016/S0197-4580(99)00097-4
http://dx.doi.org/10.3389/fpsyg.2014.00071
http://dx.doi.org/10.1016/j.anbehav.2015.04.020
http://dx.doi.org/10.1016/j.anbehav.2015.04.020

