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Abstract
Innovation is widely linked to cognitive ability, brain size, and adaptation to novel conditions. However, successful innova-
tion appears to be influenced by both cognitive factors, such as inhibitory control, and non-cognitive behavioral traits. We 
used a multi-access box (MAB) paradigm to measure repeated innovation, the number of unique innovations learned across 
trials, by 10 captive spotted hyenas (Crocuta crocuta). Spotted hyenas are highly innovative in captivity and also display 
striking variation in behavioral traits, making them good model organisms for examining the relationship between innovation 
and other behavioral traits. We measured persistence, motor diversity, motivation, activity, efficiency, inhibitory control, 
and neophobia demonstrated by hyenas while interacting with the MAB. We also independently assessed inhibitory control 
with a detour cylinder task. Most hyenas were able to solve the MAB at least once, but only four hyenas satisfied learning 
criteria for all four possible solutions. Interestingly, neither measure of inhibitory control predicted repeated innovation. 
Instead, repeated innovation was predicted by a proactive syndrome of behavioral traits that included high persistence, high 
motor diversity, high activity and low neophobia. Our results suggest that this proactive behavioral syndrome may be more 
important than inhibitory control for successful innovation with the MAB by members of this species.
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Introduction

Innovation is the ability to invent novel solutions to existing 
problems and solve novel problems (Reader et al. 2016). A 
growing body of research has shown that innovation is adap-
tive in a wide array of species for invading novel environ-
ments (Lefebvre et al. 2004). Innovation in the wild is related 

to brain size, behavioral flexibility, general intelligence, 
culture, and even anatomical evolution and speciation (for 
review see Reader et al. 2016). Spontaneous innovation in 
the wild can be very difficult to observe in some species. For 
this reason, many researchers have begun to use experimen-
tal problem-solving paradigms to measure innovative abili-
ties in both captive and wild animals (Auersperg et al. 2011; 
Benson-Amram et al. 2013; Borrego and Dowling 2016). 
Innovative problem-solving paradigms typically require a 
subject to perform a specific motor pattern to obtain food 
from an apparatus and are sometimes referred to as “extrac-
tive foraging tasks.” However, experimental assessments of 
innovation via problem-solving paradigms can be problem-
atic because many traits, some of which are “non-cognitive,” 
affect problem-solving, and variation in any of these traits 
might explain variation in success. Although the traits that 
underlie problem-solving are also those predicted to underlie 
innovation (Griffin and Guez 2014), the influence of non-
cognitive traits calls into question the validity of problem-
solving as a measure of cognition. For example, a recent 
study suggests that problem-solving ability in dogs may not 
actually be a separable construct from temperament (Bray 

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s1007​1-018-1174-2) contains 
supplementary material, which is available to authorized users.

 *	 Lily Johnson‑Ulrich 
	 john3923@msu.edu

1	 Department of Integrative Biology, Michigan State 
University, 288 Farm Lane Rm 203, East Lansing, 
MI 48824, USA

2	 Ecology, Evolutionary Biology, and Behavior Program, 
Michigan State University, East Lansing, MI 48824, USA

3	 BEACON Center for the Study of Evolution in Action, 
Michigan State University, East Lansing, MI 48824, USA

4	 Department of Psychology, Oakland University, Rochester, 
MI 48309, USA

http://orcid.org/0000-0001-5604-5935
http://orcid.org/0000-0001-6000-5880
http://orcid.org/0000-0001-5471-1076
http://crossmark.crossref.org/dialog/?doi=10.1007/s10071-018-1174-2&domain=pdf
https://doi.org/10.1007/s10071-018-1174-2


	 Animal Cognition

1 3

et al. 2017). To further investigate the relationship between 
problem-solving and cognition, we aimed to concurrently 
examine several traits, including inhibitory control, that may 
underlie problem-solving using a multi-access box paradigm 
that requires repeated innovation and learning.

Inhibitory control is one important cognitive trait thought 
to underlie innovation and problem-solving; it is the abil-
ity to resist performing a prepotent or previously learned 
behavior when it is inappropriate, such that the behavior will 
yield no reward (MacLean et al. 2014). Inhibitory control 
is widely believed to be an important component of inno-
vative problem-solving because individuals must inhibit 
previously learned responses and innate biases in order to 
develop a novel behavioral solution to a familiar problem 
(Manrique et al. 2013). Inhibitory control is well established 
as an important executive function in human cognition (e.g. 
Mischel et al. 1989), and it is also a well-studied aspect of 
animal cognition (Kabadayi et al. 2018). Overall, problem-
solving and inhibitory control are often discussed together, 
with failures in problem-solving often attributed to inad-
equate inhibitory control (Taylor et al. 2009; Thornton and 
Samson 2012; Manrique et al. 2013). Although inhibitory 
control is strongly correlated with success in various cogni-
tive tests among primates (Herrmann et al. 2007; Burkart 
et al. 2017), two studies that have independently measured 
both inhibitory control and problem-solving in other animals 
failed to find straightforward relationships between them. 
First, Shaw (2017) found no correlation between perfor-
mance on an inhibitory control task and a problem-solving 
task in wild North Island robins. Second, problem-solving 
performance by domestic dogs was related to their perfor-
mance in two inhibitory control tasks, but the relationship 
was negative for one task and positive for another (Müller 
et al. 2016). Thus, the relationship between an individual’s 
level of inhibitory control and its problem-solving ability 
remains unclear.

Other non-cognitive behavioral traits that have been 
measured in relation to problem-solving success include per-
sistence, motivation, motor diversity, neophobia, efficiency 
and activity (Sih and Del Giudice 2012; Griffin and Guez 
2014; Chow et al. 2016). Persistence typically correlates 
positively with problem-solving success; individuals (and 
perhaps also species) that engage more with tasks are more 
likely to solve them (Benson-Amram et al. 2016; Griffin 
and Guez 2014). Interestingly, motivation does not typi-
cally seem to correlate with problem-solving success sepa-
rately from its influence on persistence (Griffin and Guez 
2014). Motor diversity also has a strong positive relation-
ship with problem-solving success; the number of different 
motor actions that an animal uses predicts success (Griffin 
and Guez 2014). Low neophobia sometimes predicts suc-
cess between individuals, though evidence on this is mixed 
(Griffin and Guez 2014). Efficiency, or the amount of time 

taken to solve a task, is often used as the dependent measure 
in problem-solving studies (Chow et al. 2016). However, 
individuals that are faster at solving novel problems are 
sometimes less accurate across trials or tasks (Sih and Del 
Giudice 2012). Activity, the general physical activity level 
of an individual, is thought to be related to high efficiency in 
problem-solving, but also less flexibility in relation to tasks 
like reversal learning (Sih and Del Giudice 2012; Brust et al. 
2013; Schuster et al. 2017).

The multi-access box (MAB) paradigm is ideal for 
addressing questions about the relationship between cogni-
tive and non-cognitive behavioral traits in problem-solving 
studies. A MAB is a problem-solving apparatus that offers 
a novel way of assessing innovation. A MAB has multiple, 
unique entry points or solutions on a box to a common inte-
rior that is baited with food rewards (Auersperg et al. 2011; 
Manrique et al. 2013; Huebner and Fichtel 2015). Differ-
ent MAB solutions may require sequential learning of skills 
needed to open the box (Huebner and Fichtel 2015), or they 
may require different cognitive skills (Auersperg et al. 2011) 
or motor actions (Manrique et al. 2013). A MAB can be used 
to measure both innovation and learning because subjects 
can be scored on several variables across successive trials. 
For example, innovation can be measured as finding a novel 
solution and learning can be measured as the number of 
solutions a subject learns to open reliably across multiple 
trials. Once a subject has learned one solution, it can be 
blocked so that the subject is required to learn a new solu-
tion to access further food rewards. Because subjects must 
inhibit using blocked solutions in order to learn new ones, 
the MAB paradigm allows researchers to directly measure 
inhibitory control by recording the amount of time spent on 
blocked solutions before discovering a new solution. As in 
traditional problem-solving tasks, other behavioral traits can 
also be assessed for their relative influence on performance 
with the MAB.

Here, we used a MAB (Auersperg et al. 2011) that we 
designed for use with mammalian carnivores. Our MAB had 
four solutions, each requiring a different motor action, all of 
which occur within the repertoires of most carnivore species. 
Repeated innovation was assessed as the number of these 
solutions learned. We use the term “repeated innovation” 
because, unlike binary measures of innovation, achieving 
a high score requires subjects to innovate multiple times 
and demonstrate learning through repeated use of each solu-
tion. We also used the MAB to measure persistence, motor 
diversity, motivation, activity, efficiency, neophobia, and 
inhibitory control.

In addition to measuring inhibitory control exhibited by 
subjects while interacting with the MAB, we also used a 
standard “cylinder task” to independently measure inhibi-
tory control in the same subjects. The cylinder task is a 
detour-reaching task that requires an individual to inhibit 
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the impulse to go straight toward a food reward easily vis-
ible inside a clear cylinder, and instead detour to the opening 
on either end of the cylinder to retrieve the food (Kabadayi 
et al. 2018). Inhibitory control on the cylinder task requires 
subjects to use a previously learned detour response while 
inhibiting an impulse to reach straight for food. By contrast, 
inhibitory control with the MAB requires inhibiting a pre-
viously learned response to a blocked solution and trying a 
novel behavior. Thus, these may represent different types 
of inhibitory control, each bearing a unique relationship to 
innovation. While some previous research has shown that 
both types of inhibitory control positively correlate with one 
another (MacLean et al. 2014), other studies suggest that 
there may be multiple types of inhibitory control that do not 
necessarily correlate (Brucks et al. 2017).

We chose to assess repeated innovation with the MAB 
in captive spotted hyenas (Crocuta crocuta) because these 
animals have been established as good model organisms 
for testing hypotheses suggested to explain the evolution 
of intelligence (Holekamp et  al. 2007); innovation has 
been previously assessed both in wild and captive subjects 
using a single-access puzzle box (Benson-Amram et al. 
2013). Captive hyenas readily participate in cognitive tests, 
and they are fairly innovative relative to other carnivores 
(Benson-Amram et al. 2016). In addition, personality traits 
have been assessed in both captive (Gosling et al. 1998) and 
wild hyenas (Yoshida et al. 2016). The striking variation 
among hyenas in regard to personality traits makes them a 
good model for understanding the role that personality and 
other non-cognitive behavioral traits might play in relation 
to repeated innovation. Finally, problem-solving success is 
correlated with brain size in captive carnivores, including 
spotted hyenas, suggesting that problem-solving may be an 
adequate paradigm for assessing innovative problem-solving 
in these animals (Benson-Amram et al. 2016).

Our first goal was to investigate the relationship between 
repeated innovation and inhibitory control. Based on previ-
ous research (MacLean et al. 2014), we expected that our 
measures of inhibitory control from the MAB and the cylin-
der task would correlate with one another. In addition, based 
on the suggested link between inhibitory control and failures 
in problem-solving (Manrique et al. 2013), we predicted that 
both our measures of inhibitory control would be positively 
related to repeated innovation. Our second goal was to inves-
tigate the other behavioral traits associated with innovation 
and problem-solving, including persistence, motivation, 
motor diversity, activity, efficiency, and neophobia. In order 
to address the issue regarding whether successful problem-
solving is affected by these “non-cognitive” traits, we chose 
to use a MAB. The MAB paradigm was designed to feature 
a battery of tasks based on the idea that performance on any 
single task is unlikely to be fully representative of an indi-
vidual’s cognitive abilities (Auersperg et al. 2011). While 

performance on each task individually is likely to be affected 
by various traits, performance across different tasks should 
be a strong indication of cognitive ability (Burkart et al. 
2017). Here, subjects were required to innovate multiple 
times using a diverse array of motor actions and demonstrate 
learning of each innovation. Because repeated innovation 
scores on our MAB may be more indicative of cognitive 
ability than success on a single task, we predicted that our 
non-cognitive traits, persistence, motivation, motor diver-
sity, and neophobia, would have no relationship to repeated 
innovation. Our only exception from this prediction was with 
respect to efficiency and activity, both of which are asso-
ciated with reduced accuracy or flexibility. We predicted 
that both of these would have a negative relationship with 
repeated innovation, which requires both accuracy and flex-
ibility to achieve a high score.

Methods

Subjects

We tested 10 captive spotted hyenas housed at two different 
institutions, 5 at the Oak Creek Zoological Conservatory 
(OCZC) (Madisonville, TX) and 5 at the Denver Zoo (Den-
ver, CO). Subjects included 4 adult females, 3 adult males, 2 
subadult females, and 1 subadult male. All subjects had been 
located at their institutions for at least a year before testing 
began with the exception of “Wibari,” who had only been at 
OCZC for 2 months.

Apparatus

Our MAB was a square metal box  40.64 × 40.64 × 40.64 cm 
(length × width × height), weighing approximately 18 kg 
(Fig. 1). The interior of the MAB was baited with a food 
reward. Each vertical side of the MAB provided access to 
the interior of the box via a solution that required a different 
motor behavior to open. The solutions were as follows: (1) 
The push flap: this was a door 30.5 × 28 cm with a hinge on 
the top that could be pushed inwards to open. (2) The sliding 
door: this was a door 30.5 × 28 cm with protruding flanges 
that could be pushed or pulled sideways to slide open. (3) 
The pull flap: this was a door 30.5 × 28 cm with a hinge on 
the bottom that could be pulled outwards and downwards to 
open by grasping a doorknob near the top of the door. (4) 
The drawer: this was a drawer 10 cm in height that was flush 
against the bottom of the MAB and took up the entirety of 
the floor of the MAB; it could be pulled outwards to open. 
Magnets were used to create mild resistance on all solutions 
to ensure that they would not accidentally fall open; subjects 
were required to actively interact with the MAB to retrieve 
the food. All solutions could be accessed using either mouth 
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or paws. The top of the MAB was removable for familiari-
zation trials. The MAB had multiple 2.5-cm circular holes 
cut on every side except the bottom so that subjects could 
smell the food inside during trials. All four solutions could 
be blocked by bolting them shut such that blocked solutions 
could still be manipulated by subjects but would not open 
to allow food retrieval.

In the cylinder task, we used two hollow cylinders. In 
familiarization trials, we used an opaque cylinder made from 
PVC. In test trials, we used a transparent cylinder made from 
cast acrylic plastic. Both cylinders measured 46 cm in length 
and 30.5 cm in diameter with a wall thickness of 1 cm. Dur-
ing testing, we placed a cylinder horizontally on the ground 
with both ends open for the retrieval of food through either 
end. Unlike previous studies that have used an inhibitory 
control cylinder, these cylinders were drilled with holes 4 cm 
in diameter evenly spaced across the wall of the cylinder. 
Spotted hyenas are highly sensitive to olfactory cues and 
this was done to ensure that the scent of the food would not 
spontaneously lead subjects to the correct behavior before 
they had seen the food through the wall of the transparent 
cylinder.

Procedure

Each subject was tested alone in its home enclosure. Sub-
jects were not fasted prior to testing; instead testing took 
place during either their morning (AM) or evening (PM) 
feeding times, and food rewards were part of their normal 
daily diet, which included, eggs, ground meat, and pieces 
of meat and bone. The size of the food reward was kept to 
roughly 200 g. Each subject was temporarily moved to an 
adjacent enclosure and the MAB or the cylinder was then 
placed between 1–2 m from the entrance of the test enclo-
sure, in a location clearly visible to both human observers 

and the subject when it re-entered the test enclosure. All tri-
als were videotaped. Trials began when the subject entered 
the test enclosure and ended upon successful retrieval of 
the food or after 15 min had elapsed, whichever came first.

Subjects were first given 2–5 familiarization trials with 
the MAB, during which all four solutions were accessible 
and the top of the box was removed. All solutions were left 
accessible, rather than blocked, during familiarization trials 
to prevent subjects from wrongly learning that a solution 
could not be opened if they attempted to do so, but no hyenas 
retrieved food via any solution during familiarization trials. 
Familiarization trials ended when the individual retrieved 
the food or 15 min elapsed, whichever came first. Subjects 
were required to successfully retrieve food from the MAB 
in under 3 min on at least 2 consecutive trials to progress to 
the first test phase.

There were four phases of MAB testing. During the initial 
phase, the top of the box was in place and all four solutions 
were accessible. Once a subject used the same solution in 
3 out of 4 consecutive trials, that solution was considered 
learned and the subject would progress to the next phase of 
testing. In phase 2, the learned solution from phase 1 was 
made inaccessible by screws that held it closed. In phase 3, 
the two previously learned solutions were inaccessible. In 
the final phase of testing all solutions but one were inacces-
sible. Subjects could fail to progress to subsequent phases 
in two ways: either they timed out (15 min elapsed without 
successful food retrieval) in 4 consecutive trials across more 
than 1 testing session or they required more than 7 trials to 
reach learning criterion, excluding trials in which the subject 
timed out. Seven trials were used as the cut-off for learning 
because the chance of reaching learning criterion by chance 
alone exceeded 50% at 8 trials during phase 1. We continued 
to use this criterion in subsequent phases largely because 
reducing it further for each phase would have interfered with 
our learning procedure that allowed for at least 4 trials per 
subject per phase. Ultimately, only 1 subject reached the 7 
trial limit on phase 2, 1 subject required 5 trials for phase 
2, and all other subjects reached criterion in 3 or 4 trials 
on phase 2, rendering an even stricter criterion unnecessary 
(Fig. 2). Subjects were given a score of 0 through 4 for the 
number of solutions learned; this represented our measure 
of repeated innovation.

Before using the clear cylinder to test inhibitory control 
(hereafter inhibition-C), we gave subjects a minimum of 
5 familiarization trials with the opaque cylinder. Subjects 
were required to pass at least 4 of 5 trials in order to pro-
ceed to test trials with the transparent cylinder. A “pass” was 
defined as successful retrieval of the food without touching 
the outside of the cylinder. Subjects were allowed to retrieve 
the food regardless of whether they passed or failed. After 
familiarization trials, each subject was given 10 test trials 
with the transparent cylinder. Inhibition-C was scored as 

Fig. 1   MAB used in the current study. (1) The push flap solution; (2) 
the sliding door solution; (3) the pull flap solution; and (4) the drawer 
solution. Small filled gray circles indicate the approximate number 
and location of holes drilled through the wall of the MAB. Large gray 
circle on side 3 represents the location of the door knob. Small rec-
tangles represent the location of hinges
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the number of passes a subject achieved out of 10 trials. 
A high inhibition-C score indicated good inhibitory con-
trol. The cylinder was always positioned perpendicular to 
the exhibit entrance to encourage an approach toward the 
long side of the cylinder such that subjects were actively 
required to detour to either side of the cylinder to obtain the 
food reward.

All subjects at the Denver Zoo were presented with the 
cylinder task first, and all subjects at the OCZC were pre-
sented with the MAB first. On the first day of testing, sub-
jects were given three trials with each apparatus. On sub-
sequent days, subjects received two to five trials with each 
apparatus, with a maximum of six trials total involving both 
apparatuses per day. Subjects were tested approximately 
6 days each week until completion of testing. Testing for all 
10 subjects was completed over the course of 2-week periods 
at both institutions.

Behavioral assays

All trial videos were coded using BORIS v. 2.97 (Friard 
and Gamba 2016). Repeated innovation was measured as 
the number of the four possible MAB solutions learned by 
each subject (Table 1, #9). We defined learning as solving 
the MAB with the same solution in three of four consecu-
tive trials. Successfully solving the MAB was defined as a 
trial in which the subject opened the box and retrieved the 

bait using one of the four possible solutions. The learning 
criterion was based on preliminary observations of carni-
vores interacting with the MAB. We verified this criterion 
by recording the amount of time subjects spent in contact 
with the solution that they ultimately used to retrieve food 
from the MAB (work time, Table 1, #7), and inquiring how 
work time changed across successful trials.

Six specific measures were calculated once for each trial 
(Table 1, #1–6). Persistence is typically described as the 
extent to which subjects engage with an apparatus, usually 
measured as contact time, work time, or number of attempts 
(Griffin and Guez 2014; van Horik et al. 2017). Here, per-
sistence was extracted as the ratio of time spent in contact 
with the MAB to the total duration of the trial. Contact was 
defined as touching the MAB with the snout or paws. Scores 
close to 1 indicated high persistence and scores close to 0 
indicated low persistence. We specifically used a ratio to 
measure persistence, instead of total time in contact with 
the MAB, to avoid confounding persistence with efficiency.

Motivation, the degree to which an animal wants to 
engage with a task (typically because of desire for food 
rewards), is closely related to persistence in that persistence 
can be considered a measure of motivation to work on a task. 
Motivation is typically measured as either body condition, 
some other measure of hunger, or latency to approach an 
apparatus (Griffin and Guez 2014; van Horik et al. 2017). 
Here, motivation was extracted as the latency from trial start 

Fig. 2   Problem-solving efficiency across trials for each subject. Note that the x-axis scales vary among subjects. Efficiency was measured as the 
number of seconds from first contact to food retrieval. In trials where subjects failed to retrieve food a score of 900 s was applied
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to first contact. A high score here indicated a slow approach 
and low motivation, whereas a low score indicated a fast 
approach and high motivation. Although persistence can 
sometimes be evidence of motivation, measures of motiva-
tion do not always correlate with measures of persistence. 
Furthermore, unlike persistence, motivation is not always 
linked with problem-solving success (Griffin and Guez 
2014). Because persistence and motivation appear to be 
distinct (though related) constructs, we chose to use meas-
ures of both persistence and motivation here. Because we 
measured persistence as a ratio of time spent in contact, and 
motivation as latency to first contact, our measures of moti-
vation and persistence did not overlap, so any correlation 
might be due to persistence and motivation deriving from a 
shared latent factor (e.g., hunger) rather than confounding 
of measurement.

Motor diversity is the total number of unique motor pat-
terns that a subject may exhibit in a problem-solving con-
text (Griffin and Guez 2014; Diquelou et al. 2015). This 
has also been referred to as behavioral variety (Chow et al. 
2016), exploration diversity (Benson-Amram et al. 2013), 
and behavioral diversity (Benson-Amram et al. 2016). Here, 
motor diversity was extracted by calculating a score of 0–5 
for the number of different motor patterns used to contact the 
MAB. The 5 motor patterns were (a) sniffing or contacting 
the MAB with the snout (but not biting), (b) biting the MAB, 
(c) flipping the MAB, (d) using one or both paws to dig at 
the MAB, and (e) moving the MAB by pushing, dragging 
or carrying. A score of 5 indicated high motor diversity and 
a score of 0 indicated low motor diversity.

Activity, or the physical activity level of a subject (Sih 
and Del Giudice 2012; Brust et al. 2013), was measured 
in the context of exploration with the MAB. We extracted 

activity as the ratio of time spent using contact behaviors 
that involved the use of mouth or paw to the total time spent 
in contact (i.e. the ratio of motor patterns b–e to patterns 
a–e). Activity therefore referred to using behaviors, during 
contact with the MAB, that had the potential to lead to solu-
tions. A high score indicated highly active exploration and a 
low score indicated more passive exploration of the MAB.

We used the term efficiency to mean the latency to prob-
lem-solving success in each trial (after Chow et al. 2016). 
Although this measure is often sometimes used as the 
dependent variable to measure success in many problem-
solving studies (e.g. Chow et al. 2016), here, we analyzed it 
as an independent variable. Efficiency was extracted as the 
latency from first contact with the MAB to food retrieval 
(i.e. the amount of time it took to solve the MAB). Subjects 
who were not successful at retrieving food did not receive 
an efficiency score in that trial. A low score here indicated 
quick retrieval of the food and high efficiency, whereas a 
high score indicated slow retrieval and low efficiency.

Inhibitory control as measured in MAB trials (hereafter 
inhibition-M) was extracted as the amount of contact time 
spent on a blocked solutions relative to total contact time. 
A low inhibition-M score indicated good inhibitory control.

To further assess that these trial measures were inde-
pendent, we examined the one-to-one correlation between 
all trial-level measures (Table 2). Only persistence and moti-
vation were correlated at p < 0.05 (Spearman’s r = − 0.51), 
which was not unexpected and likely due to a shared latent 
factor (see above).

In addition to repeated innovation and inhibition-C, we 
extracted one more measure once per subject. Neophobia is 
typically described as aversion to novelty, normally meas-
ured as latency to approach novel objects or food (Greggor 

Table 1   Summary of behavioral measures used in analysis

Measures #1–6 were extracted from each individual trial resulting in multiple measures per subject. Measures #7–9 were taken once per subject
a Work time was only used to assess learning and was not compared to repeated innovation

Term Definition

Measures extracted once per trial
1. Persistence Ratio of time spent contacting the MAB to total trial time
2. Motivation Latency from trial start to first contact with the MAB
3. Motor diversity # of 5 behavior patterns used while contacting the box
4. Activity Ratio of time spent contacting the box through biting or pawing to total time spent in contact
5. Efficiency Latency from first contact to food retrieval; unsuccessful trials did not receive a work time score
6. Inhibition-M Amount of time spent in contact with blocked solutions relative to total contact time
7. Work timea Duration of time subjects spent in contact with the solution that they ultimately used to retrieve 

food from the MAB
Measures extracted once per subject
8. Neophobia Latency from trial start to food retrieval on first familiarization trial
9. Repeated Innovation Score of 0–4 indicating the # of MAB solutions learned
10. Inhibition-C Score of 0–10 with the inhibitory control cylinder representing the number of successful trials
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et al. 2015). Here, neophobia was extracted on each subject’s 
first familiarization trial as the latency from the start of the 
trial to food retrieval. This is distinct from motivation, which 
was measured on each test trial (but not on familiarization 
trials) as latency from the start of the trial to first contact, 
rather than food retrieval. Neophobia has previously been 
measured in spotted hyenas as latency to contact a novel 
object with or without bait (Benson-Amram et al. 2013; 
Greenberg and Holekamp 2017). Elsewhere, neophobia 
is often measured as latency to feed near a novel object 
(Greggor et al. 2015), and in the current study we measured 
neophobia as latency to feed from inside a novel object by 
measuring each subject’s latency to feed from the MAB the 
first time it encountered the MAB during its initial famil-
iarization trial (Table 1, #8). We thought this measure best 
assessed neophobia because most hesitancy our subjects dis-
played toward the MAB was in regard to putting their heads 
inside the MAB to feed. Here a high score indicated a slow 
approach toward the MAB and high neophobia, whereas a 
low score indicated a fast approach and low neophobia.

Several of these behavioral traits are often considered 
“personality traits” when they are repeatable across both 
time and context. Here, most of our measures were taken 
across multiple trials, which allowed us to test repeatabil-
ity, but we only measured them in the context of the MAB. 
However, two traits, neophobia and inhibition-C, were only 
scored once. Ultimately, there were two categories of vari-
ables used in the final analysis: variables that were measured 
per trial while subjects interacted with the MAB (Table 1, 
#1–7), and variables measured once per subject (Table 1, 
#8–10).

Reliability

All videos were coded by LJU. A random subsample of 20% 
of videos were coded by an independent coder for reliabili-
ties on durations and frequencies of raw behaviors (r = 0.99, 
Pearson’s correlation coefficient). A separate random sub-
sample of 20% of videos were coded by another independent 
coder for latency to first contact (r = 0.98, Pearson’s cor-
relation coefficient) and latency to food retrieval (r = 0.99, 
Pearson’s correlation coefficient). Inter-observer reliability 

assessments were conducted on the raw durations, latencies, 
and frequencies of behaviors.

Statistical analysis

To validate our learning criterion, we used a linear mixed 
model (LMM) to examine how work time changed across 
trials. Work time was used as the dependent variable, and we 
included trial number for the solution used as a fixed effect 
and subject ID as a random effect in the model.

To examine the traits (#1–6, 8, and 10 in Table 1) influ-
encing the number of MAB solutions learned, we used a 
generalized linear model (GLM) with a Poisson error and 
log link. To avoid over-parameterization of our model, we 
systematically pared down the number of predictor variables 
in four steps. First, we used t tests for unequal variance to 
check for any differences in the number of solutions learned 
based on zoo, sex, and age class. Where no differences 
existed, we pooled the data in our model for predicting the 
number of MAB solutions learned. Otherwise, we included 
them in our model to control for their effect.

Second, because number of MAB solutions learned was 
a subject-level variable, we converted the repeated trial-by-
trial measures (#1–6, Table 1) to mean scores for each sub-
ject. Prior to obtaining means, to ensure that means were 
valid representations of each subject’s behavior, we looked 
for individual differences and repeatability within individu-
als in our trial measures. To do so, we used a likelihood 
ratio test to compare linear mixed models (LMMs) with and 
without subject ID as a random effect. Each of these six 
(#1–6, Table 1) variables was used as a response variable in 
its own LMM, and as predictor variables we included age 
class, sex, AM or PM, zoo, phase, phase trial number, total 
trial number, and an interaction between phase and phase 
trial number to control for their effects. From the LMMs, we 
also calculated intraclass-correlation coefficients (ICCs) to 
examine repeatability. For those measures in which ID was 
both significant and repeatable, we took a mean score for 
each subject for eventual comparison to the number of solu-
tions learned. Any measures in which ID was not significant 
in the LMM were excluded from the final model because this 
indicated to us that variation across trials within subjects 

Table 2   Correlation matrix 
of six raw per trial behavioral 
measures from Table 1

*Indicates p < 0.05, spearman’s rank correlation

1 2 3 4 5 6

1. Persistence 1.00 − 0.48* 0.12 − 0.16 − 0.11 − 0.13
2. Motivation 1.00 − 0.02 0.21 0.07 0.27
3. Motor diversity 1.00 − 0.01 0.47 0.24
4. Activity 1.00 − 0.14 0.11
5. Efficiency 1.00 0.18
6. Inhibition-M 1.00
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was larger than variation between subjects, and therefore 
that a mean score would not be a valid representation of an 
individual subject’s performance.

Third, we checked for any correlations between independ-
ent measures to avoid multicollinearity when predicting 
the number of MAB solutions learned. As it is not recom-
mended to include variables that correlate at higher than 
0.70 (Tabachnick and Fidell 1996), where correlation coeffi-
cients exceeded 0.70, we used principal component analysis 
to extract a composite score, representing a syndrome of 
non-cognitive behaviors. Ultimately only two variables were 
included in our final model and we conducted no more par-
ing down after this step. The “rule of 10” suggests regression 
models should not include more than one variable per ten 
subjects (Peduzzi et al. 1996). However, review of this rule 
with logistic models suggested that, although type II error 
increases with fewer than ten subjects per factor, type I error 
does not increase substantially. Therefore, null results must 
be interpreted cautiously, but significant results can be inter-
preted normally, albeit with a degree of caution regarding 
generality (Vittinghoff and McCulloch 2007). All statistics 
were run using R 3.2.2 GUI 1.66 Mavericks build (6996) 
(Bates et al. 2015; Kuznetsova 2017; Lüdecke 2018; R Core 
Team 2016; Wickham et al. 2017; Wickham 2009).

Results

Of the ten hyenas tested, eight opened the box at least 
once, six learned at least 1 solution and four learned all 
4 solutions on the MAB (Table 3). In sum, hyenas par-
ticipated in a total of 104 trials (mean trials total per sub-
ject ± SD = 10.40 ± 4.62, range = 4–15 trials per subject). 
The push solution consistently appeared to be the last solu-
tion learned, suggesting that it was harder than the other 
solutions. However, there was no consistent pattern to the 
order in which other solutions were used (Fig. 2). Inhibition-
C scores varied from 3 to 9 successful trials of 10 total tri-
als (Table 3). See Supplementary Materials Video 1–4 and 

Video 5 for videos of hyenas interacting with the MAB and 
the cylinder, respectively.

Learning

To assess learning we used a linear mixed model to exam-
ine how work time changed across trials. Work time sig-
nificantly decreased across successful trials (LMM, N = 84, 
p = 0.04, Fig. 3). This showed that subjects became faster 
at solving the MAB with experience and suggested that our 
criterion of using the same solution on 3 out of 4 consecu-
tive trials was sufficient for requiring that learning occurred.

Table 3   Scores for each subject 
on neophobia, inhibition-C, and 
# of solutions learned on the 
MAB

ID MAB Inhibition-C Neophobia (s) Age class Sex Institution

CASS (C) 1 5 13 Adult Female OCZC
DUSTY (D) 4 9 9 Adult Male OCZC
GIGGLES (G) 4 8 300 Adult Female OCZC
KELELE (KL) 4 8 6 Subadult Male Denver
KIBO (KB) 4 4 33 Adult Male Denver
NGOZI (NG) 2 8 14 Adult Female Denver
NIA (NI) 0 6 900 Subadult Female Denver
TAVI (T) 0 9 669 Subadult Female Denver
URSA (U) 0 5 17 Adult Female OCZC
WIBARI (W) 0 3 372 Adult Male OCZC

Fig. 3   Learning curve across trials. Work time (s) was calculated as 
the amount of time subjects spent in contact with the solution that 
was ultimately used to retrieve food. Solution trial number corre-
sponds to the number of trials with that particular solution. Error bars 
indicate standard error. N varies across trials because subjects opened 
solutions variable numbers of times
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Zoo, age class, and sex differences

The number of solutions learned did not differ between 
institutions (two-sample t test assuming unequal variances 
t(8) = − 0.16, p = 0.88), age classes (two-sample t test assum-
ing unequal variances t(3) = 0.54, p = 0.63) or the sexes 
(two-sample t test assuming unequal variances t(6) = − 1.53, 
p = 0.18). Therefore, data from all ten hyenas were pooled 
into a single analysis.

Repeatability of measures

Because we were interested in subject-level variation on 
each of our six trial measures for comparison to repeated 
innovation scores, prior to running any analyses we first 
checked for significant variation between subjects and 

repeatability within subjects on each measure using likeli-
hood ratio tests (N = 58–104 trials). Of the 6 trial measures, 
only 3 showed significant variation among subjects across 
trials: persistence (Likelihood ratio test �2

(1,N=104)
= 31.49 , 

p < 0.001, ICC = 0.60), motor diversity (Likelihood ratio test 
�
2

(1,N= 104)
= 8.22 , p < 0.01, ICC = 0.21), and activity (Likeli-

hood ratio test �2

(1,N= 104)
= 22.46 , p < 0.001, ICC = 0.40). 

Motivation (Likelihood ratio test �2

(1,N= 101)
= 0 , p = 0.96, 

ICC = 0.002), efficiency (Likelihood ratio test �2

(1,N= 84)
= 0 , 

p = 1, ICC = 0.00), and inhibition-M (Likelihood ratio test 
�
2

(1,N= 58)
= 0.03 , p = 0.87, ICC = 0.00) did not show signifi-

cant variation among subjects across trials (Fig. 4). This lack 
of significance, in addition to extremely low ICCs, indicates 

Fig. 4   Variation among subjects on the six trial measures (#1–6, 
Table 1). Box and whisker plots show mean (± SD) scores for meas-
ures #1–6 in Table  1. Black points represent outliers. p values are 
from likelihood ratio tests comparing models with and without sub-
ject ID while including control variables. Two subjects, NI and T, 

were not assigned scores (NAs) for work time because hyenas had 
to have at least one successful trial in order to achieve a work time 
score. Four subjects, NI, T, W, and U, were not assigned scores for 
inhibition-M because inhibition-M scores could only be assigned for 
trials in phases 2–4 where at least one solution was blocked
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high variation and low repeatability within subjects on these 
variables, so they were excluded from further analysis. Mean 
scores for each subject on persistence, motor diversity, and 
activity were obtained for the next steps of analysis (Sup-
plementary Table 1).

Independence of measures

Next, we checked for correlations between mean persis-
tence, mean motor diversity, mean activity, neophobia and 
inhibition-C prior to including them in the model as pre-
dictors of the repeated innovation score. Mean persistence, 
mean motor diversity, mean activity, and neophobia, but not 
inhibition-C, were correlated at higher than 0.70 (Table 4). 
Therefore, we applied principal component analysis to mean 
persistence, mean motor diversity, mean activity, and neo-
phobia scores. Both the Kaiser criterion (Kaiser 1960) and 
scree test (Cattell 1966) indicated that only the first com-
ponent should be retained. The first component explained 
90% of the variance and all four traits loaded equally onto 
it. Mean persistence, mean motor diversity, and mean activ-
ity all loaded moderately positively onto this component, 
whereas neophobia loaded moderately negatively onto it 
(Supplementary Table 2).

Factors predicting repeated innovation

We used each subject’s score on the first component of our 
principal component analysis (hereafter proactivity scores) 
for inclusion in our final model in place of mean persistence, 
mean motor diversity, mean activity, or neophobia scores. 
We chose the term “proactivity” because high scores on the 
first component closely matched the proactive end of the 
commonly studied proactive–reactive axis of behavior (Sih 
et al. 2004). With only two predictor variables in our final 
model, proactivity scores and inhibition-C, we conducted no 
further model reduction. Using this model (Table 5), proac-
tivity scores positively and significantly predicted repeated 
innovation scores (GLM, N = 10, p = 0.02, Fig. 5), whereas 

inhibition-C did not (GLM, N = 10, p = 0.27). Note that, with 
a sample size of 10, null results should be interpreted cau-
tiously as the risk of Type II error is high.

We had intended to also look at a correlation between 
inhibition-C and inhibition-M, but we were unable to do so 
because inhibition-M was measured multiple times, whereas 
inhibition-C was only measured once. For comparison, we 
could have taken a mean inhibition-M score; however, 
we did not calculate mean inhibition-M scores due to low 
repeatability within subjects.

Discussion

We examined the effects of persistence, motivation, motor 
diversity, activity, efficiency, and two measures of inhibi-
tory control on repeated innovation. We found no support 
for our hypothesis that inhibitory control would positively 
predict repeated innovation. Inhibition-C failed to predict 
repeated innovation, and inhibition-M did not vary signifi-
cantly among hyenas. Opposite to our predictions, several 
of our non-cognitive traits strongly predicted repeated 

Table 4   Correlation matrix among subjects’ scores on behavioral 
measures from Table 1

*Indicates p < 0.05, **indicates p < 0.01, spearman’s rank correlation. 
Table 4 differs from Table 2 in that it shows the correlations between 
measures at the subject level with means, rather than the trial level 
with raw scores

1 3 4 8 10

1. Mean persistence 1.00 0.85** 0.81** − 0.90** 0.02
3. Mean motor diversity 1.00 0.78** − 0.67* − 0.08
4. Mean activity 1.00 − 0.70* − 0.08
8. Neophobia 1.00 − 0.20
10. Inhibition-C 1.00

Table 5   Parameter estimates from the GLM

*Indicates p < 0.05

Estimate SE 95% CI z p

Intercept − 0.74 0.91 – − 0.81 0.42
Proactivity 0.61 0.26 0.10, 1.11 2.65 0.02*
Inhibition-C 0.14 0.13 − 0.11, 0.39 1.54 0.27

Fig. 5   Relationship between PC1 scores and the number of MAB 
solutions learned (repeated innovation score). Each point represents 
one subject. The black line is a Poisson GLM regression of the num-
ber of MAB solutions learned against PC1 scores. High PC1 scores 
represent high persistence, high motor diversity, high activity, and 
low neophobia
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innovation through a composite proactivity score. High 
motor diversity, high persistence, high activity, and low 
neophobia were associated with higher repeated innova-
tion scores. Not only had we predicted that most of these 
traits would have no relationship with repeated innovation, 
but we also predicted that activity would have a nega-
tive, not positive, relationship. Like inhibition-M, moti-
vation and efficiency were not repeatable within subjects 
and therefore were not comparable to repeated innovation 
scores.

Inhibitory control and repeated innovation

The lack of a significant relationship between inhibitory 
control and repeated innovation was in contradiction to 
previous research on inhibitory control and problem-solv-
ing (Herrmann et al. 2007; Thornton and Samson 2012; 
Manrique et al. 2013; Müller et al. 2016; Burkart et al. 
2017). Although we observed a great deal of variation 
in repeated innovation, inhibition-M was not repeatable 
within hyenas. This might suggest that inhibiting previous 
learning with the MAB did not affect the ability to learn 
a new solution. However, our sample size for inhibition-
M was only 6 hyenas which may have been too small a 
sample in which to observe an effect. Inhibition-C was 
also not a significant predictor of MAB scores. The confi-
dence interval for the estimated coefficient for inhibition-C 
overlapped zero which suggests the possibility that inhi-
bition-C had no relationship with repeated innovation. On 
the other hand, with a sample size of only 10 subjects we 
also cannot rule out the high risk of type II error. Because 
of that risk, we also examined the effect size of the esti-
mates for inhibition-C and proactivity. At the upper end 
of the confidence interval, an increase of 1 in inhibition-
C scores corresponded with an increase of e0.39 = 1.48 in 
MAB scores, suggesting a potential relationship, but this 
effect size was quite small relative to the effect of proac-
tivity in the GLM (Table 5). The few other studies that 
independently assessed individual’s inhibitory control and 
problem-solving ability have also failed to find a simple 
positive relationship (Müller et al. 2016; Shaw 2017). 
Although we had also planned to examine the relation-
ship between inhibition-M and inhibition-C in this study, 
because inhibition-M was not repeatable within hyenas, 
we were unable to correlate inhibition-M and inhibition-C. 
Overall, our results suggest that variation among individu-
als on either type of inhibitory control may not be related 
to variation in repeated innovation; at best, the effect of the 
relationship is small relative to effects of other behavioral 
traits. Our results highlight the need for further study into 
how individuals use inhibitory control and how that con-
tributes to successful innovation and learning.

Non‑cognitive factors influencing repeated 
innovation

In the current study, higher repeated innovation scores were 
predicted by a composite proactivity score that consisted 
of high persistence, high activity, high motor diversity, and 
low neophobia. Previous research with hyenas also found 
consistent individual differences in motor diversity and 
found that high motor diversity, high persistence and low 
neophobia predicted problem-solving success with a single-
access puzzle box (Benson-Amram et al. 2013). Previous 
research with the MAB paradigm in keas and corvids pro-
duced results similar to those obtained in the current study. 
Birds that were less neophobic and more exploratory with 
the MAB were more likely to learn more solutions (Auer-
sperg et al. 2011).

Not only were the results of the current study in contra-
diction to our predictions, but, persistence, activity, motor 
diversity, and neophobia were also both repeatable within 
subjects and strongly correlated with one another, suggesting 
that captive hyenas exhibit a “behavioral syndrome” within a 
problem-solving context. Sih et al. (2004) specifically define 
a behavioral syndrome as “a suite of correlated behaviors 
within a given behavioral context or across different con-
texts.” The current behavioral syndrome appears to closely 
mirror a syndrome of personality on the proactive–reactive 
axis (Sih et al. 2004). Proactive individuals are less neopho-
bic, more persistent, active and exploratory, whereas reactive 
individuals show the opposite pattern (Sih et al. 2004). Here, 
proactivity was positively associated with repeated innova-
tion; hyenas that learned more MAB solutions were more 
persistent, more active during exploration, had higher motor 
diversity scores and had lower neophobia scores.

A growing body of literature links behavioral syndromes 
and personality traits to cognition (Carere and Locurto 2011; 
Sih and Del Giudice 2012; Griffin et al. 2015; Guillette et al. 
2017). Current hypotheses that describe the adaptive func-
tion of proactive–reactive syndromes with regard to cogni-
tion do not suggest whether proactive or reactive individu-
als should be better at learning and problem-solving, but 
instead suggest that the proactive–reactive axis may reflect 
a trade-off between alternative learning styles in which pro-
active individuals are more innovative and faster at learning 
novel tasks whereas reactive individuals are slower and less 
innovative, but more flexible or accurate learners (Carere 
and Locurto 2011; Sih and Del Giudice 2012; Griffin et al. 
2013; Ducatez et al. 2015). This trade-off is believed to have 
ecological relevance because it represents two alternative 
strategies for survival in the wild (Chittka et al. 2009; Sih 
and Del Giudice 2012). In the current study, no clear trade-
off exists; proactive hyenas had higher repeated innovation 
scores and therefore also showed a high degree of flexibility 
by switching between four different solutions to the MAB. In 
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addition, proactive hyenas were not more efficient at opening 
the MAB than reactive hyenas who learned fewer solutions. 
Indeed, whether proactive or reactive individuals perform 
better or worse on a task may be heavily task-dependent or 
may not be apparent in captivity where the costs and benefits 
of one strategy over another are reduced or absent. Other 
studies have also shown inconsistencies in the relationship 
between proactivity-reactivity and cognitive trade-offs (Titu-
laer et al. 2012; Bousquet et al. 2015; Schuster et al. 2017). 
Of note, the proactive syndrome observed in our study was 
only measured in the context of the MAB which could 
account for the lack of a clear trade-off.

Conclusion

In sum, we found that a behavioral syndrome consisting of 
persistence, motor diversity, activity and neophobia pre-
dicted repeated innovation in a MAB paradigm with captive 
spotted hyenas. Contrary to our predictions, neither of our 
two measures of inhibitory control bore a clear relationship 
to repeated innovation scores. Although inhibitory control 
may be required for many problem-solving tasks, here the 
effect of inhibitory control was small or non-existent relative 
to the effect of proactivity scores. The finding that a proac-
tive syndrome of correlated traits, including activity, motor 
diversity, persistence, and neophobia significantly predicted 
repeated innovation score was also contrary to our predic-
tion that these traits would have either no effect or a nega-
tive effect. Overall, our results add support to the increasing 
body of literature that suggests that motor diversity, activ-
ity, persistence and neophobia have a strong relationship 
with innovative problem-solving and that these traits are 
often strongly interrelated. However, our results contra-
dict hypotheses suggesting the direction of the relationship 
between proactive traits and innovation. Our results also 
shed some light on the murky relationship between behav-
ioral traits, problem-solving, and cognition.

The relationship between behavioral traits and problem-
solving is a burgeoning field (see Guillette et al. 2017), and 
though some consider these traits to be non-cognitive factors 
to be controlled when trying to measure variation in cogni-
tion (Rowe and Healy 2014; van Horik and Madden 2016), 
a relationship between behavioral traits and problem-solv-
ing does not necessarily negate cognitive explanations for 
problem-solving success (Griffin et al. 2015; Guillette et al. 
2017). Here, repeated innovation required memory of previ-
ous solutions in order to reach learning criterion such that 
success could not be attributed solely to these non-cognitive 
behavioral traits. However, the strong influence of these non-
cognitive behavioral traits does support the hypothesis that 
innovation and innovative problem-solving might not be 
exclusively cognitive constructs themselves. Although the 

proximate relationship between these traits and cognition 
remains unclear, ultimately, if an individual is highly inno-
vative, it may be adaptive to perform behaviors that both 
encourage learning and increase opportunities for innova-
tion, resulting in correlated evolution (e.g. Griffin 2016).
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