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An animal's capacity for innovation or solving novel problems likely has important implications for how
quickly they can adapt to environmental change. Asian elephants, Elephas maximus, living in zoos have
previously demonstrated a capacity to innovate, but problem solving has never been studied experi-
mentally in a wild elephant population. We installed puzzle boxes with multiple possible solutions inside
a protected area in western Thailand to determine individual variation in innovation, as well as other
behavioural traits associated with elephants' problem solving, including persistence, exploratory di-
versity and neophilia. We recorded 77 elephants approaching the puzzle box, with 44 interacting with
the box in their first exposure. Individuals varied widely in their success opening the doors of the puzzle
box. Such success was influenced by persistence and exploratory diversity in both the first interaction as
well as across multiple interactions. However, when considering each individual's overall innovation
scores, which represented how many different doors elephants were able to open across all of their
interactions with the puzzle box, only greater persistence and interaction number were associated with
reaching a higher innovation score. We observed that elephants who interacted with the box multiple
times learned to open a door of any type more quickly as their interactions increased, but we did not see
evidence of learning to open specific door types over time. Overall, this study about how innovation and
its associated behaviours vary in wild elephants not only informs our understanding of how a capacity for
problem solving is expressed, but also how well elephants may be able to adapt to, overcome or avoid
increasingly frequent interactions with humans within their natural habitat.

© 2023 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Whether it is sulphur-crested cockatoos, Cacatua galerita,
breaking into trash cans (Klump et al., 2022) or Japanese macaques,
Macaca fuscata, washing the sand off potatoes (Kawai, 1965), many
animals innovate to improve their access to or processing of re-
sources. Innovation is the ability to invent new behaviours or use
pre-existing behaviours in a novel context (Kummer & Goodall,
1985; Reader & Laland, 2003). This ability can be beneficial to
survival, as it allows animals to adapt to novel or changing envi-
ronments (Lefebvre et al., 2004). Innovation may provide signifi-
cant fitness benefits for animals, as such a demonstration of
cognitive flexibility allows them to exploit new resources or to
establish themselves in new environments (e.g. Sol et al., 2005),
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particularly when navigating the challenges of human-altered
ecosystems (Barrett et al., 2018).

While rates of innovation observed in the wild have been
compared across species (e.g. Lefebvre et al., 1997; Reader & Laland,
2002), an experimental approach provides an opportunity to
investigate intraspecific variability in innovative problem solving.
In such experiments, researchers typically introduce novel prob-
lems for animals to solve, requiring them to extract food from an
artificial foraging device. This work has been conducted with both
captive (e.g. Auersperg et al., 2011; Young et al., 2019) and wild
animals (e.g. Benson-Amram & Holekamp, 2012; Williams et al.,
2021). Research with avian species has demonstrated that experi-
mental measures of innovation are representative of a species’
tendency to innovate in a natural setting, as the bird species that
were more successful in a problem-solving task also were observed
anecdotally to innovate more in the wild outside of experimental
settings (Webster & Lefebvre, 2001).
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A methodology that has been used frequently to investigate
innovation and behaviours related to it involves assessing an in-
dividual's ability to repeatedly innovate using a multi-access de-
vice, a method first developed to compare problem solving
between kea, Nestor notabilis, and New Caledonian crows, Corvus
moneduloides, by Auersperg et al. (2011). This paradigm involves
the presentation of an extractive foraging device that has multiple
potential solutions; innovation is measured by assessing the in-
dividual's ability to discover one or more of these solutions. Many
species have been tested on their ability to repeatedly innovate
using variations of this methodology (e.g. North American rac-
coons, Procyon lotor: Daniels et al., 2019; spotted hyaenas, Crocuta
crocuta: Johnson-Ulrich et al., 2018; yellow-bellied marmots, Mar-
mota flaviventer: Williams et al., 2021; chimango caracara, Daptrius
chimango: Biondi et al., 2022; African lions, Panthera leo, snow
leopards, Panthera uncia: O'Connor et al., 2022).

Researchers have shown that innovation varies between species
(e.g. Auersperg et al., 2011; Griffin & Diquelou, 2015; Manrique
et al, 2013) and between individuals within a species (e.g.
Benson-Amram & Holekamp, 2012; Daniels et al., 2019; Day et al.,
2003; Griffin et al., 2014; Johnson-Ulrich et al., 2018; Williams
et al,, 2021) that are tested with the same novel problem. Within
a species, the sex and age of an individual may affect innovation,
although the direction of this effect appears to vary between spe-
cies (reviewed in Griffin & Guez, 2014). A recent meta-analysis of
innovation studies suggested that older individuals and the sex
with the greater body mass within a species are more innovative,
but it also revealed that interindividual differences may be more
important than demographic factors (Amici et al., 2019). Some
behavioural traits that have been identified as relevant to innova-
tion are an individual's responses to novelty, persistence and di-
versity of motor actions. These traits relate to the acquisition,
processing and storage of information occurring at a cognitive level,
all of which may result in an individual's ability to innovate. Some
of these traits have exhibited a more consistent relationship with
innovation than others across studies while some observed differ-
ences appear to be based on methodology or species (reviewed in
Amici et al., 2019; Griffin & Guez, 2014). Attraction to novelty
(neophilia) or fear of novelty (neophobia) affects an individual's
likelihood of initially engaging with a novel problem. Several
studies have demonstrated that individuals that are more attracted
to and less fearful of novelty are more likely to innovate (Benson-
Amram & Holekamp, 2012; Johnson-Ulrich et al., 2018; Massen
et al., 2013). However, there seems to be wide variation in the
quality of this relationship, likely due to differences in terminology
and methodology used to evaluate responses to novelty across
studies (Griffin & Guez, 2014). Persistence, or the time an animal
spends engaged with a task, has been consistently associated with
successful problem solving and innovation such that higher
persistence increases the likelihood of discovering solutions (e.g.
Griffin et al., 2014; Jacobson et al., 2022; Johnson-Ulrich et al., 2018;
O'Connor et al., 2022; Petelle et al., 2022; but also see Amici et al.,
2019). Another influential trait may involve the number of different
motor actions an animal uses when interacting with a task (i.e.
exploratory diversity; e.g. Benson-Amram & Holekamp, 2012). An
increase in the number of diverse actions an individual uses in
initial interactions with a task also increases the potential that one
or a combination of those actions could result in innovations
(Daniels et al., 2019; Johnson-Ulrich et al., 2018; Massen et al., 2013;
Williams et al, 2021). Across multiple exposures, however,
exploratory diversity is expected to decrease as animals learn the
solution to the problem (Benson-Amram & Holekamp, 2012;
Daniels et al., 2019).

In the current study, we sought to investigate variability in
innovation in Asian elephants, Elephas maximus, a large-brained,

socially complex mammal known for their capacity for problem
solving (Byrne et al., 2009; Jacobson et al., 2022). Elephants are a
good model for innovative problem solving for several reasons.
First, greater innovative ability has been associated with larger
relative brain size in primates and birds (Lefebvre et al., 2004;
Reader & Laland, 2002; Sol et al., 2005). Second, elephants have a
complex, fission—fusion social structure that requires flexibility in
behaviour to navigate their physical and social environments (de
Silva et al., 2011; Nandini et al., 2017). While elephant foraging
behaviour may not inherently require innovation due to elephants'
generalist diet and little need for extraction of food resources in
their natural environment, elephants may possess a domain-
general cognitive toolkit similar to that which has been proposed
for corvids that innovate when using tools in captivity that they do
not use in the wild (Bird & Emery, 2009). This cognitive flexibility
could permit elephants to express innovation when foraging as
needed. Specifically, the increase in availability of high-calorie food
grown in agricultural fields that have encroached upon natural
Asian elephant habitat has led some elephants to forage in areas
where innovation is suddenly needed (Mumby & Plotnik, 2018;
Plotnik & Jacobson, 2022). For instance, African savannah, Lox-
odonta africana, and Asian elephants have been observed inno-
vating to circumvent the human-created barriers, such as fences,
protecting agricultural areas in the wild (Mutinda et al., 2014;
Natarajan et al., 2021; Thouless & Sakwa, 1995). In addition, both
species have demonstrated the capacity for innovation in several
experimental studies carried out in zoos. Barrett and Benson-
Amram (2021) found that Asian and African elephants were able
to solve novel foraging problems and that aggression and loco-
motion were traits associated with success, although this rela-
tionship seemed to differ across tasks. In a study assessing social
learning, African elephants also successfully solved novel problems,
and these successes did not appear to be due to social imitation
(Greco et al, 2013). One Asian elephant has demonstrated
insightful problem solving, innovating a way to access food without
trial-and-error learning (Foerder et al., 2011). In our own work, we
found variability in innovation between zoo-housed Asian ele-
phants tested using a three-solution multi-access puzzle box
(Jacobson et al., 2022). Higher persistence when interacting with
the box was a significant predictor of success for these individuals.
Interestingly, lower exploratory diversity was associated with
success (Jacobson et al., 2022), whereas studies of other species
have found that greater exploratory diversity predicts success (e.g.
Daniels et al., 2019; Johnson-Ulrich et al., 2018). Neophilia,
measured as latency to contact the puzzle box for each individual's
first exposure, did not seem to vary between individuals and was
not related to innovation in this population (Jacobson et al., 2022).
This study provided initial insights into innovation in Asian ele-
phants but was limited by a relatively small sample size and the
constraints of captivity.

We adapted the methodology in Jacobson et al. (2022) to
investigate innovation in a wild population of Asian elephants in
Thailand. To our knowledge, this is the first experimental approach
to studying cognition in wild Asian elephants. Studying cognitive
abilities in wild elephants allows us to determine how these abil-
ities vary in natural ecological conditions and independent of the
limitations of captivity. Understanding variation in innovation is
particularly important given the prevalence of human—elephant
conflict due to elephant foraging in human-dominated agricul-
tural areas in Asia (Shaffer et al., 2019). The ability to innovate may
influence where these wild elephants choose to live and forage
within their fragmented habitats as it could allow individuals to
navigate human barriers to access high-calorie resources (Mumby
& Plotnik, 2018). Asian elephants are an endangered species
threatened by human development and habitat fragmentation,
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with approximately 50 000 remaining across Asia (Menon &
Tiwari, 2019). While innovation may help some individual ele-
phants survive in anthropogenic environments, these innovations
may also lead to negative interactions with people that are some-
times lethal (Fernando et al., 2008; Shaffer et al., 2019). However,
the prevalence of this foraging strategy throughout Southeast Asia
(Sukumar, 2006) suggests that there is a net benefit relative to the
risk. The factors that might influence variation in innovative ability
between individuals are unknown. Investigating these factors can
inform our understanding of wild elephant behavioural flexibility
and its potential impact on conservation management or
human—elephant conflict mitigation.

We aimed to determine whether the relationships between
behavioural traits and innovation that we observed in zoo-housed
elephants would exist in wild elephants that had not experienced
the novel extractive foraging devices frequently used in zoos.
Multi-access puzzle boxes were installed on trees in the protected
Salakpra Wildlife Sanctuary in Thailand, home to more than 200
wild elephants, and interactions were recorded without humans
present. We expected that the likelihood of an elephant’s initial
interaction with the puzzle box would vary based on its sex and age
class and whether it was in a group. We hypothesized that males
would be more likely to interact in their first exposure than fe-
males, since males are likely more exploratory as the dispersing sex
and less risk-averse because they are unlikely to be accompanied by
calves (McKay, 1973; Srinivasaiah et al., 2019). We also hypothe-
sized that subadults would be more likely to interact than adults as
younger animals tend to be more exploratory in novel contexts (e.g.
Benson-Amram & Holekamp, 2012; Sherratt & Morand-Ferron,
2018; Thornton & Sampson, 2012). We hypothesized that group
size (1 or more) would affect interaction potential with the box, but
we did not have an a priori prediction about the direction of the
effect. Either lone individuals would be more likely to interact with
the puzzle box than individuals approaching with a group because
they are more likely to also be males (McKay, 1973), or individuals
in a group could be more likely to interact because fear of novelty
can be reduced in the presence of conspecifics (e.g. tufted capu-
chins, Cebus apella: Visalberghi & Addessi, 2000; grey wolves, Canis
lupus, and domestic dogs, Canis familiaris: Moretti et al., 2015). We
hypothesized that there would be individual variability in innova-
tion similar to the results we found for zoo-housed elephants
(Jacobson et al., 2022). We also hypothesized that, as in zoo-housed
elephants and in many other species (Griffin & Guez, 2014), higher
persistence towards the box would be associated with greater
innovation. Lastly, we hypothesized that higher neophilia and
higher exploratory diversity would be associated with greater
innovation, although these results were not supported with zoo-
housed Asian elephants (Jacobson et al., 2022). This relationship
has been observed with many other species (e.g. Daniels et al.,
2019; Johnson-Ulrich et al., 2018; Massen et al., 2013), and we
predicted that we would observe this association with the larger
sample size in this study. For elephants who interacted with the
puzzle box multiple times, we hypothesized that individuals' la-
tencies to open box doors would decrease over time, demonstrating
the elephants’ capacity for learning.

METHODS
Study Site

All data were collected in the Salakpra Wildlife Sanctuary in
Kanchanaburi, Thailand (henceforth, ‘Salakpra’). Salakpra is part of
the Western Forest Complex, a priority area for elephant conser-
vation and a biodiversity hotspot in western Thailand (Williams
et al, 2020). The sanctuary is a protected area approximately

860 km? and is not open to public tourism. The landscape is
composed of mixed deciduous forest, dry dipterocarp forest and
disturbed areas (Chaiyarat et al., 2015). There are estimated to be
more than 200 elephants living within Salakpra (Salakpra Wildlife
Sanctuary Annual Report, Thai Department of National Parks
Wildlife and Plant Conservation; Chaiyarat et al., 2015). Salakpra is
surrounded by human development including villages and agri-
cultural fields consisting of multiple crops, including cassava, sugar
cane, corn and pumpkin. Human—elephant conflict is frequent in
these areas, with 96% of local farmers reporting crop raiding at least
once a month and 54% reporting raiding daily (van de Water &
Matteson, 2018).

Ethical Note

The subjects in this study were wild elephants and therefore
could choose to participate in the research or not without any
human intervention. We minimized any disturbance to the animals
by using remote-activated camera traps to record video during the
day, with a built-in infrared light to record video at night. The
research protocol was approved by the Hunter College, City Uni-
versity of New York Institutional Animal Care and Use Committee
(JP-Elephant Behavior 5/21) and permission was granted to collect
data in Salakpra Wildlife Sanctuary by the National Research
Council of Thailand (Plotnik 1/62) on behalf of the Thai Department
of National Parks, Wildlife and Plant Conservation.

Puzzle Box Procedure

We installed two custom-made, multi-access puzzle boxes of
the same design as those previously provided to captive Asian el-
ephants to test innovation (Jacobson et al., 2022) at a watering hole
inside Salakpra. Each box consisted of three separate compart-
ments, each measuring 46 x 25 x 29 cm and made of 4 mm thick
steel (Fig. 1). All compartments had 1.5 cm diameter holes drilled
into the door and side of the box to provide olfactory access to the
food rewards inside. Each compartment had a different solution
door (20 x 20 cm) that could either be opened by pulling a chain so
that the door opened towards the elephant, pushing the door so it
swung open into the box, or sliding the door open to the right to
access food inside. The pull and push doors were secured shut
against gravity with magnets. We designed these solutions to
incorporate typical foraging behaviours of elephants such as pulling
down branches, stripping bark and pushing with the trunk or body.
The compartments of each of the two boxes were stacked together
in two different pseudoranomized orders throughout testing
(Fig. 1).

The two boxes were installed from October 2019 to April 2020
approximately 30 m apart in order to maximize interactions by
elephants at each visit. We attached each compartment to a tree
using metal brackets such that the bottom of the stacked com-
partments was between 128 cm and 164 cm high depending on the
morphology of the tree. Three Browning Spec Ops Advantage
camera traps were also installed at each box to provide three views,
one from the left and right sides and another from above the box.
The cameras recorded 20 s of high-resolution video when motion-
activated from up to 25 m away and were set with a fast trigger
speed (0.4 s) to minimize gaps between videos. The cameras used
infrared light at night to capture clear night-vision video. Each
compartment was baited with a piece of jackfruit measuring
approximately 12 x 10 cm. Jackfruit was chosen as the food reward
because of its olfactory salience and thus the likelihood that it
would attract elephants to the puzzle box. The research team,
consisting of students, Thai staff or park rangers, visited the boxes
one to two times per day and checked to (1) see whether jackfruit
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Figure 1. (a) Camera trap video screenshot (cropped) of a male elephant interacting with one of the puzzle boxes. The configuration of this puzzle box had a push door at the top, a
pull door in the middle and a slide door on the bottom. (b) Diagram of the three-door configuration of the other puzzle box with doors closed (on the left) and open (insert, on
right), with the pull door on top, the slide door in the middle and the push door on the bottom. Diagram drawing by Anne Jacobson.

was eaten, (2) reset the box if doors were open or compartments
shifted and (3) replace jackfruit if it was rotten. We replaced SD
cards and checked batteries approximately every 10 days.

We individually identified elephants in each video; in order to
be identified, elephants had to be observed entering a measured,
5 m perimeter around the box and orienting towards it (i.e. their
head was facing the box and/or their trunk was reaching towards
it). This allowed us to exclude individuals that may not have
perceived the box at all. The first author identified individuals using
morphological characteristics following an identification protocol
similar to one we developed previously for this population
(Montero-de la Torre et al., 2023). Three other students familiar
with our database reviewed identities in a random 20% of all ob-
servations and reached 100% agreement. We included only data for
adults and subadults that entered the 5 m perimeter due to the
difficulty of reliably identifying younger elephants (Montero-de la
Torre et al., 2023).

The first author coded videos using an ethogram that was
similar to one we developed previously for a study with zoo-
housed elephants (Jacobson et al., 2022). That ethogram included
details of the possible motor actions and body parts used by the
elephants in their interactions with the box (Appendix, Table A1).
We calculated each elephant's exploratory diversity score (EDS, the
number of unique behaviours or unique motor actions while
interacting with the box) using these coded behaviours and
following the definition in Table 1. We also recorded an elephant's
neophilia (i.e. their latency to touch the box after approaching
within 5 m of it), duration of interaction with the box and exit from
the 5m perimeter. The 5m perimeter was estimated using

Table 1
Behavioural measures calculated from coded videos

reference videos that included a rope of known length. A measure
of an elephant's persistence during an observation was calculated
as the proportion of time spent interacting with the puzzle box over
the total time spent within 5 m of it. We determined that a door
was solved if it was opened wide enough so that an elephant's
trunk could fit inside, and the latency to solve was recorded
following the definition in Table 1. Success and innovation score
were recorded as the number and types of doors solved, respec-
tively (Table 1). We determined that an observation began when an
elephant entered within 5 m of the box and ended when all doors
were opened or the elephant left the 5 m radius. However, if an
elephant approached the box multiple times within 12 h without
another elephant interacting with the box and before we could
reset it, then we combined the observations and considered them
as a single visit. If multiple elephants were present at a puzzle box,
we recorded the identity of any elephant within the 5 m radius
camera view when a door was solved to account for the potential of
previous exposure affecting subsequent success by the observer.
We also recorded the duration that an elephant's interactions with
the puzzle box were out of view, such as when they were blocking
the camera view and we could not see their trunk. The puzzle box
was out of view for 2% of all interactions.

Analysis

To assess inter-rater reliability of the measures outlined in
Table 1, the first author coded all observations in which an elephant
interacted with the box while another observer independently
coded 20.69% of the same observations. We selected these

Measure Definition

Based on

Innovation score
Success
Solving latency

Maximum number of types of doors opened

Proportion of doors opened over available doors
Duration of interaction prior to door solved. If the door was the second or third door solved, then the interaction

Across all visits
Each visit
Each visit

duration included only the interaction after the previous door solve

Neophilia

Latency to contact after first step within a 5 m perimeter. If contact never occurred, then a maximum value was

First visit only

assigned (corresponding to the lowest degree of neophilia)

Exploratory diversity score (EDS)
Persistence
an elephant's first touch to the puzzle box

Number of unique motor actions based on different body parts used to interact with the box
Proportion of time interacting with the box out of the total time observed within 5 m. Interaction began with

Each visit
Each visit
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observations pseudorandomly in order to cover all motor actions
observed as well as to provide a relatively equal number of day and
night videos. Using an intraclass correlation (ICC) analysis, we
found excellent agreement between coders for latencies (ICC(1) =
0.996, Fs15,=500, P<0.001), durations (ICC (1)=0.99,
F172=132, P<0.001) and EDS (ICC(1)=0.94, Fy324=30.8,
P < 0.001). The two coders had 100% agreement for the number and
type of doors opened in those observations.

We did not include data on elephant behaviours when inter-
acting with the puzzle box after all doors were already open, either
after the subject had themselves opened doors or if an elephant
interacted after all doors were opened previously by another in-
dividual. We did not include these behaviours because they would
not be directed towards the goal of retrieving food; in these situ-
ations, the elephants could not be rewarded since all the food had
already been retrieved by others or by themselves. However, we did
consider data on whether an individual interacted with the box or
not and their latency to do so during their very first exposure to the
apparatus even if all doors were already open.

First visit

To address which variables may be associated with an elephant's
decision to first interact with the box, we initially considered each
elephant's first visit to the box location (N =77 elephants). We
created a logistic regression model using whether an individual
interacted with the box (1) or approached within 5 m of the box but
did not interact (0) as the outcome variable. Age class, sex and
whether the subject was in a group or not when approaching were
included as variables in the model.

First interaction

We then focused on instances when doors were available during
the elephants’ first interactions with the puzzle box (N = 44 ele-
phants; we labelled this data set as ‘first interaction’). In some of
these first interactions (N = 12), one or two doors had previously
been opened by other elephants. These interactions were still
included in the data set because the elephants had the opportunity
to open at least one door. We also included the factor of ‘completely
unopened box’ (i.e. whether all doors were available or not) in the
analysis to account for potential effects of limited door availability
on the elephants' behaviour. Three logistic regression models were
fitted to assess the association of each behavioural trait with suc-
cess, i.e. the proportion of available doors successfully opened. For
this analysis, opening three out of three available doors was
equivalent to opening one out of one available door in order to treat
elephants similarly if they opened all the doors available to them in
a given observation. Each model had one behavioural trait
(neophilia, EDS, persistence) as well as sex, age class and whether
the box was completely unopened as fixed effects.

Multiple interactions

We then considered observations of elephants that interacted
with the box more than once to see whether the relationship be-
tween behavioural traits and success was consistent across expe-
rience (we labelled this data set as ‘multiple interactions’). We
removed one individual who was included in the first interaction
data set from this and later analyses because she had observed
another individual solve a door before solving it herself in the
subsequent interaction. Since she was the only elephant with
experience observing a door solve who went on to subsequently
solve a door later, we decided to exclude her data rather than ac-
count for this unusual factor/experience in the analysis. We limited
this data set to a maximum of seven interactions with an unopened
box (all doors closed) for each subject (Nelephants =20,
Ninteractions = 90 across all elephants), so some individuals could

have had more than seven interactions included if some of those
interactions occurred with a box with already-solved doors. All
interactions where at least one door was available were included in
this analysis through the seventh interaction with a completely
unopened box. This limit led to the exclusion of additional in-
teractions with the box for only four individuals in this data set. To
determine the relative association of behavioural traits with suc-
cess across all interactions, we created a logistic regression model
with the outcome variable as the proportion of doors successfully
opened over the total available in each interaction (e.g. 1/3, 2/2, 0/1,
etc.). Elephant identification was included as a random effect, with
sex, age class, interaction number and whether the box was
completely unopened as fixed effects. We ran all analyses in R
studio (R core team, 2022). All logistic regression models were
fitted using the ‘Ime4’ package (Bates et al., 2015) and model as-
sumptions and residuals were evaluated using the ‘performance’
package (Liidecke et al., 2021) and ‘DHARMa’ package (Hartig,
2022).

Learning

Learning was assessed using the ‘multiple interactions’ data set.
First, we evaluated learning using the solving latency for the first
door of each observation (no matter the door type) in subsequent
trials. We used a Cox's proportional hazards mixed model to anal-
yse these data because it is a method to analyse outcomes
measured as time to the occurrence of an event, originally devel-
oped to look at survival in medical or epidemiological studies. In
these data sets, the event may not have occurred for all subjects
within the observation period, creating ‘right-censored’ latencies,
which should be treated differently than latencies for events that
did occur (Austin, 2017; Jahn-Eimermacher et al.,, 2011). In our
study, the event was the opening of a door, and some individuals
did not solve a door in each interaction. We assigned interactions
that did not result in a door being opened a maximum value of
250s and ensured that this value only represented failure. The
Cox's proportional hazards model allows for those instances of
failures to be specified in the model (e.g. Biondi et al., 2022;
Greenberg et al., 2017; Jahn-Eimermacher et al., 2011). We included
a random effect of elephant identification in the model, as well as
the interaction number, sex and age class as fixed effects. We used
‘cox.zph’ in the ‘survival’ package (Therneau, 2023) to evaluate the
validity of the model's assumption of proportionality. We also
assessed learning using the solving latency for each door type
(push, pull, slide) across interactions to determine whether
particular solution types were learned. The data set analysed for
each door type contained only interactions from elephants that had
more than one opportunity to solve that door type and only the
interactions when that door type was available. Therefore, we
analysed push-door solution learning from a data set of 65 in-
teractions for 15 elephants, pull-door learning from 84 interactions
for 20 elephants and slide-door learning from 75 interactions for 18
elephants. A Cox's proportional hazards mixed model was created
for the solving latency of each door type (push, pull, slide), with a
random effect of elephant identification and the fixed effects of
interaction number, sex and age class included. We also assessed
whether EDS was associated with interaction number in the mul-
tiple interactions data set, as decreases in exploratory diversity over
time can also indicate learning (Benson-Amram & Holekamp,
2012). For this analysis, we used a Poisson regression model with
EDS as the outcome variable and interaction number included as a
fixed effect with elephant identification as a random effect.

Overall innovation
Lastly, we wanted to assess how the behavioural traits and other
variables may be associated with the overall level of innovation that
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an elephant achieves across all of its interactions with the box,
scored as the number of types of doors they were able to open (0, 1,
2 or 3). This allowed us to determine whether individuals were able
to open all types of doors across multiple visits, even if some types
were not available in each visit, which could happen if other ele-
phants had already solved the doors before we could reset them, or
if they solved one type in one visit and another type on a follow-up
visit. Similar to the ‘multiple interactions’ data set, we capped the
number of interactions at seven interactions with an unopened box
for each elephant, but elephants that only interacted once with the
puzzle box were also included in this data set. We used only data
from elephants that had an opportunity to open all types of doors at
least once across their interactions with the box (Nelephants = 35,
Ninteractions = 94) S0 as not to bias against elephants that could
never achieve an innovation score of 3. We first used a Poisson
regression model to assess the relationship between the fixed
factors of age and sex with each individual's overall innovation
score across all of their interactions. Next, to consider how inno-
vation score may have changed across interactions due to the be-
haviours occurring in each interaction, we considered innovation
scores to be cumulative in each sequential interaction such that
once an elephant had opened one type of door, their score would be
a 1 on subsequent interactions even if they did not open that door
type in the next interaction. The score would remain a 1 until a
second door type was opened, then would remain a 2 until a third
door type was opened, for a maximum score of 3. Interactions
following the maximum innovation score were not included in the
analysis because we were interested only in the behaviours that
resulted in initially reaching that innovation score, not how their
behaviours changed with potential learning. To analyse these data,
we used a cumulative mixed link model in the ‘ordinal’ package
(Christenson, 2022) because innovation score was considered an
ordinal variable. The cumulative innovation score at the time of
each interaction was the outcome variable in this model. Elephant
identification was included as a random effect with persistence,
EDS and interaction number as fixed effects. We also conducted a
likelihood ratio test to determine whether the mixed model with
the inclusion of elephant identity fit the data better than the cu-
mulative link model with the same fixed effects but without the
random effect.

RESULTS

Out of the 77 elephants who entered the 5 m perimeter of the
puzzle box, 30 interacted with the box on their first exposure and
44 interacted with it at least once across all of their experiences
with the box. Of the 44 elephants who interacted with the box, 11
elephants solved one door type, eight elephants solved two door
types and five elephants solved all three door types across all of
their interactions (Supplementary Video S1). When looking at the
frequency of different door types solved, of the 76 successful door
opens when all doors were available in a box, 67% (N = 51) were
push doors, 14% (N = 11) were pull doors and 18% (N = 14) were
slide doors. Interactions with the box occurred when doors were
already open in 27% (N = 31) of all 114 elephant interactions. The
push door was already open for 25% (N = 29), the pull door was
already open for 10% (N = 11) and the slide door was already open
for 13% (N = 15) of all interactions.

First Visit and Interaction

Sex, age class or being in a group were not significantly associ-
ated with the likelihood that an elephant interacted with the puzzle
box on its first exposure (Appendix, Table A2). When assessing first
interactions and whether individual traits may influence success,

we found that neophilia, sex, age class and whether the box was
completely unopened were not predictive of success (Appendix,
Table A3). EDS was significantly associated with success
(estimate + SE = 0.66 + 0.17, P < 0.001) such that as EDS increased
by 1, there was a 93% increase in the odds of success. Age class, sex
and whether the box was completely unopened were not signifi-
cantly associated with success (Table 2). Persistence, or the pro-
portion of an observation's duration that an elephant was
interacting with the puzzle box, was significantly associated with
success (estimate + SE =0.62 + 0.15, P<0.001) such that as
persistence increased by 0.10, there was an 86% increase in the odds
of success. Age class, sex and whether the box was unopened were
not significantly associated with success in this model either
(Table 2).

Multiple Interactions

For elephants that interacted with the puzzle box multiple
times, we first assessed the relative influence of EDS and persis-
tence on success across the elephants’ individual interactions. Both
EDS and persistence were significantly associated with success
(estimate + SE: EDS: 0.17 + 0.07, P = 0.02; persistence: 0.29 + 0.10,
P <0.001), while sex, age class, interaction number and whether
the box was completely unopened were not. As EDS increased by 1,
there was a 19% increase in the odds of success and as persistence
increased by 0.1, there was a 34% increase in the odds of success
(Table 3).

Learning

Using the ‘multiple interaction’ data set and assessing the la-
tency to solve the first door of the box in each interaction, the
Cox proportional hazards model demonstrated that interaction
number was significantly associated with solving latency
(estimate + SE =0.12 + 0.06, P=0.04). This indicated that as
interaction number increased, the hazard of a door being solved
increased by 13% (Table 4); in other words, the latency to solve
decreased as interaction number increased. Sex and age class were
not significantly associated with solving latency (Table 4). However,
when assessing solving latencies for each door type considering
only interactions where that door type was available, there was no
significant association between interaction number and solving
latency for push, pull or slide solutions. Sex and age class also were
not associated with solving latency in any of these models
(Appendix, Table A4). Due to model convergence issues when
including all variables for the slide door solving latencies, only sex
and interaction number were included in the slide door model. We
found that EDS was not associated with interaction number in the
multiple interaction data set (Appendix, Table A5).

Overall Innovation

Overall innovation scores across all interactions were associated
with age class (estimate + SE = —1.24 + 0.53, P=0.02), such that
subadults were less likely than adults to innovate (Appendix,
Table A6). Cumulative innovation scores for each elephant's in-
teractions who had access to all door types at least once were
associated  with  persistence  (estimate + SE = 0.49 + 0.16,
P=0.002) and interaction number (estimate + SE =0.52 + 0.17,
P =0.002). Persistence and interaction number coefficients indi-
cated that greater persistence and greater interaction numbers
increased the probability of an elephant reaching a higher inno-
vation score. The odds ratios indicated that an elephant was 1.64
times more likely to achieve a greater innovation score as persis-
tence increased by 0.1 and was 1.69 times more likely to achieve a
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Table 2
Parameter estimates of binomial logistic regression models for success in elephants’ first interactions with the puzzle box
Model Fixed effect Estimate SE 0dds ratio 0dds ratio 95% Cls z p
EDS*® Intercept —4.64 1.34 0.01 0.00, 0.10 —3.45 <0.001
EDS 0.66 0.17 1.93 142, 2.75 3.94 <0.001
Sex (male) 0.33 0.74 1.39 0.34, 6.66 0.45 0.65
Age class (subadult) 0.12 0.72 1.13 0.26, 4.59 0.17 0.87
Unopened box (yes) 1.46 1.01 430 0.75, 45.77 1.44 0.15
Persistence” Intercept —6.13 1.68 0.00 0.00, 0.04 —3.64 <0.001
Persistence® 0.62 0.15 1.86 142, 2.59 4.10 <0.001
Sex (male) 0.93 0.85 2.54 0.51, 15.04 1.10 0.27
Age class (subadult) 0.55 0.83 1.73 0.33,9.39 0.66 0.51
Unopened box (yes) 1.40 0.89 4.05 0.82,31.13 1.57 0.12

CIs: confidence intervals; EDS: exploratory diversity score. Significant results are shown in bold (P < 0.05).

3 N =44, df = 39, McFadden's R? = 0.21.

b N =44, df = 39, McFadden's R? = 0.24. Reference category: sex = female; age class = adult; unopened box = no.

¢ Persistence proportions were scaled so that a unit change in persistence = 0.10.

Table 3

Parameter estimates for the binomial logistic regression mixed model® for elephants that interacted with the puzzle box multiple times
Fixed effect Estimate SE 0Odds ratio QOdds ratio 95% Cls z P
Intercept —4.30 1.28 0.01 0.00, 0.17 —3.36 <0.001
EDS 0.17 0.07 1.19 1.03,1.38 235 0.02
Persistence” 0.29 0.10 134 1.10, 1.63 293 <0.001
Sex (male) 0.77 0.91 2.16 0.37,12.73 0.85 0.40
Age class (subadult) 0.78 1.19 2.19 0.21, 22.53 0.66 0.51
Interaction number —0.05 0.07 0.95 0.82,1.10 -0.72 0.47
Unopened box (yes) 0.86 0.60 235 0.72, 7.66 1.42 0.15

ClIs: confidence intervals; EDS: exploratory diversity score. Significant results are shown in bold (P < 0.05).
3 N =90, df = 82, conditional R? = 0.24, marginal R? = 0.20. Reference category: sex = female; age class = adult; unopened box = no.

b Ppersistence proportions were scaled so that a unit change in persistence = 0.10.

Table 4

Parameter estimates for the Cox's proportional hazards model® of solving latency for first door solved, while accounting for individual differences across elephants’ interactions
Fixed effect Estimate SE Hazard ratio Hazard ratio 95% Cls z P
Interaction number 0.12 0.06 1.13 1.01, 1.27 2.05 0.04
Sex (male) 0.49 0.73 1.63 0.39, 6.82 0.67 0.50
Age class (subadult) -0.38 0.92 0.68 0.11, 4.11 —0.42 0.68

CIs: confidence intervals. Significant results are shown in bold (P < 0.05).

2 The hazard ratio shows the proportional change in response to a unit change in interaction number or a change from the reference category (sex = female; age class -

= adult). N =90.

greater innovation score as interaction number increased. The
innovation score was not associated with EDS (Table 5). A likelihood
ratio test between the cumulative link mixed model including
elephant identity and a model without identity as a random factor
demonstrated that the mixed model was significantly different
(%1 =18.89, P < 0.001), indicating that there was significant vari-
ation in innovation score due to elephant identity (Fig. 2).

DISCUSSION
There was considerable individual variation in behaviour when

elephants interacted with the puzzle box in this wild cognition
experiment. This variation was exhibited in whether elephants

interacted with the puzzle box at all, how many doors they were
able to open on their first visit and how successful they were across
multiple interactions with the puzzle box. For the elephants that
interacted with the box at least once, there was wide variation in
how many types of doors they were able to open across their in-
teractions with the box. Most of these elephants opened a mini-
mum of one door type, but only five individuals managed to open
all three door types. This confirmed our expectation that there
would be variability in innovation across the population and was
also supported by the significant contribution of individual identity
to variance in our model of innovation score. While this study is not
directly comparable to our previous investigation in U.S. zoos
(Jacobson et al., 2022), it is not surprising that a greater percentage

Table 5

Parameter estimates for a cumulative link mixed model® assessing cumulative innovation scores for elephants across multiple interactions
Fixed effect Estimate SE 0Odds ratio 0Odds ratio 95% Cls z P
EDS 0.22 0.14 1.25 0.96, 1.64 1.63 0.10
Persistence® 049 0.16 1.64 1.19, 2.26 3.14 0.002
Interaction number 0.52 0.17 1.69 1.21, 2.37 3.06 0.002

ClIs: confidence intervals; EDS: exploratory diversity score. Significant results are shown in bold (P < 0.05).

4 N=101.
b Persistence proportions were scaled so that a unit change in persistence = 0.10.
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Figure 2. The conditional effect of elephant identity on innovation score and 95% confidence intervals of conditional variance compared to an average elephant in this sample. The

dashed vertical line at O represents the average elephant in this sample.

of elephants tested in zoos (62%) compared to those tested in the
wild (11%) were able to open all three doors given the dramatic
differences in environment and experience. Zoo-housed elephants
are often provided with enrichment devices that require extractive
foraging (Greco et al., 2016), so were likely to have had experience
‘problem solving’ for food, whereas wild elephants graze and
browse and rarely, if ever, have to extract food from or around
obstacles. It is also likely that zoo-housed elephants have more
motivation to work to get food rewards from the puzzle box
because there are fewer competing motivations; in the wild, ele-
phants have other significant priorities such as engaging in social
group dynamics and obtaining natural food sources. The wild
environment also presents more unpredictable risks or distractions
than captivity, which could make wild individuals less likely to
engage with a novel object in their environment or discourage
them from consistently engaging with the box, a requirement for
solving all the doors.

Not all behavioural traits we measured were associated with the
wild elephants’ performance. Persistence and exploratory diversity
were associated with greater success in the elephants’ first in-
teractions with the puzzle box and across multiple interactions.
However, when considering the cumulative innovation scores
representing how many different doors elephants were able to
open, only greater persistence and interaction number were asso-
ciated with reaching a higher innovation score. We observed that
elephants who interacted with the box multiple times learned to
open a door of any type more quickly as their interactions
increased, but we did not see evidence of learning to open specific
door types over time.

First Visit

Over half of the individuals who came within 5 m of the box
interacted with it the first time they saw it. Surprisingly, none of the
variables that we predicted would influence the likelihood of
interacting with this novel object in their environment were
associated with the likelihood of interaction in the first visit. We
had hypothesized that females would be less likely to interact with

the box than males due to the potential risk that a novel object
presents to accompanying calves. We also predicted that subadults
would be more likely to interact with the box than adults due to
greater exploration in younger individuals observed in other spe-
cies (e.g. hyaenas: Benson-Amram & Holekamp, 2012; meerkats,
Suricata suricatta: Thornton & Sampson, 2012). However, it appears
that individual differences in interest in the puzzle box or the ele-
phants' potential perception of it as a threat, which may be related
to personality traits, drove the likelihood of interacting with the
puzzle box rather than sex or age. While we had predicted that
whether an elephant was with a group would affect the likelihood
of them interacting with the puzzle box, this factor also did not
have an influence.

First Interaction

To assess factors that may have influenced the individual
variation in doors successfully solved, we further investigated
how the behavioural traits of neophilia, EDS and persistence
affected individuals' success in their first interaction with the box.
We chose to first assess success only in the first interaction so
that we could evaluate elephants with comparable experience
and include the most elephants (since many individuals only
interacted with the box a single time). Contrary to our prediction,
neophilia towards the box was not associated with success in this
task. This aligns with our results for captive elephants (Jacobson
et al.,, 2022) and provides support for the idea that attraction to
novelty may not have a strong influence on innovation (reviewed
in Griffin & Guez, 2014). While attraction to the novel puzzle box
was measured as neophilia in this study, it would be interesting
to see whether measuring an individual's degree of neophilia as a
repeatable trait (i.e. testing for it in multiple contexts, both with
and without food) would be associated with the elephant's
innovative abilities. It is possible that the elephants' responses to
novelty are impacted by the presence of food, as in the puzzle
box, and thus removing food and providing more than one
measure of neophilia with multiple novel objects could yield
different results.
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Persistence was associated with success in the first interaction,
supporting our hypothesis and providing results similar to those we
found for zoo-housed elephants (Jacobson et al., 2022). Many
studies with other species have also found that the more an indi-
vidual interacts with a puzzle box, the more likely they are to find
one or more solutions (e.g. Griffin et al., 2014; Johnson-Ulrich et al.,
2018; O'Connor et al., 2022; Petelle et al., 2022). As we hypothe-
sized, greater EDS was also associated with greater success, a result
that has been shown in other species as well (e.g. raccoons: Daniels
et al., 2019; hyaenas: Johnson-Ulrich et al., 2018; chimpanzees, Pan
troglodytes: Massen et al., 2013; marmots: Williams et al., 2021).
This result supports the idea that the more actions an individual
attempts when interacting with a puzzle, the more likely they are to
perform a combination of actions that result in an innovation.
Interestingly, this association between EDS and success was in the
opposite direction of that demonstrated in our zoo study, where we
observed that lower EDS was associated with success for elephants.
However, the study with zoo-housed elephants followed a different
protocol than the current study with a wild population. The zoo-
housed elephants were provided with two phases; the first pro-
vided three push-door compartments, while the second was
identical to the current study and provided all three door types. The
initial experience solving one type of solution may have shaped the
exploratory actions that zoo-housed elephants used in the second
phase to innovate. Specifically, this experience could have influ-
enced the elephants' use of fewer actions in the second phase
because they were already ‘primed’ to use actions that had been
successful in opening push doors (Jacobson et al., 2022).

Multiple Interactions

For the 20 elephants that interacted with the puzzle box more
than once, we wanted to assess the relative influence of persistence
and EDS on their success across trials. We found that both were
significantly associated with greater success even when accounting
for the influence of the other and for the fixed effects of age class,
sex and interaction number. Age class and sex were not signifi-
cantly associated with success, which was not surprising since
neither variable affected success during the elephants' first in-
teractions. We were surprised that interaction number did not
affect success, because we predicted that the more experience that
elephants had interacting with the puzzle box, the more successful
they would be in innovating to solve more door types. This may
have been confounded, however, by the fact that elephants did not
always have the opportunity to open all door types in each inter-
action, and the actions learned for one door may not apply to the
actions needed to open another.

Elephants likely learned that rewards could be retrieved from
the box over multiple interactions, as results showed that latency to
solve the first door in each interaction decreased as the number of
interactions increased. However, this analysis did not consider
whether the first door opened was the same door type in each
interaction. When we focused the analysis on instances of solving
only the same type of door in subsequent interactions, we did not
see a significant association between interaction number and the
latency to solve any of the door types. Therefore, it appears that
while elephants may have been able to access food more quickly
with more experience with the puzzle box, they may not have
learned particular solutions over time in this study. It is possible
that this is due to the features of our apparatus; with multiple so-
lutions and rewards available simultaneously, elephants may not
focus on specific solutions as they interact with the puzzle box. The
solving latency measure we used to assess learning only accounted
for time interacting with the box after solving the previous door,
unless the door in question was the first solved, in order to separate

out interactions focused on other solution types. However, this
latency may still include other interactions by elephants such as
reaching into empty compartments that are not related to solving
unopened doors. Therefore, latencies may not be the best way to
measure learning with this type of apparatus. We also looked at
EDS as a potential assessment of learning, as exploratory diversity is
expected to decrease over time as solutions are learned (Benson-
Amram & Holekamp, 2012). However, we did not find an associa-
tion between interaction number and EDS across the elephants'
multiple interactions with the puzzle box. This also supports the
possibility that elephants were learning more generally about how
to interact with the box but not necessarily learning specific
actions.

Overall Innovation

For overall innovation scores across all interactions, we found
that subadult elephants innovated less than adults; these results
are in line with those of other studies showing that older in-
dividuals tend to be more innovative (Amici et al., 2019). Our
analysis of cumulative innovation scores across elephants' in-
teractions demonstrated the continued importance of persistence
in leading to higher scores. Persistence was also apparent in
another sense, as persistently visiting the puzzle box and getting
more experience interacting with it (i.e. greater interaction
numbers) led to higher innovation scores. Interestingly, EDS was
not associated with innovation score as we had expected based on
its association with success for elephants’ first interactions and for
multiple interactions with the puzzle box. Given the potential for
elephants to interact with a box with some doors already solved in
this wild setting, our measure of success across multiple in-
teractions may reflect individuals solving the same type of door
multiple times when other doors were not available. This could
mean that while using more types of actions helped elephants
continue to solve door types they had already solved, it did not
contribute to their ability to innovate new solutions. Potentially, the
higher success associated with higher EDS in elephants’ first in-
teractions demonstrates that this behavioural trait is important for
an initial innovation but may not influence elephants' abilities to
repeatedly innovate beyond the first success in subsequent expe-
riences. In addition, the design of our puzzle box makes disen-
tangling the relationship between EDS, learning and repeated
innovations challenging. If the EDS decreases for a particular so-
lution to a door once that door is solved, then this may impact the
overall EDS for that elephant’s interaction.

Unlike most studies investigating innovation that have used a
multi-access box with multiple solutions available to reach one
reward (e.g. Daniels et al., 2019; Johnson-Ulrich et al., 2018), our
puzzle box had multiple solutions that were each rewarded and
available simultaneously, allowing us to opportunistically collect
the most data possible in a single visit by an elephant. We were also
unable to intentionally change the availability of doors based on an
individual's previous success to encourage further innovation since
we could not guarantee that the same elephant would visit on any
given day. These methodological differences may have influenced
elephants in our population to be less motivated to focus on pre-
viously unsolved door types when rewards could be retrieved from
other doors. This focus may have also changed the diversity of ac-
tions that an elephant performed when interacting with the box
such that they were not attempting as many different actions as
animals may exhibit when the only option to retrieve food is a
previously unsolved door (as in Daniels et al., 2019; Johnson-Ulrich
et al,, 2018). Therefore, our apparatus design and protocol, which
were tied to the constraints of testing elephants in the wild, may
explain why EDS was not significantly associated with innovation



236 S. L. Jacobson et al. / Animal Behaviour 205 (2023) 227—239

score in this analysis, contrary to the positive relationship observed
in other studies with the standard apparatus design (e.g. Daniels
et al.,, 2019; Johnson-Ulrich et al., 2018; Williams et al., 2021).
While we believe it is important to test cognition in Asian ele-
phants in the wild, we recognize that our lack of control in some
aspects of this study also could have influenced the results. In-
dividuals did not always have equal experience with the puzzle box,
as some may have encountered it freshly baited and others when
conspecifics had already opened doors. We attempted to create
measures that accounted for this variability and we analysed
different subsets of these data for this reason, but those variable
experiences could still have impacted our results. In addition, many
elephants appeared to be motivated by the food reward, even
though it is a small part of their daily food intake, but there were
likely many other competing motivations in the wild. For example,
vocalizations by a nearby group of elephants or the sexual state of
either the subject or surrounding elephants may have influenced
whether an individual consistently interacted with or even visited
the puzzle box. Unlike in the zoo study, elephants were completely
free to engage with other individuals at any time. We were also
unfortunately not able to control for olfactory cues from other el-
ephants on the surface of the box due to the difficulty of removing
any trace of elephant scent in the field. In any case, solved doors
could not be ‘re-solved’ by elephants arriving later (but prior to any
rebaiting by the experimenters), and thus we do not suspect that
odour cues from other elephants had a significant impact on late-
arriving elephants' tendencies to solve other doors. It is possible
that elephants that initially encountered an already-solved box
were less likely to interact with it in subsequent visits due to their
initial unrewarded experience, however, we believe that the pres-
ence of the food reward would override this possibility.
Information about variation in innovative ability and associated
traits in Asian elephants is important not only for comparisons of
innovation across species, but also for the development of novel
conservation strategies. Innovation is a cognitive ability that can
allow an individual to adapt quickly to novel environments
(Lefebvre et al., 2004). In rapidly changing anthropogenic land-
scapes, behavioural flexibility is an adaptive strategy for navigating
human-dominated landscapes and obtaining alternative food
sources (Barrett et al., 2018). While learning to forage on agricul-
tural crops may be beneficial for elephants' survival and repro-
duction, it also leads to increased negative interactions between
farmers and wildlife. This conflict can result in injuries or death for
both people and elephants and negatively affects people's liveli-
hoods (Fernando et al., 2008). This consequently leads to a drop in
people's support for conservation efforts (Barua et al., 2013; Shaffer
et al., 2019). We aim to expand our puzzle box study to other lo-
cations inside and on the periphery of Salakpra to compare inno-
vation in individuals that spend time in both human-dominated
and protected landscapes. This comparison will contribute to one of
our long-term applied research goals of identifying characteristics
that relate to an elephant's likelihood of foraging in crops and
overcoming the barriers erected to keep them out. It is possible that
innovation will vary based on the level of risk each location exhibits
and that elephants with particular personality or cognitive profiles
will be more likely to engage in human—elephant conflict (Plotnik
& Jacobson, 2022). This would have important implications for both
our understanding of how innovative abilities impact wildlife de-
cision making in anthropogenic landscapes, as well as for the
development of conservation strategies that take wildlife behav-
iour, cognition and personality at the individual rather than the
population level into consideration. Conducting cognitive studies in
a wild environment is challenging. However, it provides the best
opportunity for both maximizing ecological validity when investi-
gating a species' behavioural and cognitive flexibility and for

demonstrating the importance of the field of animal cognition to
wildlife conservation.
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Appendix

Table A1
Ethogram of the possible behaviours and body parts used by the elephants in their interactions with the box
Behaviour Possible body part used Definition
Pushing (1) Trunk middle, (2) trunk base, (3) head, Touching with visible pressure on box surface, typically accompanied by a swift approach and/or a noisy
(4) body, (5) foot impact
Rubbing (1) Trunk tip, (2) trunk middle, (3) trunk  Directed pressure moving in one direction across half of the width or the height of the box; continuous,

base, (4) head, (5) body
Investigation Not specified

repetitive back-and-forth pressure on the box

Using trunk tip to investigate surface of the box using a variety of pressure

Releasing air audibly from the trunk when interacting with box

Using trunk to curl around or using trunk tip to grip an extended feature of the box

Extending trunk over the top of the box to the other side and can include trunk pressure down onto the

surface of the box and pulling towards the elephant

Blowing Not specified
Grasping Not specified
Reaching Not specified
Mouthing Not specified

Using open mouth or tongue to apply pressure on the surface of the box

Pulling Not specified Elephant moves trunk inwards towards itself and/or downward while grasping chain
Interaction with Not specified Time from when individual first contacts the box until contact stops for at least 5 s
the box

Table A2

Parameter estimates for the binary logistic regression model® of elephants interacting with the puzzle box when first exposed to the box
Fixed effect Estimate SE 0Odds ratio 0Odds ratio 95% Cls z P
Intercept -1.17 0.76 0.31 0.06, 1.30 -1.53 0.13
Sex (male) 0.72 0.78 2.06 0.47,11.16 0.93 0.35
Age class (subadult) 0.23 0.51 1.26 0.46, 3.42 0.46 0.65
Group (yes) 0.49 0.78 1.63 0.37,8.72 0.62 0.53

ClIs: confidence intervals.

3 N =77, df = 76, McFadden's R? = 0.01. Reference category: sex = female; age class = adult; group = not in a group.

Table A3

Parameter estimates for the binomial logistic regression model® of success for elephants’ first interactions with the puzzle box
Fixed effect Estimate SE 0Odds ratio 0Odds ratio 95% Cls z P
Intercept —1.86 0.89 0.16 0.02, 0.76 —2.10 0.04
Neophilia 0.005 0.01 1.00 0.99, 1.02 0.66 0.51
Sex (male) 0.16 0.66 1.17 0.34, 4.72 0.24 0.81
Age class (subadult) -1.04 0.60 0.35 0.09, 1.07 -1.72 0.09
Unopened box (yes) 0.61 0.83 1.84 0.42,13.02 0.73 0.46

CIs: confidence intervals. Significant results are shown in bold (P < 0.05).

3 N = 44, df = 39, McFadden's R? = 0.05. Reference category: sex = female; age class = adult; unopened box = no.
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Table A4
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Parameter estimates for Cox's proportional hazards models® of solving latency for push doors (Nsoves = 65, Nelephant = 15), pull doors (Nsoives = 84, Nelephant = 20) and slide

doors (Nsolves = 751 Nelephant = ]8)

Model Fixed effect Estimate SE Hazard ratio Hazard ratio 95% Cls z P
Push door solving latency Interaction number 0.09 0.06 1.09 0.97,1.23 141 0.16
Sex (male) -0.70 0.74 0.50 0.12, 2.12 -0.94 0.35
Age class (subadult) -1.47 1.23 0.23 0.02, 2.53 -1.20 0.23
Pull door solving latency Interaction number -0.27 0.21 0.76 0.51,1.14 -1.32 0.19
Sex (male) -0.24 1.31 0.79 0.06, 10.19 -0.18 0.85
Age class (subadult) 0.86 1.58 2.35 0.11, 52.21 0.54 0.59
Slide door solving latency Interaction number -0.10 0.14 0.90 0.68, 1.19 -0.73 0.47
Sex (male) 0.79 1.19 2.20 0.21, 22.85 0.66 0.51

ClIs: confidence intervals.

2 The hazard ratio shows the proportional change in response to a unit change in interaction number or a change from the reference category (sex = female; age

class = adult).

Table A5

Parameter estimates for Poisson regression model® of elephants’ exploratory diversity scores across multiple interactions
Fixed effect Estimate SE 0Odds ratio Odds ratio 95% Cls z P
Intercept 113 0.12 3.10 245, 3.94 9.35 <0.001
Interaction number 0.02 0.03 1.02 0.96, 1.07 0.58 0.56

CIs: confidence intervals. Significant results are shown in bold (P < 0.05).
4 N=90.

Table A6

Parameter estimates for Poisson regression model® of overall innovation score for each elephant
Fixed effect Estimate SE 0Odds ratio 0Odds ratio 95% Cls z P
Intercept 0.03 0.51 1.04 0.31,2.48 0.07 0.95
Sex (male) 0.40 0.53 1.49 0.59, 5.01 0.75 0.45
Age class (subadult) -1.24 0.53 0.29 0.09, 0.73 -2.34 0.02

CIs: confidence intervals. Significant results are shown in bold (P < 0.05).
2 N = 35, Reference category: sex = female; age class = adult.
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