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Abstract

Innovative behavior is considered one of the main factors facilitating the adaptation of animals to urban life. However, the
relationship between urbanization and innovativeness is equivocal, perhaps reflecting aspects of urban environments that
influence differently the behavioural traits underlying the occurrence of an innovation. In this work, we analysed the vari-
ation in innovative problem-solving performance between urban and rural individuals of the Caracara Chimango (Milvago
chimango), with the goal of determining which behavioural trait (or combination) most explained such variation. We found
that urban raptors outperformed rural ones in their solving speed and solving level (number of solutions) with a multiac-
cess box. They also showed more persistence, motor flexibility and diversity, as well as higher effectiveness in their solving
attempts than rural chimangos. Sex was not an important factor. Urban chimangos showed less neophobia and spent more time
exploring the box than rural birds during the initial habituation period, which probably determined the amount of information
about the system that each individual had at the beginning of first problem solving trial. This difference in novelty response
both directly and indirectly, through its relationship with persistence, motor flexibility and proportion of effective attempts,
explained variability in solving performance. All individuals showed a decrease in solving latency, and an increase in solving
level with experience, indicating that learning occurred in both raptor groups. This improvement occurred in parallel with
changes in the afore-mentioned traits, though the pattern of improvement differed between urban and rural chimangos. We
suggest that the characteristics of urban areas modulate the novelty response of chimangos, along with other correlated non-
cognitive behavioural traits, which act in combination to increase the chances that novel problems could be quickly solved,
and the resulting new behaviours established in city populations of this species.
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Introduction

Behavioural innovation, defined as the process that results in
the invention of new behaviours, or the use of pre-existing
ones in novel contexts (Reader and Laland 2003), is con-
sidered an expression of behavioural flexibility and, so, is
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a rich source of phenotypic plasticity in animals (Sol et al.
2005; Lefebvre 2011). This process is assumed to be a fun-
damental attribute facilitating animals’ adjustment to novel
or changing environments (Griffin and Guez 2014; Reader
et al. 2016; Griffin 2016), allowing the invasion of new habi-
tats, the exploitation of novel resources, and coping with
rapid habitat modifications (Reader and Laland 2003; Ram-
sey et al. 2007). When innovating, animals may enter novel
selection landscapes which can, in turn, generate new inno-
vation opportunities, thus enhancing the probability of adap-
tive radiation (West-Eberhard 2003). The ability to innovate
has also been linked to reproductive life-history variation
and competitive ability (Cole and Quinn 2011; Cole et al.
2012; Cauchard et al. 2013), and thus may have important
fitness implications.

Since innovations cannot be easily observed in nature,
their study requires an experimental condition that allows
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animals to express their potential to innovate. In this sense,
the novel problem-solving paradigm (or innovative prob-
lem-solving) provides an ecologically meaningful assay
for measuring the natural proclivity of animals to innovate
(Griffin and Guez 2014). Typically, this test involves present-
ing individuals with an extractive foraging task that needs
to be solved to reach a food reward, though also individu-
als may be required to interact with objects to gain access
to others rewards, such as their nest and chicks (Cauchard
et al 2013). Innovative problem-solving tasks have enabled
a thorough investigation of the mechanisms and factors that
contribute to interindividual variation in innovation propen-
sity (reviewed in Griffin and Guez 2014, 2016).

An important source of interindividual variability in inno-
vative problem-solving is the environment. In this sense, the
benefits of innovative behaviours may vary between habitat
types, and selection may favour an innovative phenotype in
relatively challenging environments more strongly. In this
context, the ability to innovate, along with the behavioural
traits that promote innovativeness, such as low neophobia
and high exploratory behaviour, are considered key attrib-
utes associated with the successful adjustment of animals
to urbanization (Sol et al. 2013, 2020; Griffin 2016). This
is because urban animals are exposed to several novel or
variable stimuli, such as fragmented landscapes, noise
and light pollution, disturbance by domestic animals and
humans, and novel food (e.g., food inside human-made
packages), or novel sources of it (e.g., garbage) (Sol et al.
2013, 2020). Indeed, individuals from more urbanized habi-
tats were found to be more successful in solving innovative
problem-solving tasks in several avian species (Liker and
Bokony 2009; Sol et al. 2011; Audet et al. 2016; Kozlovsky
et al. 2017). Still, the relationship between urbanization and
innovativeness is equivocal and can be context and species
specific (Griffin et al. 2017), perhaps reflecting aspects of
urban environments that could differentially influence the
behavioural traits underlying innovation.

In this context, several studies have been performed with
the objective to elucidate whether interindividual differences
in problem-solving performance are related to cognitive or
motor skills, a particular motivational state, the way ani-
mals deal with novel situations, or a combination of all these
characteristics. For instance, Sol et al. (2012) showed that
in common mynas the proximal factors that determine inno-
vation included both personality traits, such as neophobia,
and more state-dependent variable effects, such as motiva-
tion. Similarly, van Horik and Madden (2016) working with
pheasant chicks, observed that problem solving success was
mediated by differences between individuals in their laten-
cies to interact with the test apparatus, and not by variation
in cognitive abilities. Another factor with a central role in
the innovation process is the diversity in the species’ motor
repertoire (Greenberg 2003; Griffin et al. 2014; Tebbich
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et al. 2016). A more diverse motor repertoire can result in a
greater diversity of ways that a physical problem could be
handled, which, in turn, could increase the chance that a suc-
cessful interaction, one that would lead to the solution of the
problem, will occur. Indeed, several works in both mammals
and birds have demonstrated that variation in motor diver-
sity is central to explaining why some individuals are more
likely to innovate than others (Benson-Amram and Hole-
kamp 2012; Thornton and Samson 2012; Griffin et al. 2014;
see other references in Guez and Griffin 2016). Recently, a
study comparing several bird species in field experiments,
revealed that a more balanced distribution of expression of
motor actions was more important to innovative foraging
than was the total number of motor actions (Diquelou et al.
2016; Guez and Griffin 2016).

Moreover, persistence, a measure of task-directed engage-
ment, can also accelerate solving speed. That is, a more per-
sistent interaction with a specific problem (i.e., novel food
container) would increase an animal’s chances of finding
a way to solve it. Persistence is a personality trait, which
is considered closely related to explorative behaviour (as
part of the same behavioural syndrome) in non-human ani-
mals (Massen et al. 2013). It has been measured in diverse
ways, such as the time an individual spends trying to solve
the problem of reaching a desired reward (work time, e.g.,
in hyaenas: Benson-Amram and Holekamp 2012; Benson-
Amram et al. 2013; and racoons: Daniels et al. 2019); the
number of times individuals contact the test apparatus (Sol
et al 2011), or the rate of contacts (e.g., in chimango cara-
caras: Biondi et al. 2010, and grey squirrels: Chow et al.
2016). Moreover, some researchers have used the contacting
time or the number of contacts made with the functional
or relevant parts of the test apparatus (i.e., areas with lids)
divided by the total contacting time or the total number of
contacts made, respectively, during the problem-solving test
(e.g., great tits: Cauchard et al. 2013, meerkats: Thornton
and Samson 2012). This last way to measure persistence
may also reflect the effectivity of the individuals’ solving
attempts, highlighting the difference between an animal
being persistent with the right behavioural actions and being
just persistent, sometimes in an inaccurate way (Chow et al
2016).

The Chimango Caracara, Milvago chimango (hereaf-
ter chimango) is a small/medium (250-350 g) Neotropi-
cal raptor that lives in a wide range of habitats, usually
associated with diverse anthropic activities (White et al.
1994; Ferguson-Lees and Christie 2001). It is a highly
opportunistic and generalist bird, preying on arthropods,
small mammals, birds, reptiles, amphibians and carrion
(Biondi et al. 2005). In urban settings, it feeds mainly on
urban prey and anthropogenic organic waste (White et al.
1994; Biondi et al. 2008). Previous studies performed with
this species revealed a remarkable capacity for solving
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a novel extractive feeding problem and transmitting this
ability to conspecifics via social learning. This species has
also been shown to have a high tendency to explore and
play with novel objects without an immediate food reward,
and low neophobia compared to other generalist bird spe-
cies (Biondi et al. 2008, 2010, 2013, 2015; Guido et al.
2017). All of these traits reflect the characteristic behav-
ioural plasticity of this species. Moreover, this is the only
raptor species whose abundance is positively associated
with the level of anthropogenic disturbance in Argentina
(Carrete et al. 2009), a trend also observed for other gener-
alist raptors in Latin American cities (Ferrer-Sanchez and
Rodriguez-Estrella 2015). Recently, the novel problem-
solving capacity of chimangos has been compared between
periurban and rural areas (Solaro and Sarasola 2019). As
was expected for a highly generalist species, these authors
observed higher problem-solving success in periurban
birds. However, innovative problem-solving ability is a
composite trait driven by a range of diverse behavioural
characteristics, so to understand why this difference occurs
we need experimental studies to unpack the behavioural
traits underlying innovation and problem-solving, evalu-
ate how the characteristics of urban habitats influence the
expression of these traits, and examine the resulting effect
on the innovative problem-solving capacity of this raptor
species.

Here, we explore the influence of neophobia, exploratory
behaviour, persistence, and motor diversity and flexibility on
the interindividual and temporal variation in the innovative
problem-solving performance, of chimangos from two areas
with contrasting urbanization levels. In a recent study, we
have already observed that chimangos from the city were
less neophobic and showed higher exploratory behavior and
boldness than rural chimangos (Biondi et al. 2020). These
findings lead us to predict an effect of urbanization on
problem-solving capacity mediated by the neophobia level
and exploratory behavior of individuals. Furthermore, we
expect to find higher solving persistence in urban than rural
birds, as urban areas are associated with high exploratory
behavior, low predatory risk and high tolerance to human
disturbances, which could promote a more exploratory and
persistent behavior toward a novel problem. Moreover, con-
sidering that urban chimangos in particular, may frequently
contact and manipulate different non-natural objects, such
as garbage bags or man-made food packages, when look-
ing for food (Biondi et al. 2015), we could expect a high
flexibility in their motor actions. That is, urban birds may
use a greater diversity of different behavioural techniques
during the exploration of novel situations, but also switch
these techniques more frequently. Consequently, as is the
case for neophobia and exploration, the predicted higher per-
sistence and motor skills in urban birds, compared to rural
conspecifics, can also underline the possible differences in

the innovative problem-solving performance between chi-
mangos of these two habitats.

Methods

The study area corresponded to urban and rural habitats in
the southwestern Pampas region of Argentina. The urban
habitat was represented by capture sites within Mar del
Plata City, the largest coastal city of Argentina, hold-
ing > 619,000 inhabitants throughout the year, and receiv-
ing c. 3 million tourists during the summer (EMTUR,
2016). The rural habitat corresponded to two private lands
with agriculture and livestock activities, located approxi-
mately 30 km north from Mar del Plata city. Twenty-four
adult individuals of M. chimango were captured (12 from
the city and 12 from rural areas) with baited walk-in traps
(Bloom 1987) between May and July of 2017 (non-breed-
ing period). Birds were weighed, and a blood sample was
taken from the brachial vein to perform molecular sexing
(Fridolfsson and Ellegren 1999), analysis that resulted in
8 females and 4 males from both urban and rural habitats.
Immediately after capture, birds were housed in individual
outdoor aviaries (1.5x 1.5x 1.2 m) following housing and
care conditions described by Bloom (1987) and Aprile and
Bertonatti (1996). Aviaries were visually isolated from one
another by black synthetic fabric, ensuring that individuals
performed on their own, without social influences (Biondi
et al. 2008, 2010). Birds were given at least a 5-day period
to become acclimated to captivity and to the continuous
presence of the researcher in charge of the experiments.
During this period, we fed the birds once a day between
9 and 10 am from a dish containing beef meat, and pro-
vided water ad libitum. Individuals were considered to
have acclimated to captivity when they were comfortable
enough to feed shortly after food presentation (Biondi
et al. 2008, 2010), a period that ranged from 3 to 5 days
for the individuals tested in this study. During all tests
the subjects were video-recorded with a Sony Hdr-cx440
camcorder placed at 10 m from the aviaries. Videos were
analysed by continuous recording by GF. At the end of the
experiments, all individuals were identified with a plas-
tic ring on their tarsus and then released at their capture
sites at the end of the experimental tests. In this way, we
prevented the use of the same individuals in subsequent
experimental bouts. The captivity period was not longer
than 12 days (range: 9-12).

Problem-solving test

All trials were conducted between 9 to 11 am, and we
altered the order of the individual tested between trials.
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Test subjects were presented with a Plexiglass box filled
with small pieces of beef (5 g each), placed in a central
spot of the aviary. The orientation of the box’s sides with
respect to the location of the perches was kept consistent,
during all trials. This same apparatus and experimental
protocol were already published in Biondi et al. (2008,
2010). Briefly, the box has four isolated sections contain-
ing pieces of food. Each section can be opened by lifting,
pushing, pulling or sliding the lids, respectively (Fig. 1).
To habituate the subjects to the experimental apparatus
before the test and simultaneously record their initial reac-
tions to the novel test apparatus (i.e., neophobia, explora-
tion), we first presented the box with all the lids open and
the food accessible during a single 15-min trial (initial
exploratory period or D0). During this trial we recorded
the feeding latency as the time elapsed from the box pres-
entation until the bird first retrieved a piece of food. This
latency represented a measure of neophobia to the box
(Biondi et al. 2010). We also recorded the number of food
pieces extracted from the test apparatus and the explora-
tion time, as the time each individual spent exploring the
box. We considered that individuals were exploring the
box when they contacted it or closely looked inside it (less
than 5 cm from the box). This activity could last even after
the bird consumed all of the available pieces of food.
Twenty-four hours after this habituation trial, and for five
consecutive days (D1-D5), each bird was presented with the
closed box loaded with food, for one 15-min trial per day.
The first trial with the box closed (D1) was considered to
be the innovative problem-solving test per se. We included
four additional trials to evaluate the repetition of the innova-
tive behaviour, the possible improvement in the solving per-
formance with experience (i.e., learning), and the possible
change in the influence of variables considered as potential
mechanisms of innovation. During each of these five trials,
we recorded the contact and solving latency, as well as the
number of box-lids opened (hereafter named solving level).
We measured contact latency as the time elapsed from the

Fig. 1 Diagram of the clear
Plexiglas box used for the
innovative problem-solving test.
Black dots represent the pieces

box presentation until the first contact of the box by the indi-
vidual, and solving latency as the time from this first contact
to access to the first piece of food. For those individuals that
did not contact the box, or they contacted it but did not suc-
cessfully open and feed from the box within an experimental
session, we recorded a latency of 15 min (scored in seconds).
We used two measurements of persistence. The first was the
rate of attempts in which an “attempt” was defined as the
action of contacting one section of the box with the beak,
talons or both. When subjects stopped making contact with
the box for at least 10 s or switch to another section of the
box, the attempt was considered finished. Thus, an attempt
could involve a single motor technique (e.g., peck the box
once and then stop for more than 10 s, or switch to another
box area), the continuous repetition of the same motor tech-
nique (e.g., peck an area of the box in a persistent manner),
or a sum of two or more techniques (e.g., pecking and grasp-
ing or kicking). Then, to calculate the rate, we divided the
number of attempts by the time elapsed between the first box
contact and the first lid opening. This measurement was used
as an explanatory variable of the first lid solving latency. In
addition, we recorded a second persistence measurement,
the work time, which was used as an explanatory variable of
the solving level reached during the whole trial. This vari-
able was represented by the total time devoted to physically
exploring the box, excluding the periods when birds ate the
meat after a successful opening, or when they stopped con-
tacting the box and flew up to the perch or walked away from
the test apparatus.

Moreover, we calculated the proportion of effective
attempts, as the number of attempts made on the lids,
divided by the total number of attempts (towards any part
of the box) in each trial. This calculation was made for
the whole trial (total), and before the first lid opening
(initial). We also registered all clearly identified motor
techniques used during the opening attempts (Table 6).
From these techniques we used the number of different
techniques exhibited during each trial as a measurement

of meat given to the subjects in

each experimental test, and the
arrows indicate the principal !
movement direction necessary <= i
to open each box lid

) e — .

: : ? ra—
: : . o
1 ' ! b
, , ¢

i ' ! :*n
-~ : .',:,'.‘
|~ - - - . ' .
: ]
s
' i . 5
------- Bt e i i i g A e
= u=p Centimeters
0 2

@ Springer



Animal Cognition (2022) 25:529-543

533

of motor diversity, and the changes in techniques before
individuals opened a lid (or until the session was over) as
motor flexibility. As with persistence, motor flexibility was
calculated before the first-lid opening, in which case we
divided it by the time until first solving (or the individual
gives up the task) and, also, for the whole trial (total) in
which case we use the total number of technique changes
recorded from the beginning of a trial. All time-related
variables were scored in seconds, and all values are pre-
sented as mean + SE,

Data analysis
Univariate models for DO and D1

Since all latency variables were capped at 900 s when an
individual did not contact or solve the problem, these values
were treated as censored data; that is, data coming from an
individual for which a desired event (in our case the con-
tact or solving of the box) was not recorded within the trial
period (e.g., Sol et al. 2011). Consequently, we used Cox
Proportional Hazards Models to evaluate the effect of habitat
and sex, as well as their interaction, on feeding latency dur-
ing DO and contact and solving latencies during D1 (coxph
function of survival R package, Therneau 2000). We evalu-
ated the validity of these models’ assumptions, using the
function cox.zph in the survival package, and ggcoxdiagnos-
tics in survminer package. In the case of solving level, we
considered the number of lids opened as an ordinal variable
(0, 1, 2, or 3), and to analyse these data from D1 we applied
a Cumulative Link Model (CLM) (cI/m function of ordinal
R package, Christensen 2018) with habitat type and sex, as
well as its interaction, as explanatory variables. For the rest
of the variables (initial attempts rate, motor flexibility and
diversity, proportion of effective attempts and working time)
we used the Shapiro-test to evaluate normality of the data,
and Levene's test of equality of variances. Then, to analyse
the effect of habitat type and sex on these parameters, we
performed General or Generalized Linear Models (LM or
GLM), according to its normality or lack of it, respectively.

Univariate models for variation across trials

To evaluate the effect of test repetition on the behavioural
variables studied here, we run mixed models with trial as
numeric variable, individual identity as random factor and
habitat type nested with trial to obtain a separate analysis
for rural and urban chimangos. For contact and solving
latency, we used Cox proportional hazards mixed models
(coxme function of coxme R package, Therneau et al. 2003);
in the case of solving level, we used a Cumulative Mixed

Link Model (CLMM) (clmm function of ordinal R package,
Christensen 2018); and Generalized Mixed Linear Models
(GLMM), for the rest of the variables.

Multivariate models

To infer causal relationships between neophobia, exploration,
persistence, motor flexibility and effective solving attempts
with the innovative problem-solving performance variables
during D1, we fitted a structural equation model for both the
solving latency and solving level as the response variables
using the R package “piecewiseSEM” (Lefcheck 2016). With
this procedure, SEMs are built using a list of structured equa-
tions (or causal paths), which can be specified using most com-
mon linear modelling functions in R, and thus can accom-
modate non-normal distributions, hierarchical structures and
different estimation procedures (Lefcheck 2016). We tested the
overall fit of the piecewise SEMs using the Shipley test of d
separation (Shipley 2009), which validates important missing
paths that are not included. The combined probabilities of all
the paths are compared with a Chi-square distribution with
2 k degrees of freedom (i.e., number of independent claims).
If the resulting Fisher’s C value is unlikely to have occurred by
chance (P <0.05), then the SEM model is rejected, because it
does not have a good fit to the data (Shipley 2009; Lefcheck
2016). In each SEM, we included neophobia and exploration
time as exogenous variables, motor flexibility, persistence, and
proportion of effective attempts as intermediate variables, and
the solving latency or solving level as each end point (endog-
enous variable) (Fig. 4). We did not include motor diversity
due to its significantly high correlation with motor flexibility in
both rural (r=0.98, p<0.001) and urban chimangos (r=0.91,
p<0.001). As the piecewiseSEM package does not support
CLM or Survival models, in the case of the path including
solving latency, we transformed this variable with base 10
logarithm and applied a LM with Gaussian distribution. In
addition, in the case of the path with solving level as response
variable we analysed this path using a GLM with Poisson
distribution family. We report the marginal R2 for the fixed
effects included in each piecewiseSEM analysis. It was not
possible to calculate standardized path coefficients for general-
ized linear models with Poisson distributed response variables
(causal path including solving level as response). For the rest
we showed both the unstandardized and standardized estimates
of each individual path. In addition, we tested whether habitat
type had contrasting effects by comparing a multigroup SEM
with an overall model (Shipley 2002). With this approach, we
could test for the habitat effects both on the entire model and
on each causal path independently (Shipley 2002).
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Table 1 Results from lineal models analysing the effect of habitat,
sex and its interaction on the behavioural variables registered during
DO

Feeding latency z P
Habitat 2.7 <0.001
Sex 0.2 0.865
Habitat*sex 0.3 0.747
Exploration time t p
Habitat 2.6 <0.001
Sex 04 0.706
Habitat*sex -03 0.727
Results

Habituation trial (DO)

During DO, all but three rural individuals (2 females, 1 male)
obtained at least one piece of meat from the plexiglass box
during the 15-min trial. Individuals that did not feed from
the box did not even approach and make contact with the
test apparatus during the habituation trial. On average, urban
birds showed a lower feeding latency (153.5+33.0 s) than
rural chimangos (557.5+91.7 s) (Table 1). Neither sex nor
its interaction with habitat type resulted statistically signifi-
cant (Table 1). All urban subjects obtained the four pieces
of meat from the box. Rural birds, however, obtained an
average of 2.1 +0.5 pieces during D0. The time devoted to
exploring the box was higher in urban (258.6 +19.5 s) com-
pared to rural birds (107.1 +28.9 s) (Table1). We didn’t find
an effect of sex or its interaction with habitat on this variable
during DO (Table 1).

Innovative problem-solving trial (D1)

During the first day with the lids closed, all but three
rural birds contacted the box at least once. The contact
latency was higher in rural (316.5+113.7 s) than in urban

Table 2 Results of the Cox’s proportional hazards model analysing
the effect of habitat, sex and its interaction on contact and solving
latency during D1. Exponentially transformed parameter estimates

raptors (88.8 +27.4 s) (Table 2). After this first contact,
all urban and five rural chimangos opened the test appa-
ratus and obtained at least one piece of food. The solving
latency was higher in rural (641.36+99.3 s) than in urban
birds (122.1+30.9 s) (Table 2). The rate of attempts was
higher in urban (0.16 +0.05) compared to rural chiman-
gos (0.04 +£0.01) (Table 3). The first-lid motor flexibility
did not differ between urban (0.05 + 0.03) and rural birds
(0.02+£0.01) (Table 3). However, we found a significant
difference between habitats regarding the proportion of
effective attempts made by the chimangos before the first
lid opening. This value was lower in rural birds (0.4+0.1)
compared to urban raptors (0.7 +0.1) (Table 3).

When analysing variables measured over the full dura-
tion of D1, we found a significant effect of habitat type, but
not sex or their interaction (Table 3). Urban raptors opened
more lids, reaching a higher solving level during D1, than
rural birds (3.1+0.3 and 1.1+ 0.4, respectively). The work
time was also higher in urban (553.7 +62.5 s) compared to
rural birds (165.1 £43.9 s). Moreover, rural birds showed a
lower value of the proportion of effective attempts (0.3 +0.1)
compared to urban birds (0.8 +£0.03). Finally, we observed
that total diversity and motor flexibility were higher in urban
chimangos (3.5+0.3 and 16 + 1.8, respectively) compared
with rural birds (1.5+0.4 and 5.4 + 2.1, respectively).

As sex was not an important factor explaining the vari-
ation in any of the behavioural variables recorded during
DO or D1, and taking into account the low representation
of males in the sample data from the two habitats, we opted
not to include this factor in the remaining analysis to avoid
an unnecessary decrease in the robustness of our models.

Direct and indirect effects on problem-solving
performance

Since neophobia and exploration time during DO were
highly correlated (r=0.91, p<0.001), we performed a
principal component analysis from which we extracted
the first component (which explained 92.7% of the total

(e®) show the proportional change in hazard ratio in response to unit
change of predictors

Contact latency b+se z P e’ [95% CI]
Habitat 1.94+0.68 2.84 0.005 6.97 1.83-26.60
Sex 0.40+0.74 0.54 0.590 1.49 0.35-6.40
Habitat*sex 0.21+1.02 0.21 0.836 1.23 0.17-9.05
Solving latency b+se z p e” [95% CI]
Habitat 2.65+091 2.93 0.003 14.22 2.4-84.06
Sex 1.09+0.91 1.20 0.232 2.99 0.50-17.94
Habitat*sex —1.26+1.12 —1.12 0.261 0.28 0.03-2.55
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Table 3 Results from lineal models analysing the effect of habitat,
sex and its interaction on the non-latency variables registered during
D1

Before first-lid opening variables

Attempts rate T 14

Habitat 2.67 0.016
Sex 0.92 0.372
Habitat*sex —1.55 0.138
Motor flexibility t P

Habitat 1.55 0.137
Sex 1.06 0.303
Habitat*sex - 1.40 0.177
Effective attempts t p

Habitat 3.01 0.008
Sex 1.14 0.269
Habitat*sex -1.17 0.256

Whole trial variables

Solving level z p

Habitat 2.76 0.006
Sex 1.02 0.310
Habitat*sex 0.38 0.705
Work time t p

Habitat 3.60 0.002
Sex 0.32 0.749
Habitat*sex 0.02 0.987
Motor flexibility t p

Habitat 2.58 0.019
Sex 0.15 0.882
Habitat*sex 0.86 0.401
Motor diversity t p

Habitat 2.70 0.015
Sex 0.43 0.671
Habitat*sex 0.51 0.617
Effective attempts t p

Habitat 3.99 0.001
Sex 0.77 0.453
Habitat*sex 0.15 0.882

variance) and used it as a combined variable (henceforth
termed the neo-exp variable) in further analyses. Nega-
tive (and lower) values of this variable reflect individuals
with lower neophobia and higher exploration times than
those with more positive values. Global piecewise SEMs
performed in relation to the two solving performance vari-
ables showed a good fit (psem1 [solving latency]: Fisher's

C=0.233, p=0.89, AIC: 30.2; psem2 [solving level]:
Fisher's C=0.38, p=0.827, AIC: 32.3). As the Fisher’s
C values cannot be computed in a saturated model, we
omitted the path connecting persistence (rate of attempts
and working time) with the two solving performance vari-
ables. These missing paths were non-significant in both
cases (solving latency ~rate of attempts: p=0.890; solving
level ~ working time: p =0.699). The multigroup analysis
of these two models showed differences in some of the
paths between rural and urban chimangos (Table 4). Thus,
according to the psem1, in urban birds the solving latency
was directly and positively influenced by the neo-exp vari-
able and negatively influenced by the first-lid proportion of
effective attempts (Table 4a, Fig. 2a). The first-lid propor-
tion of effective attempts was, in turn, related negatively to
the neo-exp variable (Table 4a, Fig. 2a.). Both first-lid rate
of attempts and motor flexibility had not effect (direct or
indirect) on solving latency during D1 in chimangos from
the city (Fig. 2a, Table 4a). Rate of attempts was nega-
tively influenced by neo-exp and showed a positive effect
on motor flexibility. In rural birds, motor flexibility and
the neo-exp variable had a direct effect on solving latency
(Table 4a, Fig. 2a.), with the rest of the paths in the model
being similar to those of urban chimangos.

According to the psem2, solving level was directly and
positively affected by the total proportion of effective
attempts in both urban and rural individuals (Table 4b,
Fig. 2b). This proportion of effective attempts had a
positive relationship with total motor flexibility and a
negative one with the neo-exp variable. In turn, motor
flexibility was affected positively by work and work time
was negatively related to neo-exp. In rural birds, the only
difference with urban chimangos was found in the rela-
tionship between the total proportion of effective attempts
and working time, which was positive and significant
for this group, whereas in urban birds this relation was
clearly non-significant. Otherwise, the significant paths
in the model remained the same for urban and rural chi-
mangos (Table 4b, Fig. 2b).

Problem-solving repetition phase

All individuals decreased their latency to contact the box
and open the first lid across trials (Table 5, Fig. 3). Moreo-
ver, the rate of attempts recorded before the first lid opening
increased in both urban and rural raptors, though it only
showed significant variation in urban chimangos (Table 5).
The initial proportion of effective attempts increased across
days in raptors from the two habitats. In addition, the initial
motor flexibility increased with time in rural individuals,
though for urban chimangos this variable decreased across
successive presentations of the box (Table 5, Fig. 3).
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Table 4 Results from the piecewiseSEM

a) RURAL URBAN
Response Predictor B SE P Std. B B SE P Std. B
Attempts rate Neo-exp —0.08 0.02 0.003 - 1.5 —0.08 0.02 0.003 —-0.21
Motor flexibility Neo-exp —-0.01 0.01 0.873 —-0.03 0.00 0.01 0.873 —0.01
Motor flexibility Attempts rate 0.32 0.08 0.001 0.37 0.32 0.08 0.001 0.78
Effective attempts Neo-exp —-0.28 0.05 0.001 -0.77 —-0.28 0.05 0.001 —-0.52
Effective attempts Motor flexibility 1.71 1.07 0.129 0.22 1.71 1.07 0.129 0.49
Effective attempts Attempts rate —0.61 0.49 0.230 —-0.09 —0.61 0.49 0.23 —-0.43
Solving latency Effective attempts ~ 0.38 0.35 0.319 0.19 - 1.01 0.35 0.025 —-0.62
Solving latency Motor flexibility -5 2.03 0.001 —-0.75 —-0.99 0.98 0.345 —-0.18
Solving latency Neo-exp 0.27 0.1 0.016 0.38 0.27 0.1 0.016 0.31
b) RURAL URBAN
Response Predictor B SE p Std. B B SE P Std. B
Working time Neo-exp -022 0.04 0.001 - 1.10 -0.22 0.04 0.001 —-043
Motor flexibility ~ Neo-exp -043 038 0.005 - 0.57 - 043 0.38 0.005 -0.33
Motor flexibility ~ Working time 11.54 4.69 0.024 0.30 11.54 4.69 0.024 0.45
Effective attempts Motor flexibility 0.01 0.01 0.029 0.38 0.01 0.01 0.029 0.68
Effective attempts Neo-exp -0.15 0.04 0.003 -0.52 —-0.15 0.04 0.003 —-0.53
Effective attempts Working time 0.87 0.29 0.020 0.61 —-0.14 0.13 0.301 —-0.27
Solving level Effective 3.21 1.56 0.029 - 3.21 1.56 0.029 -
attempts
Solving level Neo-exp 0.02 0.36 0.961 - 0.02 0.36 0.961 -
Solving level Working time -0.16 0.72 0.827 - —-0.16 0.72 0.827 -

Analysing the direct and indirect effect of novelty reaction to the box (neo-exp variable), persistence, motor flexibility and effective attempts on
a) solving latency, and b) solving level, during D1. We showed the significance of each path for the two habitats, after applying the multigroup

function on the global model (Fig. 4)

Solving level significantly increased across trials in
rural raptors (Table 5, Fig. 3). In chimangos from the city
there was only a slight increase in the quantity of lids
opened with time (Fig. 3). Regarding working time, there
was significant variation in this value across days for urban
and rural birds, but they differed in the direction of this
trend. That is, while rural birds showed an increase in
work time across trials, the opposite occurred in urban chi-
mangos (Fig. 3). Similarly, the total motor flexibility and
diversity increased across session days in rural birds but
decreased in urban raptors (Fig. 3). Finally, the total pro-
portion of effective attempts increased with time in rural
birds, whereas for urban chimangos this value was always
high and it did not vary significantly (Table 5).

Discussion

The first phases of the innovation process correspond to
the encountering by an individual of a novel opportunity,
and the behavioural interaction with it (Tebbich et al.
2016). In the innovative problem-solving paradigm these
phases can be represented by the first interaction of the
individuals with the Plexiglass box filled with food; that
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is, DO with the open box, and the first day with the closed
box, or D1 (the innovative problem-solving test per se).
The main reason for the inclusion of a DO in our experi-
mental protocol was measuring the initial reaction of chi-
mangos to the box itself. In this sense, novelty responses
(i.e., neophobia—neophilia, exploration) are among the
most well-known mechanisms underlying the occurrence
of an innovation (Greenberg 2003), and are considered
to have an important role in the adjustment of animals to
urban life (Griffin et al. 2017; Sol et al. 2020). Indeed, in
this study we found that urban birds reached the food from
the open box faster and spent more time exploring it, than
rural birds. This result is in line with recent work showing
a lower level of object neophobia and higher boldness and
object explorative behaviour in chimangos coming from
the city compared to rural ones (Biondi et al 2020). We
also found that the birds’ time exploring the open box dur-
ing DO was negatively related to their neophobia level, a
result that was already shown by Biondi and collaborators
(2020) with object neophobia and exploration in chiman-
gos from these two habitats. This gives additional support
to the idea that neophobia can influence the level of the
exploratory behaviour exhibited (i.e., O’Hara et al. 2017).
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Fig.2 Diagram of the Piece-
wise structural equation model
showing direct and indirect of
behavioural traits on a) solving
latency and b) solving level,
observed in chimangos during
D1. Arrows represent significant
(p<0.05) interactions (paths)
between variables; black arrows
show significant paths in both
rural and urban chimangos,
whereas white and grey arrows
represent significant interactions
only for rural or urban birds,
respectively. Next to the arrows,
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As we predicted, chimangos from the city outperformed
rural individuals in both solving speed and solving level dur-
ing the first confrontation with the closed box (D1). To reach
a deeper understanding of why this difference may occur,
we went beyond the habitat comparison and investigated
several of the behavioural traits considered key mechanisms
of the innovation process (Tebbich et al. 2016). In addition
to neophobia and exploration during DO, we analysed the
role of persistence, diversity and flexibility in the use of
behavioural techniques, as well as the proportion of effective
attempts. First, we found a clear difference in these variables
between habitats, with urban birds showing higher values of
persistence, motor diversity and flexibility, as well as pro-
portion of effective attempts compared to rural chimangos.
Second, we found that all these behavioural variables con-
tributed directly and indirectly to the variation in innovative

problem-solving performance, though the importance of the
causal paths connecting these variables differed between
rural and urban chimangos.

There are only a few studies comparing persistence,
in a problem-solving context, between individuals from
habitats with different urbanization levels (Sol et al. 2011;
Papp et al. 2015; Prasher et al. 2019). For example, Sol
and collaborators (2011), working with common mynas,
found that individuals from more urbanized areas had
a higher contact frequency with a test apparatus and a
higher propensity to innovate compared with birds from
less urbanized habitats. In line with our initial expecta-
tions, and like this previous study, our results showed that
the two measurements of persistence—rate of attempts
made by the individuals before the first-lid solving, and
the work time registered during the whole trial—were
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Table 5 Results from mixed models analysing the variation across trials of all behavioural variables included in this study for rural and urban

chimangos. The models for each variable response were run including trial nested with habitat and the birds’ identity as random factor

Before first-lid opening variables

Contact latency b se z p
Rural 0.38 0.12 3.15 0.002
Urban 0.26 0.11 2.35 0.019
Attempts rate b se t p
Rural 0.18 0.20 0.88 0.379
Urban 0.30 0.14 2.11 0.038
Motor flexibility b se t P
Rural 0.47 0.13 3.72 0.001
Urban —0.40 0.15 —2.62 0.010
Effective attempts B se t p
Rural 0.73 0.12 6.06 0.001
Urban 0.24 0.11 2.14 0.035
Solving latency B se z p
Rural 0.75 0.13 5.58 0.001
Urban 0.40 0.10 4.02 0.001
Whole trial variables

Solving level b se z )4
Rural 0.36 0.12 2.98 0.003
Urban 0.38 0.15 2.51 0.012
Work time b se t p
Rural 0.22 0.06 3.76 0.001
Urban -0.15 0.06 —2.58 0.012
Motor flexibility b se t P
Rural 0.19 0.06 3.38 0.001
Urban -0.16 0.06 - 2.74 0.008
Motor diversity b se t P
Rural 0.33 0.08 4.34 0.001
Urban -0.20 0.08 —2.65 0.010
Effective attempts b se t P
Rural 0.41 0.07 5.96 0.001
Urban 0.05 0.07 0.67 0.507

significantly higher in urban than rural raptors during D1.
Moreover, similar to Sol and collaborators (2012), both
the rate of attempts and work time were related to the
novelty response to the box—individuals with lower neo-
phobia and higher exploratory behaviour during DO were
those who showed higher values of persistence. This result
can be expected considering that solving persistence and
box initial explorative behaviour probably represent two

@ Springer

aspects of the same explorative personality (i.e., Massen
et al. 2013).

Persistence did not directly explain the variability in
problem-solving performance, but did so indirectly espe-
cially through its positive relationship with motor flexibility.
Motor flexibility and motor diversity have been found to
lead to faster solutions or a higher probability of innova-
tive problem-solving in numerous species (i.e., Griffin and
Diquelou 2015; Diquelou et al. 2016, Daniel et al. 2019).
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However, we need to point out that our definition motor of
flexibility (“number of switches between behavioural tech-
niques”) differs slightly from how motor flexibility has been
defined in other studies (“a combination between total num-
ber of techniques used and their relative distribution”, in
Griffin and Diquelou 2015). Flexibility of foraging motor
actions represents a characteristic of dietary generalists,
such as chimangos. These generalist raptors have a nota-
ble dexterity for handling all kind of prey items, including
artificial objects, such as plastic containers or other types
of man-made food packaging (Biondi et al. 2013, 2015).
This last fact is particularly true for chimangos living in
anthropized areas, and may be one of the possible explana-
tions for the higher motor diversity and flexibility observed
in urban raptors. The importance of motor flexibility varied
between the two measures of problem-solving performance.
For solving latency, an individual's initial motor flexibility
had a significant and direct positive effect only in rural rap-
tors. Contrarily, in chimangos from the city we did not find a
significant connection between motor flexibility and solving
latency, but it was directly explained by the proportion of
effective attempts and the initial novelty response toward the
box. It seems that, when the effective solving attempts are
relatively low, as occurred in rural birds, motor flexibility
becomes an important explanatory factor for the variation
in first-lid solving speed. In contrast, when effective solving
attempt are relatively high, as in urban birds, motor flex-
ibility loses explanatory power. As for solving level, motor
flexibility indirectly influenced the number of lids opened
during D1, through its positive relationship with the propor-
tion of effective attempts; this pattern was observed in both
rural and urban chimangos alike.

From these results it follows that the most important
mediating factor between these behavioural factors (initial
novelty response, motor flexibility and persistence) and the
two problem-solving performance variables was the propor-
tion of effective attempts. Individuals that contacted the box
with higher frequency on lid areas were those who solved
the first lid quicker, and obtained more pieces of meat from
the test apparatus during D1. It has been suggested that con-
tacts aimed at mobile elements of a test apparatus (i.e., lids)
may provide an individual with secondary cues leading to
the access of food, so increasing persistence on these par-
ticular areas would increase problem-solving success and
speed (Overington et al. 2011; Guez and Griffin 2016). This
idea, might parallel with what we observed in this study
with chimangos. In addition, the novelty reaction to the box
during DO was the common factor influencing the two meas-
urements of the proportion of effective attempts (before the
first-lid opening and during the whole trial). This means that
individuals who showed lower neophobia and more initial
explorative behaviour toward the box, were those showing
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higher proportions of effective attempts. It seems plausible
that chimangos, while exploring the box during D0, acquired
knowledge about its characteristics (i.e., the presence of
mobile lids, the areas, where the food was accessible). This
information could have been used by the individuals during
D1 to focus their attention on the functional parts of the
test apparatus, thus influencing the time needed to access
the reward, as well as the number of lids opened. In addi-
tion, the total proportion of effective attempts was positively
related to motor flexibility and persistence registered during
the whole D1 trial. A higher persistence for contacting the
box in areas with mobile lids may have motivated the indi-
viduals to switch between different contact techniques more
frequently, compared to locations without lids, which would
explain the observed link connecting persistence and motor
flexibility with attempt effectiveness.

Overall, these results highlight the central role of the
novelty reaction to the test apparatus in explaining the vari-
ability of problem-solving performance in chimangos. In
part it influenced the interactions of individuals with the
test apparatus, and the amount of information about the sys-
tem that individuals were able to use at the beginning of
the innovative problem-solving test. This novelty response
showed a direct and indirect effect on birds’ persistence,
motor flexibility and effectiveness of solving attempts, all
of which represented key behavioural factors that contrib-
ute to the habitat differences in innovative problem-solving
found in this study. Moreover, the fact that neophobia and
initial exploration of the box differed between rural and
urban chimangos not only paved the way to a clear habitat
difference in solving performance during the first exposure
to the feeding problem, but also set a discrepancy in the
way that solving performance and its associated behavioural
traits changed across time in these two raptors groups. In this
sense, during problem-solving test repetition, we observed a
decrease of solving latency through successive trials, which
was much more abrupt in rural compared to urban birds.
This habitat difference in the solving improvement can be
best understood by considering that city chimangos already
showed a relatively short first-lid solving latency during D1,
so there was less room for a decrease in solving latency,
and therefore, a less pronounced improvement compared to
rural raptors, which started with high latency values and
thus they had much more room to improve with time. This
improvement occurred alongside an increase in persistence,
in the proportion of effective attempts and, for rural raptors,
an increase in motor flexibility and diversity. In chimangos
from the city motor diversity and flexibility decreased with
time, indicating that urban birds used the additional trials to
narrow in on the most efficient techniques to solve the box.
This pattern observed primarily in urban chimangos was
in accordance with the results found in a previous study on
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Grey squirrels (Chow et al. 2016), in which an improve-
ment in solving time across trials was associated with an
increase in persistence and behavioural selectivity, and a
decrease in flexibility. Urban and rural chimangos also dif-
fered in how their solving level changed across time. Rural
birds started with a low number of lids opened and then
rapidly increased this value across days, whereas city birds
already showed a solving level close to the maximum during
D1, so increased only slightly with additional presentations
with the problem. This dissimilar pattern was reflected by
a difference in the temporal variation observed in the asso-
ciated behavioural traits. In particular, the total proportion
of effective attempts increased sharply with time in rural
birds, whereas this variable did not change significantly in
urban raptors. Moreover, persistence and motor flexibility
and diversity increased across trials in rural birds, whereas in
city chimangos these variables decreased with time. It seems
that rural birds increased their engagement with the box over
successive trials, behaving in a more diverse and flexible
way, to open more lids. Urban raptors, on the other hand,
having solved the majority of the box during the beginning
of the problem-solving trials, improved their performance
by focusing on the effective areas of the box and by reduc-
ing the number of times they switched between opening
techniques (probably to focus on the most effective actions
needed to solve the lids).

This fine-tuning of the opening behaviour in urban chi-
mangos, along with the increase in the attempts focused
on the lid areas of the box in rural raptors, can be taken
as evidence for the involvement of operant learning in the
improvement of solving performance across trials, as was
observed in previous studies (e.g., Benson-Amram and
Holekamp 2012; Chow et al. 2016). However, from this
work, we cannot say with certainty that urban and rural
raptors differed in their learning speed, mainly because
differences in neophobia and initial exploration influ-
enced the degree to which they interacted with the box
and, therefore, led to a difference in the learning oppor-
tunities these individuals had from the beginning of the
innovative problem-solving test. Only if all individuals
experienced the same amount of learning opportunities

with the box, could their learning rate be extracted and
correctly compared (see Griffin and Guez 2016). Hence,
to circumvent these difficulties, future studies in this rap-
tor species should measure the relationship between inno-
vative problem-solving and learning ability evaluating
this last attribute through the use of separate associative
learning test batteries (e.g., Griffin et al. 2013; Ducatez
et al. 2014).

In conclusion, this work provides new evidence for
the role of novelty responses in the ability of animals
to cope with urbanization. In addition, our results are
in line with the increasing number of studies showing
that innovativeness can be predicted by an array of non-
cognitive behavioural traits, which act in consort to
increase the chances of quickly solving novel problems
in urban areas.

Appendix

Fig. 4 and Table 6.

Effective
attempts

3

) Solving
Neo-exp Persistence Performance,
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Motor
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Fig.4 General design of piece-wise structural equation models
(psem) proposed to test the direct and indirect effect of several behav-
ioural traits on problem-solving performance. The variable ‘persis-
tence’ was represented by rate of attempts in the model including
solving latency as end point, and working time in the case of solving
level as model’s endogenous variable

Table 6 Description of the five clearly distinctive behavioural techniques used by the chimangos in their attempts to open the Plexiglass Box

Technique

Description

Pecking
Pulling out

Pushing in

Scraping
Kicking

Peck rapidly at the box

Hold a lid, handle or edge of the box with the beak causing a movement
of the box or its sections in the direction of the bird

Make a single contact to the box with the beak close or claws, causing
the movement of the box or its sections in the opposite direction to the
bird

Touch the same area of the box several times with the claws

Make a quick, sharp punch with the claws somewhere in the box
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