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Changes in neuromuscular performance owing to maturation and ageing
affect a wide range of motor behaviours in birds and mammals. The
consequences may be especially pronounced during forceful and complex
movements, such as feeding on seeds in songbirds, which require well-
developed jaw muscles and fast, strongly coordinated beak and tongue
movements. We investigated how feeding performance changes with age
by filming juvenile and adult domestic canaries repeatedly over a span
of two years with high-speed video. We extracted metrics of feeding
performance, beak kinematics and seed handling skills of individuals
during feeding on seeds with different characteristics. Age significantly
affected several feeding metrics on the more challenging hemp seed,
but not on the smaller and softer canary seed. Beak-opening frequency
displayed a parabolic pattern, increasing early in life and slightly declining
at old age, with no sex differences. Seed handling skills improved linearly
with age and more strongly in males. The success rate of hemp seed
husking also followed a parabolic pattern, improving in juveniles and
declining in old age. Our results suggest that while learning and experience
enhance feeding efficiency in early life, age-related declines may stem from
reduced bite force or sensorimotor control deterioration.

1. Introduction
Ageing is a ubiquitous yet complex process that affects animals in various
ways [1], having far-reaching impacts on an animal’s physical and cognitive
capabilities. Ageing has, therefore, received a lot of attention in relation to
a wide variety of performance traits, like running [2], jumping [3], muscle
strength [4], mating behaviour [5], vocalization [6–8] and human sports
performance [9,10], among others. What makes the effects of ageing on
performance special is that they are typically characterized by a period when
performance first improves while a young animal develops and matures,
followed by a gradual deterioration again as it grows older (i.e. a biphasic
process [2,11]), through a process known as senescence [12].

The main underlying causes for ageing effects on performance are
generally considered to be changes in muscle physiology and neural function
[2,13]. As juveniles grow, their musculoskeletal and nervous systems are still
developing, which should allow them to progressively exert more force,
move faster and have better coordination as they mature [14–16]. This,
in turn, should contribute to an improved feeding performance in early
life. Later in life, muscles begin to deteriorate as a result of senescence
[2,12]. Physiologically, senescence of muscles is generally associated with two
processes: sarcopenia—the gradual decrease of muscle mass, and dynape-
nia—the size-independent decrease in force that muscles can generate [13,17].
Effects of senescence on muscle function have already been observed in birds:
among others, a decrease in bite force has been reported in boobies [18], as
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well as a slowing of muscle contraction speed in quail back muscles [19]. Yet mechanical and kinematic biting capabilities
change throughout life and can be expected to be especially relevant for granivorous songbirds, whose feeding strategy involves
the husking of seeds before consumption, which requires precise, well-coordinated high-frequency movements of the beak [20–
22]. It is, therefore, reasonable to assume that the well-developed musculature of granivorous songbirds, which is necessary to
generate sufficient force to crack seeds [23–25], will be affected by senescence, and that this could lead to a reduced performance
in seed feeding with increasing age. This might be particularly critical because it influences survival by affecting both the
efficiency and capacities to process food—and consequently, the rate of food intake—with the risk of predation increasing as the
duration of feeding lengthens [26–28]. However, whether and how the mechanical and kinematic capabilities of biting change
throughout life in granivorous songbirds have, to our knowledge, not been investigated yet.

Feeding performance in granivorous songbirds is also related to neuromotor control [29], seed handling techniques [21]
and skills [30], which are generally considered to be age-dependent too (e.g. [31]). However, in contrast to muscle function,
skills are not expected to decline at old age, but instead to keep improving through experience. For example, juvenile cats
learn hunting techniques from their mother and improve their hunting efficiency well into adulthood through experience [32].
In oystercatchers, the specific skills required for foraging and feeding on bivalves also improve throughout life [33]. When
granivorous songbirds are still young, their feeding performance tends to be low compared with adults, because they fail more
husking attempts and drop more seeds [34]. Improvements in feeding performance as juvenile birds grow up and mature
have typically been attributed to experience and learning of skills [31,33,35]. For example, juvenile canaries learn seed husking
techniques from their parents in early life [36,37]. However, whether seed husking skills keep improving beyond early life is as
yet unknown. This knowledge is key to understanding whether older individuals might be able to compensate for their reduced
physical capabilities by displaying better feeding skills, or because skills are at least maintained at a certain level.

Finally, effects of ageing on physical performance can differ between sexes. For example, in humans, muscle strength
decreases earlier in women than men [38], while performance in team sports shows patterns of senescence in men, but less
so in women [10]. Finally, female crickets experience stronger declines in jumping performance with age than males [3]. Sex
differences may relate to the fact that males and females are typically differently affected by sexual selection, which arises
from males having to attract and compete for females while the females choose their best potential mate [39,40]. As a result,
certain traits will be under different selective pressures, and consequently the ageing of these traits might show very different
trajectories between males and females [41]. In songbirds, bird song is first and foremost a sexual signal used by males to attract
females [42] and is well-known to be subject to ageing effects, with song quality improving at young age and declining at old
age [6,7,43]. The beak plays an important role in song production [44], implying that ageing effects on bird song could be related
to ageing of the jaw musculature. Since these are the same muscles that are involved in feeding [24], this combined function of
the beak in feeding and singing might lead to a higher selection pressure on beak muscle function and performance throughout
life in males, while singing should be much less relevant in females. In analogy with the decline in song quality at old age, this
could result in stronger declines in feeding performance with age in males than in females.

Thus, as it stands, a holistic understanding of how age affects the feeding performance of granivorous songbirds appears to
be lacking. Therefore, in this study, we investigated how feeding performance, the kinematics of beak movement and associated
feeding skills, change from the juvenile stage until well into adulthood in the domestic Fife fancy canary (Serinus canaria
(Linnaeus)). The usage of domestic animals is especially advantageous in ageing research, since many causes of mortality such
as predation and food limitations are largely excluded, increasing the likelihood of observing ageing effects. We hypothesize
that beak kinematics will show parabolic patterns with increasing age, where capabilities first increase in juveniles and decrease
again in older individuals owing to senescence. In contrast, we expect feeding skills to keep improving with age, since skills
typically improve through experience. Consequently, we expect feeding performance to show a shifted parabolic pattern
where performance decreases less at old age than it increases at young ages owing to the compensatory effects of improved
feeding skills that are maintained later in life. Lastly, we expect ageing effects on beak kinematics and feeding performance
to differ between males and females, given that their effects on feeding performance are likely linked with effects on singing
performance.

2. Material and methods
(a) Study species and experimental setup
In this study, we used 50 individuals (25 males and 25 females) of a captive population of Fife fancy canaries (Serinus canaria)
in a longitudinal approach. This is a subset of birds from an earlier study where feeding performance, seed handling skills and
beak kinematics were measured [30]. In order to gather data over as much of the canary’s lifespan (4–6 years on average in our
population) in a feasible timespan, our sample consisted of two groups: 20 juveniles between 3 and 7 months old and 30 adults
between 2 and 3 years old at the start of the experiment. Birds were housed in single-sex aviaries (1.0 × 2.0 × 2.3 m) at a room
temperature of 19−24°C and a day : night cycle that varied from 14 h : 10 h (summer) to 10 h : 14 h (winter), with food and water
ad libitum.

In order to measure the birds’ feeding performance, skills and beak kinematics throughout their life, we recorded individual
birds during feeding on two seed types (canary seed and hemp seed) using high-speed video cameras (Fastec IL5, Fastec
Imaging), following the procedure described in Andries et al. [30] (figure 1A). Individuals were recorded roughly every six
months for a total of four times. Four adults and one juvenile died before the third recording session, and eight more adults
and two more juveniles died before the last recording session, resulting in a total sample size of 50 individuals for the first
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two recording sessions, 45 individuals for the third recording session and 35 individuals for the last session (table 1). Ethical
approval for this experiment was granted by the Ethical Committee of Animal Testing of the University of Antwerp (approval
number 2021-35).

Video analysis and data collection were done as described in Andries et al. [30] for each recording session. Feeding perform-
ance (seed handling time and success rate of seed husking) and metrics of feeding skill (proportion of seed husks being split
into both halves as opposed to being crushed indiscriminately and average head position during seed husking; see [30]) were
calculated from manual video analysis. Metrics of beak kinematics (maximum and minimum gape distance, maximum and
minimum velocity, maximum and minimum acceleration, average opening–closing frequency and average amplitude) were
obtained through automated tracking of beak tips using the machine learning software DeepLabCut [45] in conjunction with
XMAlab [46], according to the workflow of Laurence-Chasen et al. [47] (figure 1B).

(b) Statistical analyses
To test for the effects of age on feeding performance, beak kinematics and seed handling skills, we constructed linear mixed
models with age as independent variable. We expected ageing patterns to differ between males and females, so we also used
sex and its interactions with age as independent variables. For the dependent variables, we used both performance metrics
(seed handling time and husking success rate), both skill metrics (proportion of seed splitting and head position) and maximum
closing velocity and average frequency to represent beak kinematics, since the other kinematic metrics are strongly correlated
with one of the aforementioned [30]. Based on general patterns of ageing and particularly the effects of ageing on birdsong
[6,43], which is also related to beak function, we expected age to have parabolic effects on feeding performance and beak
kinematics and thus fitted a quadratic regression for age on seed handling time, husking success rate, maximum closing
velocity and average frequency. We expected seed handling skills to improve throughout life and decided to take a conservative
approach, hence we fitted a standard linear regression for age on the proportion of seed splitting and head position. To facilitate
the interpretation of the results, we decided to construct separate models for feeding on the two seed types: canary seed and
hemp seed. Since we have repeated measurements per individual, we also added individual bird identity as a random effect to
each model.

In summary, we had 12 linear mixed models: six for the six response variables during feeding on canary seeds and another
six for the same response variables during feeding on hemp seed. Models for seed handling time, husking success rate,
maximum closing velocity and frequency were of the form:

∼ Age + Age² + Sex + Age∗Sex + Age²∗Sex .

Models for the proportion of seed splitting and head position were of the form:∼ Age + Sex + Age∗Sex .

All models were checked for assumptions of normality and heteroscedasticity using QQ-plots and residual plots, respectively.
All statistical analyses were done in R (v. 4.3.3) [48]. The packages ‘lme4’ [49] and ‘lmerTest’ [50] were used for the construction
of linear mixed models.

3. Results
We observed several significant effects of age on feeding performance, beak kinematics and skills during feeding on hemp seed
(electronic supplementary material, table S1), but none of the response variables were significantly affected by age or sex when
feeding on canary seed (electronic supplementary material, figures S1 and table S1). There was a significant interaction effect of
sex and age² on the success rate of seed husking (p = 0.017), indicating that success rate increased at young age and decreased
again at old age. This effect was more pronounced in males, where success rate first increased by about 25–30% until reaching
a peak around the age of three years, and afterwards decreased by about 10–15% at the oldest ages we investigated. In females,
success rate only increased by about 5–10%, until reaching a peak at three years old, after which the decrease was close to zero
(figure 2B).

The average frequency of beak opening and closing was significantly affected by age (p = 0.004). This effect was independent
of sex (p > 0.05), indicating that frequency shows a parabolic pattern with increasing age that is similar for males and females.
Average frequency increased by about 2−3 Hz as young individuals grew older, reaching a peak at around 3–4 years old,
followed by a minor decline of around 0.5 Hz (figure 2D).

Both skill metrics, proportion of seed splitting and average head position were affected by the interaction of age and sex
(seed splitting p = 0.020; head position p = 0.044). In both cases, skills improved with age in males (seed splitting proportion
increased by 10–15% and the proportion of feeding in head-up position increased by 35–40% between the youngest and oldest
ages), while such effects were negligible in females (figure 2E,F). Seed handling time and maximum closing velocity of the beak
were not significantly affected by age, and this was also not modulated by sex (figure 2A,C). See electronic supplementary
material, figure S2, for a representation of individual age trajectories during feeding on hemp seed.
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4. Discussion
Individuals of most species, particularly birds, appear to maintain high behavioural and motor competence throughout their
lives until near their death. However, after an initial improvement early in life through learning and maturation, they suppos-
edly experience reduced performance in most physiological traits. This age-related decline in performance may vary among
individuals depending, e.g. on the sex, but this has only received little attention so far. This study is the first to investigate
the effects of age on feeding performance, beak kinematics and seed handling skills in a granivorous songbird species, over
nearly their entire lifespan. Our longitudinal study conducted over the course of two years showed that age affected seed
handling skills, and some aspects of beak kinematics and feeding performance (figure 2). Additionally, ageing patterns of skills
and performance differed between males and females. As the performance limits of ageing canaries were more evident when
feeding on the seed type that presented the greater challenge for the birds (hemp seed), we will focus our discussion on the
results for this seed type.

(a) Age affects average frequency, but not maximum closing velocity
Muscle action is widely known to be affected by age (e.g. [4]), where muscles generally become stronger and faster during
maturation at young age, but weaker and slower again during senescence as processes such as sarcopenia and dynapenia set in
[13,17]. We expected that jaw muscles would show similar patterns with age, which should become evident when feeding. In
line with these expectations, we did find a parabolic effect of age on average beak opening–closing frequency (figure 2D), where
young individuals first move their beaks at increasingly higher frequencies as they grow older, for this to level off and slightly
decrease again at old age. Interestingly, despite there being a parabolic effect of age, it is remarkable how little frequency
decreases at higher age, compared with physical traits in other animals [2,4]. This might reflect that birds experience delayed
senescence, where individuals tend to perform remarkably well until shortly before death [51].

Interestingly, in songbirds, average beak opening–closing frequency could also be under sexual selection. In canaries, for
example, beak frequencies during feeding are similar to those during peak trill rates, a typical sexually selected song feature
in this species [20,52]. Since bird song is quite strongly affected by senescence [6], one would thus expect to observe similar
effects of senescence on frequencies during feeding in males, but less so in females, which sing considerably less. However,
we did not find that ageing patterns of frequency differed between males and females (figure 1D). Even though the beak
plays a role in song production [44], this does not mean that senescence of song is necessarily driven by deterioration of the
jaw muscles. Cooper et al. [7] have already theorized that deterioration of the vocal muscles and neural degradation might be
causing declines in song quality at old age as well. Thus, if the ageing of bird song, which predominantly affects males, is not
related to the jaw muscles, ageing patterns of jaw muscle action during feeding are probably not sex-specific either.

Figure 1. (A) Illustration of the quadroscopic camera setup. Note the four cameras—one on each corner of the mounting frame—and the three rectangular
near-infrared lights. (B) Example of the quadroscopic view of a canary whilst positioning a hemp seed for cracking, including a close-up of the beak. Upper and lower
beak tips are annotated by white dots. Figure taken from Andries et al. [30], with permission.

Table 1. Overview of sample sizes for each recording session, shown for adults (2–3 years old at start of experiment), juveniles (3–7 months old at start of experiment)
and the sum of both. The figures in parentheses show the numbers of females and males, respectively.

session 1 session 2 session 3 session 4

adults (F + M) 30 (15 + 15) 30 (15 + 15) 26 (14 + 12) 18 (9 + 9)

juveniles (F + M) 20 (10 + 10) 20 (10 + 10) 19 (10 + 9) 17 (10 + 7)

totals (F + M) 50 (25 + 25) 50 (25 + 25) 45 (24 + 21) 35 (19 + 16)
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Curiously, while we found effects of ageing on frequency, maximum closing velocity showed no significant changes with
increasing age. Andries et al. [53] has already argued that maximum closing velocity might not be a very accurate measure of
an individual’s maximal physical capabilities. Canaries might not try to move their beaks as fast as possible whilst feeding on
seeds, as this comes with a trade-off to accuracy [54,55], i.e. the faster they move their beaks, the more likely they are to make
mistakes and drop seeds instead of husking them successfully [30]. As a result, it can be argued that birds aim for an optimal
beak speed instead, to balance out speed and accuracy, just as many animals aim for an optimal running speed to avoid tripping
[56,57]. This might explain why we did not find effects of ageing. However, how well individuals can approach this optimal
speed (i.e. a skill) could in turn be affected by age. In addition, this optimal speed is probably highly context dependent. For
example, canaries move their beaks faster while feeding on larger seeds (e.g. 100–250 mm s−1 during feeding on canary seed
(electronic supplementary material, figure S1C) versus 150−300 mm s−1 during feeding on hemp seed (figure 2C), but even seeds
of the same plant species can vary considerably in size [58,59]. Hence, determining an optimal beak closing speed (if there is
one) might not be feasible.

(b) Skills improve with age
Improvement of feeding skills is generally thought to be a major contributor to increasing feeding performance in juvenile birds
[31,35,36]. Here, we confirm that seed handling skills indeed improve with age in canaries, not only in early life, but throughout
the entire lifespan (figure 2E,F). Remarkably, however, although these skills improve through life in males, such patterns are
much weaker, or even negligible in females. It is possible that feeding skills improve fastest in early life, particularly in females,
but that this was not picked up by our analyses since we started experiments at three months of age at the earliest. Cadieu et al.
[36] demonstrated that juvenile canaries already learn husking techniques from their parents as early as one month after birth,

Figure 2. Linear and quadratic relationships of age with feeding performance (A,B), beak kinematics (C,D) and feeding skills (E,F) during feeding on hemp seed. Head
position (F) is represented by a value between 0 and 1, where a value of 1 indicates that a bird always keeps its head upright during seed cracking, while a value of
0 indicates that it keeps its head always close to the food recipient (see [30]). Significant relationships are represented by a regression line and its 95% confidence
interval shaded in grey. Numerical and statistical results of the regression analyses can be found in electronic supplementary material, table S1.
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and Davies & Green [35] reported that reed warblers learn fly-catching skills at even younger ages. In this study, the proportion
of juveniles splitting of the seed husk in two halves (which is more efficient, but requires more precise seed positioning than
indiscriminate crushing; see [30])is already high at the age of 3 months, and in males, the lifelong improvement in this skill
beyond this date is relatively limited (figure 2E). Hence, it is likely that this skill is learnt very early in life, and that females
possibly become proficient slightly earlier than males.

On the other hand, that ageing patterns of average head position height during seed husking differ between males and
females (figure 2F) might be more related to differences in priorities between both sexes. Andries et al. [30] considered head
position to be a proxy for seed handling skill since it signifies a trade-off between efficiency and vigilance. Granivorous
songbirds typically aim to keep their head upright during seed husking to allow them to keep track of their surroundings
[27,60], but this increases the chances of losing the seed if they drop it [30]. Hence, the more skilled an individual is, the more
they can afford to prioritize vigilance and keep their head upright. Since our experiments were done in a captive population,
vigilance for predators is not required, so that only leaves vigilance for intraspecific competitors. Male canaries are generally
more territorial and aggressive than females [61,62], which could translate into males prioritizing vigilance for intraspecific
competition more than females. However, this remains speculative at the moment.

(c) Age affects husking success rate, but not seed handling time
While age can affect beak kinematics and feeding skills, its effects on the actual performance of seed feeding are what is
ultimately most ecologically relevant. In line with our expectations, we did find a shifted parabolic effect of age on the success
rate of seed husking, which was more pronounced in males than in females (figure 2B). The increase in husking success rate as
young individuals grow older is in line with previous research [31,34], but here we now show that it decreases again at old age
as well.

The underlying causes for this pattern are still unclear, however. The traditional explanation is that feeding performance
increases through experience and learning of skills in juveniles [31,35,36], but this does not explain why it decreases again at old
age. Muscle deterioration might be plausible. Although kinematic capabilities seem to deteriorate little at old age (figure 2C,D),
and Andries et al. [30] found no positive relations between beak kinematics and feeding performance either, it is still possible
that bite force decreases comparatively more at old age (e.g. [31]). This could then result in a decrease in husking success rate
at old age since hemp seeds are relatively tough and thus require sufficient bite force to crack [22,63]. The parabolic ageing
patterns on feeding performance that we found in granivorous songbirds are largely in line with ageing patterns on motor
performance that are found in many other animals (e.g. [2]). Whether caused by loss of muscle mass or reduction of muscle
strength, deterioration of muscle performance in ageing individuals has been observed in various muscle groups in a wide
range of animals, including birds [18,19], rodents [64], seals [65], primates [4] and humans [13,17], among others. Particularly,
the age-related deterioration of masticatory muscles in humans leads to a reduced performance in consuming mainly tougher
foods [66,67], very similar to our finding that canaries experience reduced feeding performance when feeding on the tougher
hemp seed.

Aside from declines in muscle mass or strength, age-related declines in motor performance have also been attributed to a
decline in muscle control and fine coordination. For example, ageing mice become slower at tasks that require fine motor skills
[68]. Neural deterioration at old age that results in worse motor control could also decrease the ability to properly execute
certain seed handling techniques and consequently lower seed husking success in granivorous songbirds. Moreover, this could
explain why we see a stronger ageing effect in males than females (figure 2B), since neural deterioration has also been proposed
as a cause of senescence in song [6,7]. The motor skills needed for singing and feeding might be overlapping [20], and may
thus affect males more strongly than females, even if the two sexes do not experience differing ageing patterns in kinematics
of the jaw muscles themselves (figure 2D). However, granivorous songbirds do appear to maintain a high degree of fine beak
coordination late in life, since we found no age-related decline in the performance of feeding on canary seeds, which still require
skilled handling to feed on efficiently [30]. While songbirds might retain good beak coordination at old age, their ability to
properly exert adequate bite forces might decline. Similar declines in neuromotor control have already been documented in
humans, where ageing individuals struggle more to accurately apply and release precise grip forces [69,70]. This could suggest
that senescence affects different aspects of neuromotor control at different rates in different animal groups, potentially shaped
by their ecology and evolutionary history.

Interestingly, canaries do not seem to become faster or slower at handling individual seeds with age (figure 2A). Granivorous
songbirds appear to be rather unique in this regard among birds [34], since food handling time does decrease with age in many
other bird species with different diets [31,35,71,72]. A plausible explanation for this might be that the diet of juveniles consists
of a higher proportion of easier-to-crack seeds compared with adults. This could reduce their seed handling times on average,
even if juveniles would be slower than adults at processing a seed of a given size and toughness.

5. Conclusions
Our study demonstrates that kinematic metrics exhibit an early-life increase followed by a decrease in old age, particularly in
the frequency of open–close movements of the beak. However, other kinematic variables remained stable throughout life. In
terms of skills, we also found improvements with age but this continued through life. Regarding performance, we observed
the expected pattern in the husking success rate. This suggests that the early enhancements can be attributed to learning
and experience, while the declines observed in old age may be owing to reduced bite force or deterioration of sensorimotor
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control. We found indications of earlier maturation in feeding performance and skills in females compared with males, while
males experienced more pronounced ageing effects on performance than females. While our findings overall concur with
broader patterns of age-related motor and behavioural changes observed across birds and mammals, they also emphasize
the importance of detailed kinematic analyses in identifying the consequences of maturation and senescence. Future research
should focus on identifying which motor control programmes or sensory performance could underlie these age-dependent
changes in husking success rate, for example through more in-depth kinematic analyses of beak movements during feeding
comparing juvenile, adult and senescent life stages.
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