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Phenotypic plasticity enables animals to adjust physiology, behaviour,
morphology and life-history traits in response to changing conditions,
either reversibly or through irreversible developmental shifts. In
long-lived species, early-life phenotypic changes can have profound
consequences if they persist into adulthood. Understanding the balance
between stable and flexible trait expression across ontogeny is therefore
key. Glucocorticoids (GCs) are central to physiological regulation and
known to exhibit plasticity, but little is known about the consistency of
GC phenotypes across development. We examined whether bonobos (Pan
paniscus), a long-lived species, show consistent GC phenotypes as they
mature, focusing on individual differences in average urinary cortisol
phenotypes (reaction-norm intercepts) and plasticity (reaction-norm
slopes) in response to time of day. We applied a reaction-norm approach
to assess individual variation in GC intercepts and slopes across ontogeny,
using random regression mixed-effects models. Trait repeatability of
urinary cortisol was low across and within years, indicating high
within-individual variation relative to between-individual variation.
Reaction-norm intercepts were moderately repeatable, suggesting stable
individual average GC phenotypes across development. By contrast,
slopes were weakly repeatable, reflecting flexibility in how individuals
modulate GC output across the day. This dual regulatory structure may
support adaptive physiological responses to changing demands in a
long-lived species.

1. Background
Individuals, even when genetically identical, can display a range of dif-
ferent phenotypes in response to environmental variation [1]. This pheno-
typic plasticity allows organisms to cope with heterogeneous environments
[2], which often facilitates fitness [1] and survival [3]. Some responses to
environmental conditions are immediate and/or temporary, while others
represent long-term shifts that may be irreversible [4,5]. Whether phenotypic
changes are transient or persist throughout life, or even across generations,
depends both on the individual-level costs associated with a plastic response
[6] and the temporal predictability and persistence of environmental change,
which shape the evolutionary stability of plasticity within a species [7,8].

Generally, individuals exposed to changing environments throughout their
lifetime are expected to show reversible plasticity (i.e. phenotypic flexibility,
[9]) primarily while individuals living in stable environments are predicted
to display irreversible plasticity [4,7]. In addition, the timing of phenotypic
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reactions to environmental conditions in the course of an individual’s lifetime may determine whether a plastic change is
temporary or permanent: a plastic phenotypic change during the ontogeny of an organism is usually associated with a
permanent shift in the phenotype [2,4]. An irreversible phenotypic change relatively early in life can have tremendous long-
term implications for the organism later in life (e.g. [10,11]). If such early-life phenotypic adjustments match the individual
to future environments, the phenotypic change may be adaptive. However, phenotypic shifts can prove maladaptive, if the
adjustment is mismatched to the future environment [12].

Various traits, such as morphological features or the timing of life-history stages, can be expressed plastically [13]. For
instance, tadpoles (of the red-eyed treefrog, Agalychnis callidryas, and the African clawed frog, Xenopus laevis) reared under low
temperature conditions developed longer, less ossified legs post-metamorphosis than tadpoles exposed to warmer temperature
conditions prior to metamorphosis [14]. Similarly, dung flies (Scathophaga stercoraria) experiencing high food abundance and
low levels of competition mature later than peers developing under less favourable conditions (e.g. [15]). The expression of
this morphological (bone ossification) and life-history (timing of maturation) trait respectively are examples for irreversible
plastic shifts in trait expression: the organism responds plastically to environmental cues (temperature and level of competition,
respectively), which manifests in irreversible differences in trait expression (longer, less ossified legs and delayed maturation
respectively) between individuals.

When it comes to plasticity in more volatile traits, glucocorticoids (GCs), a group of conserved vertebrate steroid hormones,
are by far the most studied (e.g. [16–18]). GCs can impact multiple cell types and subsequently influence phenotypes [4,19].
The hypothalamic-pituitary-adrenal (HPA) axis, which mediates GC secretion, operates within an interconnected physiologi-
cal network, and exerts influence over other physiological circuits, such as the hypothalamic-pituitary-somatotrophic axis
associated with growth, or the hypothalamic-pituitary-thyroid axis associated with metabolic adaptations [20–22]. Because of
this interconnectedness, GCs exhibit a central role within the physiological network and coordinate responses to different
environmental cues [4,23]. Therefore, plastic phenotypic changes in HPA axis functioning during the ontogeny of an organism
have received considerable scientific attention [5,24,25]. Even prenatal exposure to GCs (either exogenous or endogenous)
shapes cardiovascular, metabolic, reproductive and neurological development and has lasting effects on the maturation and
lifelong function of the HPA axis across species, including humans [26–29].

Despite growing knowledge regarding the plastic secretion of GCs in response to environmental factors [17,30,31], relatively
little is known about how consistent GC phenotypes are within individuals across ontogeny, particularly in long-lived species
[32–35]. The degree of consistency can have major implications for fitness, health and life-history trade-offs, however [31,36,37].

To address this question, reaction-norm approaches provide a powerful framework [34,38,39]. The basis for reaction-norm
assessments is a repeated measures design: by sampling individuals repeatedly across a gradient of interest, we can investigate
(i) an individual’s average response to this gradient (the intercept of the curve), (ii) the degree of plasticity in the individual’s
response to the gradient (the slope of the curve), and (iii) whether average responses and plasticity are correlated or independ-
ent. For example, if intercepts and slopes are correlated, individuals with high intercepts (i.e. higher average phenotypes)
may display lower plasticity in their responses to the gradient, and vice versa. In the absence of a correlation between
intercept and slope, the two traits (average phenotype and plasticity) vary independently, allowing both individuals with high
and low average trait expression to respond plastically to environmental cues. Gradients of interest may be ecologically or
physiologically relevant gradients, such as time of day, temperature or social context [17,18,38].

Furthermore, by modelling within- and between-individual variance in responses to a gradient repeatedly (repeated
exposure to the same gradient, e.g. a temperature gradient over several mating seasons), we can infer (i) whether there are
consistent differences between individuals in those responses (trait repeatability) and (ii) whether individuals are consistent in
the way they respond to a gradient (reaction-norm repeatability). Trait and reaction-norm repeatability are key prerequisites
for assessing whether traits are developmentally canalized (robust) or flexible, and ultimately whether they are potentially
subject to selection given the trade-off between robustness and evolvability [4,40]. Trait repeatability of endocrine traits—
either in average expression or in plasticity—has been argued to represent an upper bound of heritability [40,41]. High trait
repeatability suggests consistent inter-individual differences (e.g. clusters of high and low responders due to heritable factors,
maternal styles, or other prenatal and early-life priming factors), whereas low trait repeatability suggests greater developmental
flexibility or predominant environmental control. Reaction-norm repeatability indicates how consistent responses to a gradient
are within an individual over time. Importantly, repeatable reaction norms (i.e. stable within-individual differences in plasticity
or average phenotype) may themselves be targets of selection if they reflect persistent strategies in physiological responsiveness
[9,38].

The application of reaction-norm frameworks requires a biologically relevant gradient that (i) affects all individuals within
the population, (ii) varies repeatedly within individuals, and (iii) reliably modulates GC levels. One such gradient is the diurnal
rhythm: many vertebrates show a diurnal pattern of GC secretion, typically with a morning peak followed by a decline across
the day [42,43]. This diurnal GC rhythm emerges during early development—for example, within the first year of life in humans
[44], suggesting that plasticity in diurnal GC regulation may itself develop over time.

However, it remains unclear whether individual differences in these diurnal GC profiles are stable across an individual’s
lifetime or whether they undergo systematic developmental change. Early-life conditions, social environment, or maturation of
the HPA axis could lead to persistent or transient modifications in the structure of diurnal GC rhythms, potentially shaping
how individuals differ in endocrine regulation as they age [21,45,46]. In other words, repeatability of diurnal rhythms observed
within a given year may not necessarily carry over across years, if developmental or environmental influences alter individual
endocrine profiles. This raises the open question of how stable or flexible diurnal GC reaction norms remain across ontogeny,
and what such changes may reveal about developmental organization and rearing environments.
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Bonobos provide an ideal system to address these questions. Bonobos (Pan paniscus), as long-lived primates with slow life
histories (e.g. [47–49]), experience a range of environmental conditions throughout their lives, including seasonal fluctuations
[50], climatic [51], ecological or social changes [52–54]. Such lifespan-encompassing variation may favour reversible forms of
plasticity [4,7]. At the same time, bonobos inhabit relatively stable ecological niches at the macrohabitat level [53], where the
overall predictability of key environmental features may promote more canalized, irreversible forms of developmental plasticity
[2,4]. This combination renders bonobos an ideal model for studying GC reaction norms across ontogeny, particularly in regard
to the balance between physiological stability and flexibility.

Recent research monitoring cortisol levels, the main GC in primates, across development in wild bonobos showed that
cortisol levels remain relatively stable during ontogeny [35]. This suggests that the developmental trajectory of cortisol
secretion may be constrained by stable socioecological conditions. However, such population-level stability does not preclude
individual variation in GC phenotypes or plasticity, particularly across developmental stages where individual experiences or
physiological maturation may influence responsiveness to diurnal or social gradients. Bonobos also show a pronounced diurnal
pattern of cortisol excretion [55], rendering them well-suited for investigating individual differences in diurnal GC regulation.
Previous research on adult female bonobos found that average GC phenotype and plasticity across the diurnal gradient were
independent, with limited between-individual variation, suggesting low trait repeatability [22]. However, as this study focused
exclusively on adults, the question remains open as to whether these traits are stable within individuals across development.
Longitudinal data from male chimpanzees suggest that average GC phenotypes are repeatable across years, while plasticity in
diurnal responses is less consistent [18]. Additionally, early-life adversity, such as maternal loss, led to temporary changes in GC
functioning in immature chimpanzees but did not affect HPA axis functioning into adulthood, supporting the idea that HPA
axis plasticity remains responsive across development [33].

In this study, we investigated whether individual bonobos show repeatable GC reaction norms across age. Specifically, we
investigated whether average urinary GC levels (reaction-norm intercepts) and/or their plasticity across the diurnal gradient
(reaction-norm slopes) are consistent within individuals when sampled at different ages (i.e. across repeated measurements
from infancy to adulthood).

Based on life-history theory [4,7,9] and previous comparative findings [18,22,33,35], we predicted that the plastic component
of the reaction norm—the diurnal slope—would show low repeatability, reflecting developmental flexibility in GC responsive-
ness. Statistically, this would be reflected in small among-individual variance in slopes relative to within-individual variance,
indicating that the shape of an individual’s diurnal cortisol decline is flexible rather than fixed across ages. Biologically, such
flexibility would suggest that diurnal cortisol regulation remains responsive to current environmental and social conditions.

For average GC phenotypes (intercepts of the GC curve across the day), we predicted moderate repeatability, due to
relatively stable physiological infrastructure (e.g. receptor densities or feedback sensitivity) that may constrain GC levels. This
would correspond to detectable among-individual variance in intercepts, implying that individuals maintain characteristic
average cortisol levels across development, even as their daily slopes vary.

Given the volatility of GC traits [20,34,41], we further expected low trait repeatability, with within-individual variation exceeding
between-individual differences. Such low repeatability would indicate that most of the observed variation arises from short-term,
context-dependent factors rather than stable individual properties. However, consistent differences in individual reaction norms,
particularly intercepts, may still reflect persistent physiological strategies and represent potential targets of selection.

2. Material and methods
(a) Study species and subjects
The LuiKotale field site (2°47' S, 20°21' E) lies within a continuous stretch of equatorial rainforest at the southwestern border
of Salonga National Park in the Democratic Republic of Congo. The region experiences moderate variation in seasonal rainfall
patterns with relatively dry seasons between June and August and around February [51]. As part of the long-term data
collection of the LuiKotale Bonobo Project, urine samples are gathered routinely and consequently analysed for physiological
markers [56]. For the current study, we used samples collected between June 2008 and February 2023 from individuals of
all ages, who belonged to the Bompusa East and West communities (i.e. two stable social groups that inhabit neighbouring,
partially overlapping home ranges; within each group, individuals maintain long-term social relationships and a fission–fusion
grouping pattern).

(b) Urine sample collection, hormone extraction and measurement
We analysed 2245 urine samples from 86 individuals (64 females: 1–99 samples each; 22 males: 5–87 samples each), collected
non-invasively between approximately 05.00 and 18.00. Samples were obtained immediately after voiding, stored in liquid
nitrogen in the field and later frozen at –20°C until analysis. A subset of 293 samples was measured using liquid chromatogra-
phy–mass spectrometry (LC–MS) [57–59], and these values strongly correlated with enzyme immunoassay (EIA) measurements
of the same samples (Spearman r = 0.843, p < 0.001), validating the EIA for the full dataset. Cortisol concentrations were
corrected for specific gravity [60] and analysed following established protocols [61,62]. Inter- and intra-assay coefficients of
variation were 8.1%/11.9% (high/low controls) and 5.6%, respectively. Methodological details, assay validation (including serial
dilutions and antibody characteristics) and sample handling procedures are provided in the electronic supplementary material,
S1.
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(c) Data preparations
Nine females were pregnant in the course of the sample collection period. Samples collected during a pregnancy were excluded
from the dataset as it is challenging to distinguish between glucocorticoids of maternal or fetal origin in a sample [63]. Birth
dates of immigrant females are not known. Consequently, samples of 24 females for whom we did not know the age had to be
excluded. In total, samples from 40 females (on average 25 ± 17.4 samples per individual, range 1–88 samples) and 22 males (on
average 36.4 ± 20.4 samples per individual, range 5–86 samples) were included in our final dataset.

Before running statistical tests, we prepared our data as follows. By subtracting the date of birth from the date of sample
collection, we calculated the age of the individual at the time of sample collection, both in days and years (age in days divided
by 365.25). In cases, where the birth month was not known, we assumed it to be June. Where the birth day was unknown,
we assumed it to be the 15th. This decision was based on the rationale that selecting the middle of the year (June) and the
middle of the month (15th) minimizes the potential deviation from the actual birthdate, with a maximum possible error of less
than six months in either direction. Assigning a neutral midpoint is unlikely to introduce systematic bias into the analyses.
Females were between 1 day and 21 years of age, males between 1 day and 19 years of age. Then, we applied a logarithmic
transformation to immunoreactive urinary cortisol (urinary cortisol hereafter) levels (our response variable in the models) to
achieve a more symmetrical distribution. We converted the sample collection times into minutes since midnight. Since we
wanted to estimate variance in urinary cortisol levels within the individual over time, we created a variable representing each
individual-at-age (i.e. each individual at a given age). This identifier allowed us to model repeated measures across different ages,
resulting in 389 unique individual-at-age levels. Lastly, we coded the two communities East and West as 0 and 1 (to allow for
subsequent standardizing, see below and [38,64])]. Likewise, we transformed sex into a binary variable (females = 0, males = 1).
Since it is crucial to standardize variables when examining the magnitude and direction of variance estimates in reaction-norm
components [64], we centred all variables that function as predictors (time of sample collection, age at sample collection in days)
or control (the community, the sex of the individual) variables in our models. To that end, we subtracted the mean value from
each data point, effectively aligning it around zero. Subsequently, we standardized the variables, scaling them to two standard
deviation units. This transformation ensures that the data is expressed in a consistent standardized scale [38].

(d) Statistical analyses
All data preparations, analyses and plotting of data were performed using R [65] in RStudio (version 2023.06.1.524 [66]). To
assess individual urinary cortisol reaction norms of female and male bonobos throughout ontogeny, we fitted random-regres-
sion-mixed-effects models [20,38,67], using the lme4 package (version 1.1.34, [68]). To ensure the goodness of our models, we
visually inspected fitted versus residual plots, histograms of residuals and quantile–quantile (QQ) plots [69–71]. To assess the
goodness-of-fit between two models, we used log-likelihood ratio tests [72].

All our models included log-transformed urinary cortisol levels as a response variable and the time of sample collection, the
community (East versus West; included to control for group-level socioecological differences), as well as the interaction term
of age at sample and sex (all mean centred and standardized to two standard deviations) as fixed effects. To account for the
diurnal rhythm of cortisol excretion, time of day was expressed as minutes since midnight and modelled as a linear predictor.
Our samples covered only the daytime period (approx. 05.00–18.00), representing the descending portion of the circadian
cortisol cycle. To test whether a nonlinear function would better capture the diurnal pattern, we compared linear, quadratic
and natural-spline (df = 3) specifications in the random-intercept model (see below). The quadratic term did not improve fit
(likelihood ratio test (LRT) Δ χ2 = 0.84, df = 1, p = 0.36), and the spline yielded only a modest Akaike information criterion (AIC)
improvement (ΔAIC = 8.2) (see electronic supplementary material, S2, table S1 and figure S1). For parsimony and comparability
with published reaction-norm studies [18,22,55], we therefore retained the linear term in the main analyses. To test for potential
issues with collinearity between these predictor terms, we calculated variance inflation factors using the car package [73].

As there may be variation in cortisol levels between years and months, we included random intercepts for each calendar
year (treated as a categorical factor; 2008–2023) and month to all models to account for this potential variation. To estimate trait
repeatability (following [74]) and the level of short- and long-term between-individual variation in urinary cortisol levels [38],
we further added a random intercept for the individual and a random intercept for the individual-at-age variable to the model
(intercept model). This approach allows decomposing variance in repeated-measures data into short- and long-term components
by including hierarchical random effects such as individual and individual-at-age, thereby separating variance among individuals
from variance within individuals across different ages. In this framework, the reaction norm represents within-individual variation
in urinary cortisol levels across the diurnal gradient (time of day). Random intercepts for individual-at-age, year and month
accounted for repeated measures across ontogeny and temporal structure, ensuring that the reaction norm captured diurnal rather
than long-term or annual variation. Reaction-norm slopes therefore describe individual-specific diurnal cortisol profiles, while
repeatability estimates quantify the stability of these profiles across different ages of the same individuals. The inclusion of the
individual-at-age level allowed the estimation of one reaction-norm intercept and one reaction-norm slope for each individual and
age, thus quantifying how stable these parameters remained across years of sampling.

In a second model (slope model), we added random slopes for the centred and standardized time of day variable (diurnal
pattern of urinary cortisol) for the individual as well as for the dummy variable individual-at-age. Subsequently, variance
estimates derived from this model were used to calculate reaction-norm repeatability (following [38]) of individuals throughout
ontogeny.
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3. Results
The maximal variance inflation factor of a model including all our main effects (time of day, community, age at sample
collection and sex of the individual) was 1.04, indicating no collinearity between these variables. Therefore, we proceeded
by running our intercept model (table 1), which was significantly better (χ2 = 14.33, df = 1, p < 0.001) than the same
model without the random intercept for individual, suggesting that individuals differ regarding their average urinary
cortisol excretion.

To estimate individual plasticity in cortisol levels across the circadian gradient, within and between years, we fitted a
random slope model that contained the same main and random effects as the intercept model, but additionally contained
random slopes for the time of sample collection for each individual and each individual-at-age and the correlation between
the random intercepts and random slopes. Since this model had a singular fit warning, we simplified the model structure by
excluding the correlations between intercepts and slopes to improve model stability. A Bayesian reanalysis confirmed that the
intercept–slope correlation was weakly supported by the data and that the simplified model provided an equivalent fit (see
electronic supplementary material, S3 and table S2). Although including random slopes for time of sample collection for the
individual (χ2 = 0.03, df = 1, p = 0.857) and individual-at-age (χ2 = 0.02, df = 1, p = 0.651) did not improve model fit, we retained this
random slope structure (table 1) to quantify the magnitude and repeatability of slope variation.

From the random intercept model, we estimated that long-term (between years) urinary cortisol trait repeatability was 0.04
(lower confidence interval (lCI) = 0.02, upper confidence interval (uCI) = 0.05). Short-term (within years) urinary cortisol trait
repeatability was 0.06 (lCI = 0.05, uCI = 0.07). The estimates for both short-term and long-term trait repeatability were low,
which suggests that the relative between-individual variation in cortisol levels is low as compared with the within individual
level variation. Furthermore, the low within-year trait repeatability indicates that differences in average cortisol levels among
individuals were not influenced by varying environmental conditions that would fluctuate between different years but affect
individuals differently. In summary, the low estimate for the long-term trait repeatability indicates that neither genetic nor
prenatal priming factors are likely to shape urinary cortisol expression phenotypes in bonobos. The low short-term trait
repeatability estimate suggests that either environmental conditions across years were very consistent or that individuals
reacted to changes in environmental conditions in a similar fashion.

Calculating reaction-norm repeatability from the random slope model, we found a repeatability score of 0.58 (lCI = 0.48,
uCI = 0.66) for individual intercepts and a score of 0.13 (lCI = 0.09, uCI = 0.17) for the time gradient slope within individuals.
Thus, within individuals, bonobos seem to be rather consistent in the expression of their average cortisol excretion phenotypes
(figure 1), but show marked variation throughout ontogeny regarding the plasticity of urinary cortisol responses across the
circadian gradient (figure 2). Overall, these findings show that, while individual bonobos exhibit consistent urinary cortisol
intercepts (consistent in regard to average phenotypes), the plasticity (slope) of their circadian urinary cortisol responses varies
considerably throughout development.

4. Discussion
Our results show that individual bonobos exhibit low trait repeatability in urinary cortisol levels, both across and within years,
indicating that most variation in urinary cortisol levels occurs within individuals rather than between them. However, the
reaction-norm intercepts, representing each individual’s average urinary cortisol phenotype across the diurnal gradient, showed
stable among-individual differences across ages. As outlined by Araya-Ajoy and colleagues [38–40,75], repeatability is formally
defined at the population level, as the proportion of total variance attributable to consistent among-individual differences across
repeated measures. Biologically, however, reaction-norm repeatability reflects the stability of individual-specific intercepts and
slopes across contexts or time. In this sense, the moderate repeatability of intercepts in our data indicates that individuals
maintained stable average cortisol phenotypes across ages, whereas the low repeatability of slopes suggests little evidence for
consistent among-individual differences in diurnal plasticity. This suggests that individuals are fairly consistent in this trait
expression as they mature. By contrast, reaction-norm slopes, capturing individual plasticity in response to time of day, showed
weak repeatability, indicating that diurnal urinary cortisol secretion is highly flexible within individuals across development.

Taken together, these findings point to (i) a minor role of genetic and priming factors in shaping diurnal urinary cortisol
phenotypes and (ii) a combination of phenotypic stability and plasticity in diurnal urinary cortisol reaction-norm traits. Bonobos
maintain stable individual patterns in overall urinary cortisol expression, but the way they modulate urinary cortisol output in
response to temporal cues remains flexible throughout ontogeny. This dissociation between stable intercepts and flexible slopes
within individuals across years suggests that HPA axis regulation in bonobos combines a consistent phenotypic trait (reaction-
norm intercept) with a flexible component (reaction-norm slope). The ability to adjust diurnal cortisol responses (varying
degrees of plasticity), regardless of individuals’ overall phenotypes (stable reaction-norm intercepts), may provide a mechanism
for coping with fluctuating environmental conditions such as seasonal changes, social complexity or ecological pressures. In
other words, this pattern may reflect an adaptive balance between physiological consistency and context-dependent flexibility
in a long-lived species facing heterogeneous environments across its lifespan. The moderate repeatability of reaction-norm
intercepts may indicate canalized, robust aspects of HPA axis function that develop early and persist throughout ontogeny,
whereas the low repeatability of reaction-norm slopes suggests a capacity for reversible, context-dependent adjustment to
temporal and environmental variation. Such a dual structure—stable baseline regulation paired with flexible modulation—may
be particularly advantageous for long-lived species like bonobos, which experience predictable and dynamic elements in their
ecological and social environment.
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(a) Within-individual variation in urinary cortisol levels exceeds between-individual variation (low trait repeatability)
Our results show that the majority of variance in urinary cortisol concentrations is attributable to within-individual variation,
with only a small proportion explained by stable between-individual differences. This implies that urinary cortisol levels
in wild bonobos exhibit low trait repeatability, meaning that individuals do not differ consistently from each other in their
urinary cortisol output. This finding is consistent with a growing body of literature demonstrating that GC measures often
lack strong repeatability across time and contexts [18,37,76]. Schoenemann & Bonier [76] found that average repeatability
estimates for baseline GC levels across vertebrate taxa were modest (R ≈ 0.23), and similarly low for integrated measures such
as urinary, faecal or feather GCs (R ≈ 0.32). Such values reflect a relatively small proportion of variance attributable to stable
between-individual differences. This pattern was especially pronounced in birds and mammals, including primates, whereas
amphibians showed somewhat higher repeatability.

In our bonobo dataset, the low trait repeatability estimate of R = 0.03 reflects a high degree of within-individual
variation in urinary cortisol levels relative to lower between-individual variation. From a physiological perspective,
this is consistent with the role of GCs in mediating allostasis—dynamic adjustments to changing social and ecological
demands [77,78]. Thus, cortisol levels may vary more in response to immediate environmental conditions than reflect
stable between-individual differences. This high within-individual flexibility may limit the utility of GC levels as indicators
of individual, ‘selective traits’, unless multiple measurements are obtained across standardized contexts. Low repeatabil-
ity also constrains the potential heritability of GC phenotypes, since repeatability sets an upper bound for heritability
estimates [38,75]. Consequently, although GCs play key roles in physiology and behaviour, the evolutionary potential
of average GC levels may be limited unless more stable individual differences (e.g. in HPA axis reactivity or feedback
sensitivity) are captured by other metrics, such as repeatable reaction norms.

(b) Ontogenetic stability in cortisol intercepts
The moderate repeatability of reaction-norm intercepts (R = 0.58) across ontogeny suggests that individual bonobos express
relatively stable average urinary cortisol phenotypes over time. While we found no evidence for trait repeatability in diurnal
urinary cortisol reaction norms (that is, persistent between-individual differences), the consistency in intercepts indicates that
individuals tend to maintain similar average phenotypes across developmental stages. Similar patterns have been reported in
other species. For instance, in humans, measures such as the cortisol awakening response and diurnal area under the curve
show moderate temporal stability from early childhood into adolescence (e.g. [79–81]). In other primates, including Assam-
ese macaques and chimpanzees, early maternal and environmental influences appear to shape long-term HPA axis activity,
potentially anchoring endocrine phenotypes through developmental programming [32,35]. Such patterns align with recent
proposals that GC phenotypes may exhibit ontogenetically constrained plasticity—stable within individuals but sensitive to
early-life cues—thereby contributing to individual specialization in coping strategies [4]. Within this framework, the repeatabil-
ity of intercepts does not imply that individuals are inflexible or canalized. Rather, it reflects the fact that individuals tend
to express similar endocrine baselines (in the statistical sense of a reaction-norm intercept) across life stages, even if their
responsiveness to immediate challenges (i.e. plasticity or slope) remains variable. According to Dantzer [4], such stability
in the structure of endocrine phenotypes could reflect phenotypic integration across life-history stages, shaped by intrinsic
developmental dynamics and early environmental inputs. The HPA axis, viewed as a central hub within a larger regulatory

Table 1. Results of the random intercept and the random slope model. Both models contained the same fixed effects.

random intercept model random slope model

fixed effects β (95% CI) β (95% CI)

intercept 3.846 (3.570, 4.122) 3.845 (3.569, 4.121)

time of sample collection −0.540 (−0.637, −0.443) −0.531 (−0.632, −0.431)

community 0.121 (−0.032, 0.274) 0.119 (−0.034, 0.273)

age at sample collection 0.073 (−0.068, 0.214) 0.071 (−0.071, 0.213)

sex −0.015 (−0.173, 0.143) −0.015 (−0.170, 0.139)

age–sex interaction 0.361 (0.098, 0.625) 0.358 (0.095, 0.621)

random effects β (s.d.) β (s.d.)

variance individual-at-age intercept 0.036 (0.189) 0.035 (0.18573)

variance individual-at-age slope for time 0.030 (0.17177)

variance individual intercept 0.038 (0.196) 0.038 (0.19491)

variance individual slope for time 0.005 (0.06677)

variance year intercept 0.243 (0.493) 0.244 (0.49399)

variance month intercept 0.018 (0.134) 0.018 (0.13427)

residual variance 0.999 (0.9995) 0.992 (0.99576)
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network, may contribute to this integration by aligning endocrine outputs with individual state and developmental timing.
Thus, our findings support the notion that urinary cortisol intercepts may represent a developmentally organized component of
the endocrine phenotype—stable within individuals but not necessarily distinct between them—and may provide a foundation
for exploring the eco-evolutionary significance of HPA axis profiles in natural populations.

(c) Within-individual plasticity in diurnal slopes
The low repeatability of reaction-norm slopes across ontogeny indicates that diurnal plasticity in cortisol secretion is not a stable
individual characteristic in bonobos, but rather a flexible component of HPA axis functioning which changes over time. This
finding aligns with the notion that plasticity itself may be developmentally labile, particularly during the extended ontogeny
in long-lived species, such as bonobos [4,82]. The ability to adjust diurnal cortisol dynamics across developmental stages
may reflect physiological recalibration in response to shifting ecological and social contexts, without altering overall cortisol
output. By contrast to the stability observed in reaction-norm intercepts, which probably reflect longer-term developmental
organization, diurnal slope plasticity appears more sensitive to transient factors. This pattern is consistent with previous studies

Figure 1. Reaction-norm intercepts of maturing bonobos. The x-axis shows the individual intercept estimate (low to high intercepts) for a given age (as shown on
the y-axis). Each box represents an individual, with males in blue and females in yellow. The intercepts for each individual at a given age were extracted from the
random slope model. Although there is variation in intercepts within individuals, bonobos display relatively stable urinary cortisol intercepts across age, suggesting
that individuals show repeatable reaction-norm intercepts during ontogeny.
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in humans and non-human primates, where diurnal slopes exhibit lower temporal stability than average phenotypes of GC
level expression [18,79,81]. In bonobos and other great apes, diurnal slopes have been shown to flatten under conditions of
social disruption, such as group transfers, and steepen under routine conditions [83], suggesting that slope plasticity reflects
acute, state-dependent regulation.

Due to convergence issues, we were unable to retain the correlation term between intercepts and slopes in our model, and
therefore cannot directly assess whether individual average urinary cortisol phenotypes are statistically linked to plasticity
in diurnal slope expression within our dataset. However, a recent study on adult bonobos found no correlation between
reaction-norm intercepts and slopes [22], suggesting that these components of endocrine regulation may vary independently.
Although we could not formally test this relationship here, our findings mirror this broader pattern: intercepts were moderately
repeatable across ontogeny, while slopes showed low repeatability, implying that stable average urinary cortisol levels and
flexible diurnal modulation may represent distinct aspects of HPA axis regulation. Reaction-norm frameworks are particularly

Figure 2. Reaction-norm slopes of maturing bonobos. The x-axis shows the individual slope estimate (steep to flat slopes) for a given age (as shown on the y-axis).
Each box represents an individual, where male individuals are coloured in blue and female individuals are depicted in yellow. Slopes for each individual at a given age
were extracted from the random slope model. Unlike the reaction-norm intercepts, the slopes of urinary cortisol levels across age are not repeatable within individuals,
which suggests a high level of plasticity in cortisol responses to the circadian gradient within individuals and consequently high individual flexibility in this trait during
ontogeny.
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suited to decomposing such multidimensional traits [4,20,38], and future longitudinal studies across life stages may clarify
whether intercept–slope independence holds consistently across contexts and developmental trajectories.

State-dependent plasticity in reaction-norm slope expression has been linked to ecologically and fitness-relevant outcomes in
other taxa. In red squirrels and house sparrows, for example, individuals differ consistently in their GC reaction-norm slopes
under repeated challenges, with steeper responsiveness predicting enhanced survival or reproductive success under certain
conditions [16,84]. While bonobos inhabit relatively stable environments compared with these species [53], their complex social
structures and developmental transitions may impose equally salient regulatory demands, calling for temporally fine-tuned
endocrine responses [54,56].

Together, our findings suggest that while bonobos maintain stable reaction-norm intercepts across ontogeny, their diurnal
cortisol plasticity remains flexible and responsive to environmental and maturational factors. This dissociation between stability
in reaction-norm intercepts and flexibility in diurnal dynamics supports recent calls to decompose endocrine traits into
component dimensions—such as within-individual average phenotypes and within-individual slopes—to better understand
physiological regulation under naturalistic conditions [4,34,38]. Our results thus underscore the need to consider not only
average hormone levels, but how they change over time and in response to environmental cues, particularly across critical
developmental periods.

5. Conclusions
In conclusion, our results demonstrate that GC phenotypes in wild bonobos reflect both physiological consistency and
developmental plasticity. While average cortisol phenotypes appear moderately repeatable throughout development, probably
due to anatomical or physiological constraints such as receptor density or feedback mechanism, cortisol plasticity in response
to the circadian gradient varies markedly within individuals across ontogeny. This dissociation between stability and flexibil-
ity suggests that the HPA axis can provide both long-term consistency and short-term adaptability, enabling individuals to
maintain physiological homeostasis while responding to environmental or social fluctuations. Individual bonobos with both
high and low cortisol intercepts showed varying degrees of plasticity in their cortisol levels along the diurnal gradient. These
findings highlight the utility of using reaction-norm approaches in capturing the complex dynamics of hormone regulation
across ontogeny. Finally, by adopting a reaction-norm framework in a wild primate population, our findings contribute to a
growing body of research emphasizing the ecological relevance of hormone plasticity and the developmental processes shaping
traits in natural settings. But, to what extent are intercepts and slopes predictive of fitness-relevant outcomes such as resilience,
survival or reproductive success? Addressing these questions will require integrative, longitudinal designs that link endocrine
profiles to ecological, behavioural and life-history data. Expanding this approach to additional hormonal axes and species
will be essential to better understand how physiological flexibility evolves and operates across taxa. In the context of rapid
environmental change, such work is critical for identifying mechanisms of resilience in long-lived species like bonobos.
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