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Abstract
1.	 A major question in behavioural ecology is why behaviour, physiology and mor-

phology are often integrated into syndromes. In great tits, Parus major, for exam-
ple, explorative males are larger (vs. smaller) and leaner (vs. heavier) compared 
to less explorative individuals. Unfortunately, considerable debate exists on 
whether patterns found in specific studies are replicable. This debate calls for 
study replication among species, populations and sexes.

2.	 We measured behavioural (exploration), physiological (breathing rate) and mor-
phological traits (body mass, tarsus length, wing length, bill length) in two species 
(great vs. blue tits Cyanistes caeruleus), two populations (Forstenrieder Park vs. 
Starnberg) and two sexes (males vs. females). We then tested whether the same 
pattern of integration characterized all unique combinations of these three bio-
logical categories (hereafter called datasets).

3.	 We used a multi-year repeated measures set-up to estimate among-individual 
trait correlation matrices for each dataset. We then used structural equation mod-
elling to test for size-dependent behaviour and physiology, size-corrected (i.e. 
size-independent) behaviour-physiology correlations and size-corrected body mass-
dependent behaviour and physiology. Finally, we used meta-analyses to test which 
structural paths were generally (vs. conditionally) supported (vs. unsupported).

4.	 We found general and consistent support for size-dependent physiology and 
size-corrected body mass-dependent physiology across datasets: faster breath-
ers were smaller but heavier for their size. Unexpectedly, condition-dependent 
behaviour was not supported: explorative birds were neither leaner, nor was 
this relationship heterogeneous across datasets. All other hypothesized patterns 
were dataset-specific: the covariance between size and behaviour, and between 
behaviour and physiology differed in sign between datasets, and both were, on 
average, not supported. This heterogeneity was not explained by any of our mod-
erators: species, population or sex.
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1  |  INTRODUC TION

Natural selection often favours particular combinations of pheno-
typic traits (Brodie et al.,  1995; Kingsolver et al.,  2001; Lande & 
Arnold, 1983). Such correlational forms of selection can ultimately 
result in the evolution of genetic correlations (Roff & Fairbairn, 2012; 
Sinervo & Svensson, 2002). In garter snakes, Thamnophis ordinoides, 
for example, colour pattern and anti-predator behaviour are genet-
ically correlated because individuals with different colour patterns 
can best avoid predation by also exhibiting a different behaviour 
when under attack (Brodie,  1992, 1993). Correlational selection 
thereby may produce optimal trait combinations that organisms re-
quire for executing particular functions (Klingenberg, 2008, 2014; 
Pigliucci & Preston,  2004). The level of predation risk, intensity 
of competition for resources or other ecological conditions spe-
cific to a species, population or sex will thus ultimately shape the 
patterns of selection observed in nature (Kingsolver et al.,  2012; 
Siepielski et al.,  2009). Species-, population- or sex-specific dif-
ferences in ecology are therefore expected to result in species-, 
population- or sex-specific patterns of phenotypic trait integration 
(Armbruster et al., 2014; Armbruster & Schwaegerle, 1996; Roff & 
Fairbairn, 2012).

Comparing patterns of phenotypic integration among species, 
populations and sexes is of general importance if we are to under-
stand whether patterns observed in specific studies are replicable 
versus study-specific (Wilson,  1998). In behavioural ecology, for 
example, there is growing awareness that conclusions regarding 
the replicability of findings can only be indirectly assessed through 
the study of publication bias (e.g. Jennions & Møller,  2002; Yang 
et al.,  2023) due to lack of study replication, specially ‘exact rep-
lication’ (Filazzola & Cahill,  2021; Kelly,  2006, 2019; Nakagawa & 
Parker, 2015). In this paper, we take up this challenge. Our objec-
tive is to understand whether results are study- (or dataset-) specific 
versus replicable across studies (or datasets). We focus on complex 
patterns of behavioural, physiological and morphological integra-
tion that have previously been predicted by adaptive animal per-
sonality theory (Dingemanse & Wolf,  2010; Sih et al.,  2015; Wolf 
& Weissing, 2010) and subsequently demonstrated empirically for 

a specific sex (males) of a specific bird species (the great tit Parus 
major) of a specific population (Starnberg, Bavaria, Germany) (Moiron 
et al.,  2019). We investigate here whether the same structure of 
phenotypic integration characterizes both sexes (females and males) 
within the same population of great tits, and whether any patterns of 
(sex-specific) phenotypic integration also characterize the same and 
another species (the blue tit Cyanistes caeruleus) studied in another 
population (the Forstenrieder Park, Munich, Bavaria, Germany). We 
note that we did not aim to test for effects of a priori hypothesized 
ecological differences between species, population, and/or sexes; 
this would require many replicates of populations/species differ-
ing in ecology (Kelly, 2006). We instead aimed to use any observed 
differences in phenotypic integration as an opportunity to generate 
ecological hypotheses to be tested by future research.

A major question is why individuals differ in behaviour and why 
behavioural traits are often (genetically) correlated with other phe-
notypic traits (Dall et al., 2004; Wolf & Weissing, 2010). This ques-
tion is of importance as (behavioural) genetic correlations can impose 
major constraints on micro-evolutionary processes (Dochtermann 
& Dingemanse, 2013). Our replication study, in part, addresses the 
role of behaviour in phenotypic integration. Particularly, we focused 
on a risk-taking behaviour (Dall et al., 2004; Réale et al., 2007; Sih 
et al.,  2004; Wolf & Weissing,  2010). Risk-taking behaviours are 
considered as those that facilitate resource acquisition at the ex-
pense of increased risk of mortality, predation, or parasitism (Barber 
& Dingemanse,  2010; Stamps,  2007; Wolf et al.,  2007). Examples 
are aggressiveness, anti-predator boldness, neophilia and speed of 
exploration of novel environments and objects. Meta-analyses have 
revealed that populations generally exhibit repeatable individual 
variation in such behaviours (Bell et al., 2009; Holtmann et al., 2017), 
that different types of risk-taking behaviours are positively cor-
related among individuals (Garamszegi et al.,  2012), and that they 
are underpinned by tight genetic correlations (Dochtermann, 2011).

Behavioural ecologists have thus developed a suite of models 
seeking to explain when repeatable among-individual variance (or 
‘animal personality’) in risk-taking behaviour may evolve (reviewed 
by Dingemanse & Wolf,  2010; Wolf & Weissing,  2010). Early ex-
planations centred on selection favouring alternative life-histories 

5.	 The specific pattern of size- and condition-dependent physiology reported for 
a unique combination of species, population, and sex, thus generally predicted 
those in others. Patterns of size- or condition-dependent behaviour (i.e. ‘per-
sonality’), or behaviour-physiology syndromes reported in specific datasets, by 
contrast, did not. These findings call for studies revealing the ecological back-
ground of this variation and highlight the value of study replication to help under-
stand whether patterns of phenotypic integration reported in one study can be 
generalized.

K E Y W O R D S
animal personality, phenotypic integration, physiology, meta-analysis, state-dependent 
behaviour, study replication
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associated with their specific behavioural adaptations, particularly in 
the context of pace-of-life: risk-takers would live fast but die young 
(Réale et al., 2010; Stamps, 2007; Wolf et al., 2007). Contemporary 
explanations reserve a more central role for ecological variation 
(Dammhahn et al., 2018; Montiglio et al., 2018; Mouchet et al., 2021; 
Wright et al.,  2019). Fluctuating selection induced by ecological 
variability has come to the foreground, in part, because the mere 
existence of life-history trade-offs cannot explain the maintenance 
of variation (Stearns, 1992). A specifically appealing explanation is 
that fast (vs. slow) life-histories are favoured when a focal popu-
lation is below (vs. at) carrying capacity; variation in the intensity 
of competition should consequently induce correlational selection 
favouring the adaptive integration of life-history, morphology, be-
haviour and their physiological underpinnings (Wright et al., 2019). 
The idea is that selection for early reproduction, or large clutch sizes 
per reproductive attempt (Araya-Ajoy et al., 2018), is favoured when 
competition is relaxed. Under such conditions, large risk-takers in 
particular would be able to both monopolize and exploit the avail-
able resources required to produce relatively large clutches (Wright 
et al., 2019). A key component of this ‘fast’ lifestyle is a decreased 
investment in self-maintenance, which would ultimately result in a 
shorter lifespan or earlier onset of reproductive senescence (Moiron 
et al., 2020).

The general prediction that risk-takers are heavier and/or 
larger has been confirmed by a recent meta-analysis (Niemelä & 
Dingemanse,  2018). Previous work on great tits fully aligned with 
this meta-analytic result: among males, larger individuals were both 
heavier, and more explorative and aggressive (Moiron et al., 2019). 
Simultaneously, the more explorative and aggressive individuals—
though larger (thus heavier)—were relatively lean: their body mass 
was relatively low for their size (Moiron et al.,  2019). These find-
ings make sense, as such relatively lean individuals do poorly when 
breeding densities are high and competition for resources is intense 
(Both et al., 1999). In the same population that Moiron et al. (2019) 
studied, the more explorative great tits also produced larger clutches 
per reproductive attempt, and showed an earlier onset of repro-
ductive senescence (Araya-Ajoy et al., 2016; Dingemanse, Moiron, 
et al., 2020). Altogether, these findings suggest, first, that great tits 
with a faster pace-of-life trade-off investments in self-maintenance 
towards current reproduction and, second, that a suite of morpho-
logical, behavioural and life-history traits are integrated as part of 
pace-of-life syndromes.

Various empirical studies imply that physiological traits are also 
integrated into such behaviour-morphology syndromes. For exam-
ple, in great tits, the less explorative (Carere & Van Oers, 2004), and 
in blue tits, the less aggressive (Class & Brommer, 2020), individuals 
have higher breathing rates. This particular behaviour-physiology 
syndrome is thought to exist because less (vs. more) explorative 
birds have a reactive (vs. proactive) stress physiology (Coppens 
et al., 2010; Groothuis & Carere, 2005), of which breathing rate is a 
phenotypic indicator (Carere & Van Oers, 2004). The stability of this 
integration between risk-taking behaviours and physiology is, how-
ever, debated as behaviour-physiology correlations may be labile and 

vary with age, sex or environmental context (Class & Brommer, 2015; 
Kluen et al., 2022; Krams et al., 2014). This lack of consensus calls 
for studies investigating whether the integration of behaviour, phys-
iology and morphology is replicable over—rather than specific to—
species, populations or other characteristics of the study model.

We tackle this question by testing whether individual blue and 
great tit males and females of the same and different populations 
share the same pattern of phenotypic integration. We repeatedly 
measured a suite of behavioural (exploration), physiological (breath-
ing rate) and morphological traits (body mass, tarsus length, wing 
length, bill length) on all individuals breeding in two populations, 
and did so for multiple years. We then estimated trait correlations 
among-individuals separately for each unique combination of spe-
cies, population, and sex (hereafter called ‘datasets’). Blue tits were 
not studied in the Starnberg population, and we thus compared six 
(rather than eight) datasets. Following Moiron et al. (2019), we use 
structural equation models (SEMs) to test for the existence of (a) a la-
tent variable (LV) driving observable expressions of size (body mass, 
tarsus length, wing length, bill length) and other phenotypic traits 
(exploration and breathing rate), (b) a size-independent (i.e. size-
corrected) syndrome between the non-morphological traits (ex-
ploration behaviour and breathing rate) and (c) a size-independent 
effect of body mass on the non-morphological traits (i.e. an effect 
of body mass not attributable to size). Next, we made use of meta-
analytic approaches to specifically ask which of the structural paths 
included in the SEMs were overall supported (vs. unsupported), and 
whether the strength and direction of each focal path was the same 
(vs. different) between our six datasets (Figure 1).

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The data were collected in two separate study areas. The first area 
consisted of six plots situated in the Forstenrieder Park (southwest 
of Munich, Germany; 48°2′49″N, 11°27′40″E; Figure S1). The veg-
etation of the park consisted of mixed deciduous forest, composed 
primarily of beech Fagus sylvatica and oak Quercus robur. Plots were 
established during the autumn of 2018 (A, B, C, D; Figure S1) and 
2019 (E, F; Figure S1). All boxes were placed in a ~50-m grid, except 
for 15 pairs of boxes in plots A, B and F in 2020; plots A, B and 
D in 2021; and A, C and D in 2022, which were placed ~5 m apart 
from each other. Differences in the number as well as distance of 
nest boxes across study plots were part of another study for which 
we manipulated densities of blue and great tit nest boxes (Table S1). 
All boxes had inner margins of 14.6 × 12 × 25 cm3 but differed in the 
diameter of the entry hole: 32 mm (‘great tit boxes’) vs. 26 mm (‘blue 
tit boxes’). For the current study, only data between 2020 through 
2022 were used as blue tits were monitored only from the second 
year onward.

The second area consisted of 12 plots situated between the 
Ammersee and Starnbergersee (south of Starnberg, Germany; 
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47°58′N, 11°14′E; hereafter called Starnberg) that were monitored 
from 2010 through 2019. Each plot fitted 50 nest boxes in a reg-
ular grid with ~50 m between boxes. For general descriptions of 
this study area, see Nicolaus et al.  (2015). In Starnberg, only great 
tit boxes were used, that is, only data for great tits were collected, 
which explains why our analyses compared phenotypic integration 
among six (rather than eight) unique combinations of species, popu-
lations and sexes (Figure 1).

2.2  |  Data collection

In both study areas, we inspected nest boxes biweekly from the 
beginning of April to record lay date, clutch size and incubation 
date. Fourteen days following incubation onset, we inspected nest 
boxes daily until egg hatching (day 0). We captured (and ringed if 
not previously banded) both parents (day 10–12) with a spring trap 
set inside the nest box and assayed their exploration behaviour in a 
cage test (see Section 2.3). Immediately after the exploration test, 
the bird was removed from the cage and its breathing rate recorded 
(Holtmann & Dingemanse, 2022). To do so, the focal bird was held 
in a ringer's grip laying on its back with its breast and belly visible to 
the observer (Kluen et al., 2014). In both populations, the number of 
breaths were counted for a 30s-period. In Starnberg, this procedure 
was repeated a second time but this data are not used here as we 

did not collect a repeat measure in the Forstenrieder Park. We fur-
ther measured body mass, tarsus length, wing length and bill length. 
In Forstenrieder Park, we measured body mass using a digital scale 
(±0.01 g) and wing length as maximum chord (Svensson,  1992). In 
Starnberg, we measured body mass using a Pesola spring balance 
(±0.25 g) and wing length as the feather length of the 3rd outer-
most primary (Jenni & Winkler, 1989). Previous studies have shown 
that these two alternative measures of wing length are highly cor-
related, thus measuring the same trait (Jenni & Winkler, 1989). We 
determined the breeder's sex based on the presence/absence of a 
brood patch (both species), and on the size of the black breast band 
(great tits) or the hue of crown feathers (blue tits). We aged breeders 
(first-year breeder vs. older) using plumage characteristics (Jenni & 
Winkler, 1994). Following all measurements, we released the focal 
breeder near its nest box.

2.3  |  Exploration behaviour

Exploration behaviour was assayed in a small cage representing 
a smaller-scale field version of the classic novel environment test 
(Dingemanse et al., 2002; for details of the cage setup, see Stuber 
et al.,  2013). Prior to recording exploration behaviour, the focal in-
dividual was placed in a side compartment of the cage for 30 s to 
allow habituation. We then opened the side door of the compartment 

F I G U R E  1  Visualization of the structural equation model (SEM) fitted for each combination of species, population, and sex. Shown are 
the point estimates for each of nine structural paths connecting behaviour, physiology, and morphology among-individuals in each dataset. 
Numbers correspond to standardized path coefficients (single-headed arrows) or residual among-individual correlations (double-headed 
arrows). Solid versus dashed arrows are positive versus negative estimates, respectively. Residual variances are printed inside boxes. 
Black versus grey arrows are statistically significant (p < 0.05) versus non-significant (p > 0.05) estimates, respectively. See Table S2 for the 
uncertainty (SE) and statistical significance of each path. Panels (a–d) show the SEM for blue tit males (a) and females (b), and great tit males 
(c) and females (d) of the Forstenrieder Park population. Panels (e–f) show the SEM for great tit males (e) and females (f) of the Starnberg 
population. BL, bill length; BM, body mass; BR, breathing rate; ES, exploration score; LV, latent variable; TL, tarsus length; WL, wing length.
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to release the bird into the cage without handling, and immediately 
video-recorded its behaviour for 2 min with a camera (Panasonic HC-
V100) placed 1 m from the cage while the observer was out of sight. 
In Starnberg, videos were later scored using JWatcher v.1.0 (Blumstein 
et al.,  2006) whereas in Forstenrieder Park, we used Boris v.7.9.8 
(Friard & Gamba, 2016). To do so, we divided the cage into 12 sec-
tions consisting of six sections on the front mesh, three floor sections 
and three perches (detailed in fig. 1 in Stuber et al., 2013). Finally, we 
calculated exploration scores as the number of movements made be-
tween the 12 sections within the first 2 min. This behaviour is posi-
tively correlated with anti-predator boldness (Stuber et al., 2013) and 
aggression (Moiron et al., 2019) and was thus viewed as a measure of 
risk-taking behaviour (cf. Carter et al., 2013).

As part of another experiment in Forstenrieder Park, some indi-
viduals (n = 60 blue tits and n = 92 great tits) stayed in the side com-
partment for up to 120 s (year 2020 only). We analysed a subset of 
randomly allocated individuals within pairs for which one breeding 
pair member spent 30 s and the other 120 s in the side compartment 
(n = 6 blue tit pairs and n = 7 great tit pairs), which showed no sta-
tistically significant effect of the amount of time spent in the side 
compartment (see Text S1).

All procedures were approved by the Regierung von Oberbayern, 
Bayern, Germany (permission number: ROB-55.2-2532.Vet_02-
17-215). All applicable international, national and/or institutional 
guidelines for the care and use of animals were followed.

2.4  |  Data selection and statistical analysis

Great tits normally produce second clutches (Tinbergen,  1987; 
Verhulst, 1998) but blue tits rarely do so (Dhondt, 2012). To fa-
cilitate comparisons between the two species, we therefore only 
analysed data from first broods. We defined first broods as those 
produced within 30 days after the first egg of each species was 
laid (within each species within a given population) (Nicolaus 
et al.,  2015). Moreover, we only included first broods for which 
the identity of the female was known as this helped avoid pseudo-
replication caused by replacement broods of unknown females 
(Starnberg: 1664 out of 2222 great tit broods; Forstenrieder 
Park: 280 out of 397 great tit and 210 out of 269 blue tit broods). 
Furthermore, Moiron et al. (2019) included aggressiveness in their 
SEM-analyses of phenotypic integration in male great tits, but 
we did not because aggressiveness was not assayed in females of 
either population. The lack of this data for one sex meant that 
we would not be able to execute our aim (formally comparing the 
same SEMs across the six unique combinations of species, popula-
tion, and sex; Figure 1).

2.5  |  Multivariate mixed-effects modelling

We partitioned variances and covariances among individuals, 
plots, and field observers for each of the six traits by fitting a 

multivariate mixed-effects model with the six traits (body mass, 
tarsus length, wing length, bill length, breathing rate, and explo-
ration score) as the response variables. Response variables were 
scaled (mean-centred and expressed in SD-units) prior to analyses 
and modelled with a Gaussian error distribution. We performed 
six models, one for each unique combination of species (blue vs. 
great tits), population (Forstenrieder Park vs. Starnberg) and sex 
(male vs. female). We included data from 334 adult blue tits (400 
observations) and 402 adult great tits (511 observations) from 
Forstenrieder Park, and 2123 adult great tits (3226 observations) 
from Starnberg. Each model included year as a fixed-effect factor 
(Forstenrieder Park: n = 3; Starnberg: n = 10) to account for year-
specific temporal effects. Random intercepts were fitted for indi-
vidual identity, plot (Forstenrieder Park: n = 6; Starnberg: n = 12) 
and field observer identity (Forstenrieder Park: n = 21; Starnberg: 
n = 56). Following visual inspection of the data, we removed three 
data points for body mass, two for tarsus length, twelve for wing 
length and four for bill length of the Forstenrieder Park dataset. 
Additionally, we removed one data point for bill length of the 
Starnberg dataset. As detailed in Text  S2, those measurements 
were all outside the natural range of the focal species, and thus 
considered faulty data rather than extreme phenotypes. All mod-
els were run following the Bayesian framework using the function 
‘MCMCglmm’ of the MCMCglmm package v.2.34 (Hadfield, 2010) 
in R v.4.1.2 (R Core Team, 2020). The models sampled 650,000 it-
erations, with a burning interval of 150,000 and a thinning interval 
of 500. For all multivariate mixed-effects models, we specified an 
inverse-gamma prior (V = diag(6), nu = 1.002) for the residuals and 
a parameter expanded prior (V = diag(6), nu = 6, alpha.mu = diag(0, 
6), alpha.V = diag(6)*1000) for the random effects.

2.6  |  Structural equation models

We estimated the strength, sign and standard error (SE) of each of 
the nine structural paths associated with each SEM (Figure  1). As 
model input, we used the estimated among-individual correlation 
matrix obtained from the multivariate mixed-effects models, where 
the sample size was assumed to equate the number of individuals. 
We achieved this by using the ‘sem’ function of the sem package 
v.3.1-15 (Fox, 2006) in R v.4.1.2 (R Core Team, 2020). This procedure 
was executed separately for each of our six unique combinations of 
species, population and sex (Figure 1).

2.7  |  Meta-analysis

We performed two types of meta-analyses. First, we fitted intercept-
only random-effects meta-analyses. We did so separately for each 
of the nine structural paths that the SEM estimated for each trait 
(Figure 1). We did so using the ‘rma’ function of the metafor package 
v.3.81-1 (Viechtbauer, 2010) in r v.4.1.2 (R Core Team, 2020). The re-
sponse variable in these meta-analyses was the SEM's point estimate 
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of each focal path, where each of our six unique combinations of 
species, population and sex provided one data point. Sampling vari-
ance was calculated as the squared of the SE (Nakagawa et al., 2022) 
associated with each focal SEM estimate. We fitted random inter-
cepts for dataset (i.e. the unique combination of species, population, 
and sex; n = 6). Estimates were considered statistically significant 
when the 95% confidence intervals (CIs) did not overlap zero. We 
report I2 as an estimate of the relative heterogeneity for each of the 
intercept-only random-effects meta-analyses and corresponds to 
the unexplained variation across effect sizes—in our case across the 
six unique combinations of species, population, and sex—that was 
not attributable to their differences in sample size (i.e. sampling vari-
ance). I2 values of 25%, 50%, and 75% are considered low, moderate, 
and high levels of heterogeneity, respectively (Higgins et al., 2003).

Second, we performed uni-moderator random-effects meta-
regressions for each response variable (see above) that could explain 
some of the heterogeneity found. Our moderators were species, 
population and sex. We calculated χ2-based significance tests to 
compare the levels of each moderator, and further report values of 
R2

marginal as indicators of the amount of heterogeneity (I2) explained 
by the moderator in each of the random-effects meta-regressions.

3  |  RESULTS

We found strong evidence for the existence of a latent variable af-
fecting our observable expressions of size. For each of the six unique 
combinations of species, population and sex, all four morphological 
traits (body mass, tarsus length, wing length and bill length) were 
positively and statistically significantly connected to the latent vari-
able (Figure 1; Table S2). The only exception was bill length, where 
the standardized effect of the latent variable was positive in all but 
significantly supported in only five of the six datasets. The global 
(meta-analytic) effect sizes for the standardized path coefficient 
connecting the latent variable to body mass, tarsus length, wing 
length and bill length, were, respectively, all positive and strongly 

supported (due to 95% CIs not overlapping zero) (Table 1; Figure 2). 
This implies that heavier animals had longer tarsi, longer wings and 
longer bills across combinations of species, population and sex.

In five of the six datasets, the latent variable negatively affected 
breathing rate (Figure 1; Table S2). The global (meta-analytic) effect 
size for this standardized effect of the latent variable on breath-
ing rate was negative and strongly supported (due to 95% CIs not 
overlapping zero) (Table 1; Figure 2). The strength of this path did 
not differ between datasets as our global meta-analysis showed no 
statistical support for heterogeneity (Table 1). Larger animals thus 
generally breathed slower. In five of the six datasets, the residual 
effect of body mass on breathing rate independent of effect of size 
was, by contrast, positive. This implies that animals that were rela-
tively heavy for their size, also breathed relatively fast. The global 
(meta-analytic) effect size for this standardized size-independent 
effect of body mass on breathing rate was also positive and strongly 
supported (due to 95% CIs not overlapping zero) (Table 1; Figure 2). 
The strength of this path did not differ between datasets as there 
was no statistical support for heterogeneity (Table 1). These results 
altogether imply that larger animals generally breathe slower and 
that animals that are heavy for their size generally breathe faster.

The latent variable, however, did not consistently affect explo-
ration score. This link was significantly heterogeneous, while the 
global (meta-analytic) effect did not differ from zero (due to 95% 
CIs overlapping zero) (Table 1; Figure 2). In other words, in some 
datasets, the larger animals were more explorative, while in other 
datasets, they were less explorative (Figure 1). There was also no 
overall support for a residual effect of body mass on exploration 
score that was independent of the effect of size, and neither was 
this link heterogeneous (Table 1). That is, animals that were rela-
tively heavy for their size were not more/less explorative. Indeed, 
only in one out of six datasets was this link statistically supported 
(Figure 1; Table S2).

Finally, we found strong evidence for heterogeneity in the 
correlation between behaviour and physiology that was attrib-
utable to their respective covariances with size, while the overall 

TA B L E  1  Global (meta-analytic) effect sizes of each of nine hypothesized structural paths with 95% confidence interval (CI), 95% 
predictability interval (PI) and among-dataset heterogeneity (I2). Single-headed arrows (→) represent standardized path coefficients; double-
headed arrows (↔) represent correlations.

Path Global effect size (95% CI) 95% PI

Heterogeneity

I2 χ2
5 p

Latent variable → Body mass 0.68 (0.56, 0.81) (0.38, 0.99) 83.65% 25.91 <0.001

Latent variable → Tarsus length 0.72 (0.60, 0.85) (0.42, 1.03) 84.90% 29.39 <0.001

Latent variable → Wing length 0.47 (0.35, 0.60) (0.17, 0.77) 86.50% 27.26 <0.001

Latent variable → Bill length 0.26 (0.16, 0.36) (0.03, 0.49) 77.90% 25.10 <0.001

Latent variable → Breathing rate −0.32 (−0.40, −0.23) (−0.40, −0.23) 0.00% 7.64 0.18

Latent variable → Exploration score −0.04 (−0.26, 0.17) (−0.54, 0.46) 82.10% 23.99 <0.001

Body mass → Breathing rate 0.17 (0.10, 0.25) (0.10, 0.25) 0.10% 5.39 0.37

Body mass → Exploration score 0.03 (−0.04, 0.09) (−0.04, 0.09) 0.00% 6.47 0.26

Breathing rate ↔ Exploration score 0.00 (−0.11, 0.12) (−0.27, 0.28) 87.00% 51.24 <0.001
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(meta-analytic) effect size was not different from zero (due to 95% 
CIs overlapping zero) (Table 1). This was because this size-corrected 
correlation between breathing rate and exploration score was sig-
nificantly positive in some but significantly negative in other data-
sets (Figure 1; Table S2).

In summary, we found strong and consistent support for both 
size- and condition-related physiology, as larger animals breathed 
slower, but animals heavy for their size breathed faster. By contrast, 
relationships between size and exploration behaviour, and between 
physiology and exploration behaviour were strongly heterogeneous 
and not overall supported.

The uni-moderator random-effects meta-regressions (Tables  S3–S5)  
provided no support for main effects of species, population, or sex 
on integration between size and the non-morphological traits (ex-
ploration score and breathing rate). These factors neither explained 
variation in the effect of mass on the non-morphological traits inde-
pendent of size, nor in the covariance between non-morphological 
traits independent of size. The heterogeneity between datasets in 
integration between size and exploration behaviour, or between ex-
ploration behaviour and breathing rate (Table 1) was therefore at-
tributable to other dataset-specific factors of unknown origin. These 
analyses did, by contrast, support effects of species, population and 

F I G U R E  2  Forest plots of the global (meta-analytic) effects for standardized paths coefficients (a–h) and correlations (i) with 95% 
confidence intervals (for model estimates see Table 1). BT, blue tit; F, female; FP, Forstenrieder Park; GT, great tit; M, male; RE Model, global 
effect size; S, Starnberg.
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sex on how the latent variable affected certain observable expres-
sions of size. Specifically, wing length was more closely reflective of 
the latent variable (‘size’) in blue compared to great tits (Table S3), 
bill length was more closely reflective of the latent variable in 
Forstenrieder Park compared to Starnberg (Table  S4), and tarsus 
length was more closely reflective of the latent variable in males 
compared to females (Table S5).

4  |  DISCUSSION

This study was designed to test whether patterns of phenotypic inte-
gration between morphology, behaviour and physiology were gener-
ally representative of tit populations vs. specific to species, population 
or the sex under study. We therefore assessed and compared pat-
terns of phenotypic integration among species (blue tits vs. great tits), 
populations (Forstenrieder Park vs. Starnberg), and sexes (males vs. fe-
males). We found that certain components, specifically, the integration 
of physiological and morphological traits, was highly conserved across 
datasets. This conservation occurs when the strength of the trait 
correlations is qualitatively similar between datasets (Dingemanse, 
Barber, et al., 2020). In all cases, (i) morphological traits were positively 
correlated, which supported the notion that each represented an ‘ob-
servable’ reflection of the animals' size. Each dataset further exhibited 
strong support for the existence of (ii) size-dependent physiology and 
(iii) size-independent effect of body mass on breathing rate. Larger 
animals breathed slower, but animals that were heavy for their size 
breathed faster. Our analyses implied that these structures of pheno-
typic integration were generally representative rather than specific to 
characteristics of the study species, population or sex.

The structure of phenotypic trait integration was thus shared 
among species, populations and sexes, but this was only true for the 
integration of physiology and morphology. Any links with behaviour 
were, by contrast, dataset-specific. In some datasets, we found ev-
idence for size-dependent behaviour. Similarly, in some datasets, 
behaviour and physiology were structured into syndromes indepen-
dent of size or size-corrected body mass. Importantly, in both cases, 
the characteristic pattern of phenotypic integration found in one 
specific combination of species, population and sex, was not pre-
dictive of patterns of phenotypic integration in other datasets. This 
was because neither pattern of phenotypic integration was overall 
supported, while both patterns of phenotypic integration varied 
qualitatively and significantly across datasets. Our uni-moderator 
random-effects meta-regressions implied that this was not because 
patterns of behavioural integration differed between species, pop-
ulation or sexes. This suggests that population differences in study 
design (see Section 2) did not underpin this form of heterogeneity 
and, thus, that ecological conditions specific to unique combinations 
of species, populations and/or sexes are likely drivers of heteroge-
neous patterns of phenotypic integration between behaviour and 
morphology, and behaviour and physiology observed in natural tit 
populations. The specific ecological drivers of the correlational se-
lection pressures that might shape the evolution of these diverse 

patterns of integration between behaviour and other phenotypic 
traits now requires study. For example, differences in the strength 
of competition or risk of predation specific to a unique combination 
of species, population, or sex might explain this variation. Identifying 
such drivers goes beyond the scope of this study, as this would re-
quire many replicates species and populations for each sex as well 
as quantitative information on ecological variation between these 
major biological categories. For other patterns of phenotypic inte-
gration, studies of the role of ecological variation may perhaps not 
be warranted. Specifically, the size-independent relationship be-
tween body mass and exploration was neither heterogeneous nor 
supported overall. This conclusion, notably, assumes that our spe-
cific study species and populations were more broadly representa-
tive of the average tit species and population.

Patterns of (variation in) phenotypic integration are ultimately 
underpinned by (variation in) the relative contribution of genetic and 
environmental effects on trait correlations (Searle, 1961). Our find-
ing that correlations between observable expressions of size (tarsus 
length, bill length, wing length and body mass) were overall highly 
preserved suggests that patterns of genetic correlations or early-life 
environmental effects are largely shared among species, populations, 
and sexes. However, we did find some differences in how specific 
components of morphology was integrated differently across spe-
cies (wing length), populations (bill length) or sexes (tarsus). A next 
step would thus be to unravel the quantitative genetics background 
of size- and condition-dependent physiology and to study whether 
the pattern of genetic integration of these traits facilitates or con-
straints adaptive evolution (Dochtermann & Dingemanse,  2013). 
This would ultimately require not just an understanding of both 
the quantitative genetics underpinning (e.g. Dingemanse, Barber, 
et al., 2020) but also insights into the patterns of (correlational) se-
lection in the wild (Lande & Arnold, 1983; Schluter, 1996).

This combination of quantitative genetics and selection studies 
will be particularly fruitful when applied to the integration of (ex-
ploration) behaviour. From a proximate perspective, there are mul-
tiple non-exclusive explanations for why the phenotypic integration 
between behaviour and morphology, and behaviour and physiology 
varied among datasets. This is evident when inspecting the mathe-
matical equation demonstrating how different variance components 
contribute to observed correlations (detailed in Text S3). Specifically, 
the among-individual correlation rI between two focal traits that we 
used as input in our SEMs can differ between datasets because they 
differ in the amount of additive genetic variance, the influence of 
permanent environmental effects, genetic trait correlations or per-
manent environmental trait correlations. Genetic correlations can 
result from selection on trait integration (‘correlational selection’) 
causing linkage-disequilibrium. Differences in trait correlations 
among species, populations or sexes may thus reflect variation in se-
lection pressures (Roff & Fairbairn, 2012). Permanent environmental 
correlations, by contrast, can occur when the two focal traits are 
underpinned by different—yet correlated—environmental factors, 
and thus change when correlations between environmental factors 
are different between unique combinations of species, populations 
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or sexes. These examples imply that a productive next step in fur-
thering our understanding of differences in phenotypic integration 
among datasets is to estimate the variance components that shape 
observed correlation structures (Kruuk,  2004). In stickleback fish, 
for example, behavioural correlations were stronger in populations 
living in the presence of predators (Dingemanse et al., 2010) but ge-
netic correlations did not differ between the types of population, 
neither were they affected by experience with predators during 
ontogeny (Dingemanse, Barber, et al., 2020). This implied that dif-
ferences in behavioural correlations were caused by differences in 
permanent-environmental correlations between predator-naïve and 
predator-sympatric populations (Dingemanse, Barber, et al., 2020). 
Such approaches might also be applied to understand why allometric 
relationships (the integration of observable expression of size) dif-
fered somewhat between species, populations and sexes.

Our study demonstrates the value of study replication in be-
havioural ecology. We asked whether the same biological pat-
terns of phenotypic integration characterized data collected from 
the same species and sex across populations, and from different 
species within the same population. Our analyses demonstrated 
that certain aspects of phenotypic integration were common to all 
datasets, which implies that such patterns likely also characterize 
blue and great tit males and females from other populations. The 
ability to draw such conclusions is an important benefit of repli-
cation studies. Similarly, we have demonstrated that the sign and 
strength of the link with exploration behaviour is highly dataset-
specific and not due to main effects of species, population, or sex. 
In particular, based on a focal study of blue or great tits, we cannot 
predict how animal personality is related to structural size or body 
condition in other populations of those species if populations differ 
in ecology. An important obstacle in interpreting meta-analytical 
differences and similarities is that datasets often differ in meth-
odology (Nakagawa & Santos, 2012). In our case, body mass was 
measured with different devices (digital scale vs. Pesola spring bal-
ance) and wing length was measured slightly different (maximum 
chord vs. feather length, see Section 2), which could explain why 
their respective links with the latent variable reflective of ‘size’ 
were somewhat heterogeneous across datasets. However, we did 
not find population differences in path coefficients involving body 
mass or wing length. This finding corroborates our assumption 
that our alternative measures of wing length measured the same 
trait, as did our alternative measures of body mass. We otherwise 
used exactly the same methodology to measure our physiological 
and behavioural traits. Another obstacle in comparing published 
datasets is that estimates obtained from the literature are typi-
cally derived from differently structured models. We avoided this 
problem by fitting the same structure to all six datasets (Figure 1). 
This approach, however, does constrain our ability to compare our 
findings with previously published results coming from different 
analyses. Specifically, in male great tits from the Starnberg popu-
lation, Moiron et al. (2019) found evidence for size- and condition-
dependent behaviour. Our analyses of the same dataset implied 
that neither link was present. The difference in results of analyses 

that were based on the very same dataset can likely be explained 
by our decision to use breathing rate in the current study rather 
than aggression as in Moiron et al.  (2019). We took this decision 
because the former was measured for all datasets (i.e. sexes) 
whereas the latter was not (see Section 2). This could mean that 
among-individual correlations between exploration behaviour and 
size and between exploration behaviour and size-independent 
body mass vary depending on whether correlations with aggres-
sion versus breathing rate are accounted for. This underlines the 
need for methodical robustness in analyses as an insightful tool for 
testing the generality of published results.

5  |  CONCLUSIONS

This replication study has demonstrated that populations of great and 
blue tits generally show patterns of phenotypic integration character-
ized by size-dependent and condition-dependent physiology among-
individuals: large individuals breathed slower, and individual that were 
heavy for this size breathed faster. The pattern of integration between 
behaviour and size, behaviour and size-corrected body mass, and 
physiology and behaviour differed between datasets but was not over-
all supported. This implies that variability in trait integration should 
be expected in the context of state-dependent personality variation, 
and that future studies should focus on identifying the proximate and 
functional drivers of this variation in phenotypic integration of be-
haviour and morphology in the wild. A fruitful next step would be to 
apply our approach to study jointly variation in phenotypic integration 
and ecology in large numbers of (published and unpublished) datasets, 
such as those becoming increasingly available through large-scale col-
laborations such as the SPI-Birds network (Culina et al., 2021).
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Figure S1: Distribution of the study plots (A, B, C, D, E, and F) in the 
Forstenrieder Park. This study population was located southwest of 
Munich, Germany (48°2′49″N, 11°27′40″E).
Table S1: Subplot specific nest box density treatments applied in 
the Forstenrieder Park for three consecutive years. The four unique 
combination of density treatments (L: low vs. H: high, for blue tits: 
BT boxes and great tits: GT boxes) are shown thrice per year among 
the plots (A–F). Additionally, the table shows the total number of nest 
boxes per subplot and plot.
Text S1: We tested if the time spent in the side compartment of the 
exploration cage might influence the exploration scores.
Text S2: After visual inspection of the data from the blue tit adults of the 
Forstenrieder Park, we removed two observations of body mass (15.20 
and 15.38 g; natural range 9.2–12.4 g; Blondel et al., 2002; Kullberg 
et al., 2002; Perrier et al., 2018), two observations of tarsus length (18.6 
and 18.9 mm; maximum value 18.4 mm in 15 days old nestlings; Nord & 
Nilsson, 2011), eight values of wing length (>71 mm; maximum value 
found 69 mm but measured to the nearest of 1 mm; Furness & Furness, 
2016), and two observations of bill length (10.5 and 10.8 mm; natural 
range 6.4–10.3 mm; Blondel et al., 2002; Perrier et al., 2018).
Table S2: For each unique combination of species, population, and sex, 
we ran a structural equation model that estimated all nine hypothesized 
paths. The full model was fitted using the among-individual correlation 
matrix among all six mean- and variance-standardized traits. We printed 
each path's standardized estimate, SE, and p-value. BL, bill length; BM, 
body mass; BR, breathing rate; ES, exploration score; LV, latent variable; 
TL, tarsus length; WL, wing length. Bold values represent paths that were 
statistically significant (p < 0.05). We present two types of parameters: 
standardized path coefficients (→) and correlations (↔).
Table S3: Estimates, 95% confidence intervals (CI) and the amount 
of heterogeneity (R2

marginal) explained by the species (moderator) for 
each of the nine hypothesized structural paths.
Table S4: Estimates, 95% confidence intervals (CI) and the amount 
of heterogeneity (R2

marginal) explained by the population (moderator) 
for each of the nine hypothesized structural paths.
Table S5: Estimates, 95% confidence intervals (CI) and the amount of 
heterogeneity (R2

marginal) explained by the sex (moderator) for each 
of the nine hypothesized structural paths.
Text S3: From a proximate perspective, there are multiple non-
exclusive explanations for why the phenotypic integration between 
behaviour and morphology, and behaviour and physiology, varied 
significantly among datasets.
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