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Life-history theory predicts that individuals should adjust their reproductive effort according to the

expected fitness returns on investment. Because sexually selected male traits should provide honest infor-

mation about male genetic or phenotypic quality, females may invest more when paired with attractive

males. However, there is substantial disagreement in the literature whether such differential allocation

is a general pattern. Using a comparative meta-regression approach, we show that female birds generally

invest more into reproduction when paired with attractive males, both in terms of egg size and number as

well as food provisioning. However, whereas females of species with bi-parental care tend to primarily

increase the number of eggs when paired with attractive males, females of species with female-only

care produce larger, but not more, eggs. These patterns may reflect adaptive differences in female allo-

cation strategies arising from variation in the signal content of sexually selected male traits between

systems of parental care. In contrast to reproductive effort, female allocation of immune-stimulants,

anti-oxidants and androgens to the egg yolk was not consistently increased when mated to attractive

males, which probably reflects the context-dependent costs and benefits of those yolk compounds to

females and offspring.

Keywords: maternal effects; reproductive investment; differential allocation; parental care;

birds; phenotypic plasticity
1. INTRODUCTION
Life-history theory predicts that species will evolve flex-

ible reproductive strategies that allow individuals to

adjust their reproductive effort in response to the

expected returns on investment [1,2]. Of particular inter-

est is the potential for females to invest more or less in

relation to the phenotypic characters of her partner

[3,4]. If females invest more into reproduction when

paired with preferred males or males with highly

expressed secondary sexual traits (both referred to as

‘attractive males’ hereafter), this pattern of allocation

may increase offspring survival, growth or even reproduc-

tive performance (e.g. [5–12]). Such maternal effects not

only confound estimates of direct or indirect benefits of

mating with attractive males [13,14], but may also gener-

ate interesting evolutionary and ecological dynamics of

both sexually and naturally selected phenotypes [15,16].

However, it is not clear when and how females should

adjust their reproductive investment in response to sexually

selected male traits [17–19]. Contrary to the prediction

that females mated to attractive males should increase

their investment, it has been argued that females may be

favoured to increase investment when paired with unattrac-

tive males to compensate for poor offspring viability arising

from, for example, inadequate paternal care or low paternal

genetic quality or complementarity ([17,20] but see [18]).
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Females may also adjust their reproductive effort in

different ways, including behavioural adjustments (e.g.

incubation effort and feeding rates) and resource allocation

towards egg size or egg number. There is little theory to

enable researchers to generate directional predictions

with respect to aspects of reproductive investment that

should show plasticity in response to male attractiveness

[18,19]. However, patterns may differ across species

according to the system of parental care. Because male

ornamentation may reflect the ability to provide high-

quality paternal care in species with male care (e.g.

[21–24]) increased female investment in terms of clutch

size may generate greater returns on investment than

increasing egg size. On the contrary, in species with

female-only care or where offspring are semi-independent

at hatching, direct benefits of male attractiveness are less

likely. The optimal returns on investment in the presence

of indirect benefits may be better achieved via plasticity in

egg size rather than egg number (e.g. to compensate for

poor viability owing to genetic incompatibility [25]). Thus,

both the aspect of reproductive effort that could be adjusted

and the direction of the adjustment may vary across species

according to mating or social systems [18,19].

More recent evidence also suggests that female birds

not only adjust the size and number of their eggs across

reproductive attempts, but also the content of those

eggs (e.g. [26–28]). Yolk hormones and dietary com-

pounds that are believed to have important immune or

anti-oxidant functions, such as carotenoids, have received

particular attention ([29–33]; reviewed in [34–36]). For

example, Gil et al. [37] showed that female zebra finches
This journal is q 2011 The Royal Society
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increased the androgen content of their eggs when paired

with males of artificially enhanced attractiveness (colour

bands). Yolk androgens are now commonly measured

in studies of differential allocation (e.g. [28,37,38]).

However, it is not clear whether adjusting hormone or caro-

tenoid content of eggs is subject to the same theoretical

considerations as investment in terms of egg production

or parental care. Firstly, there is little evidence that the

small amounts of hormones and immune-stimulants (or

anti-oxidants) typically found in egg yolk impose a cost

on females that causes a trade-off between current and

future reproduction (reviewed in [39]). Secondly, it is not

obvious that ‘more is better’ [40]. On the contrary, the

developmental effects of hormones are likely to be highly

context- and sex-specific (e.g. [41–43]). Thus, the costs

and benefits of increasing yolk hormone levels to offspring

may vary more across environmental, social and develop-

mental contexts than, for example, the costs and benefits

of variation in egg size.

Here, we describe the results of a meta-analytical

approach to address these issues. Our goals were fourfold.

Firstly, we tested whether there was a general direction of

female investment in response to male attractiveness

across birds. Secondly, we examined whether the pat-

terns differed depending on the stage of investment

(egg production or feeding) and the nature of investment

(egg size, egg number, yolk androgen content and

immune-stimulants/anti-oxidants content of eggs), with

the prediction that energetic investment should show a

more consistent pattern of increased investment than

would allocation of yolk micronutrients when females

are paired with attractive males. Thirdly, we analysed

whether the patterns differed depending on the system

of parental care, with the expectation that species with

bi-parental care should tend to increase the number of

eggs to a greater extent than species with female-only

care, where positive or negative differential allocation pri-

marily should be manifested in terms of egg size. Finally,

we looked at whether there was any evidence for a phylo-

genetic signal in patterns of differential allocation or

differences owing to the experimental design.
2. METHODS
We collected data from experimental studies that tested

whether female allocation depends on the perceived attrac-

tiveness of the male. We searched for papers on ISI Web of

Science using a series of key words such as ‘differential allo-

cation’, ‘reproductive compensation’, ‘maternal investment’

and ‘male quality’ and by tracing citations to the landmark

papers in the field (e.g. [3,4,17]). We subsequently searched

all papers that were cited by those studies for additional

papers. Finally, we also searched papers published online

early in leading general journals (American Naturalist,

Proc. R. Soc. Lond. B) and behavioural ecology journals

(Animal Behaviour, Behavioural Ecology, Behavioural Ecology

and Sociobiology) that tend to publish experimental studies

of differential allocation. Studies typically measured egg

size and clutch size, but some studies also investigated

laying onset, post-hatching investment (e.g. feeding rate),

yolk androgen content and proposed immune-stimulants or

anti-oxidants (e.g. lysozymes, carotenoids and vitamins).

We classified female investment as onset of laying, egg size

(including egg mass), clutch size (number of eggs), yolk
Proc. R. Soc. B (2012)
androgens, yolk immune-stimulants and post-hatching

investment. The latter was quantified as feeding rate per

chick or per brood. Studies that used the latter estimate typi-

cally experimentally or statistically controlled for clutch size

(e.g. by using a single clutch size for all pairs) and we there-

fore pooled the two methods in our sample. We only included

studies that experimentally manipulated male attractiveness

or allocated males of different attractiveness randomly to

females. This excluded some high-profile studies that did

not control for non-random pairing with respect to male

and female phenotypes, such as Burley’s original study

where the term differential allocation was coined ([3] see

also [44]). However, this restriction on data collection is

important as other designs do not allow one to disentangle

effects of female reproductive plasticity and female quality

owing to, for example, non-random pairing [4]. Further-

more, we only included studies that either assigned

preferred or non-preferred males based on female preference

trials (e.g. [25]) or for which the focal male trait had been

shown (elsewhere or in the same paper) to be related to an

estimate of male ‘quality’ (e.g. dominance and mating suc-

cess) or experimentally demonstrated to be under sexual

selection (e.g. via female choice). We classified the studies

according to their experimental design in two ways; firstly,

the experimental design by which females were exposed to

males of different quality (i.e. randomized allocation of

males, experimental manipulation after pairing, or within-

female paired design where the same female was mated to

attractive versus non-attractive males in a random order)

and, secondly, whether the male trait was directly experimen-

tally manipulated. We could not test for variation in female

responses to different male traits (e.g. song and plumage

colour) because of the low sample size per trait and strong

covariance between the trait and species under study. Finally,

we also collected data on the species to test whether repro-

ductive investment varied according to the pattern of

parental care (bi-parental versus female-only care; no species

showed male-only care). The full dataset, consisting of 113

effect sizes, from 45 studies across 17 species, is provided

as the electronic supplementary material.

Effect sizes were calculated from the available information

in each paper, such as means and estimates of variance for

treatment and controls, correlations, t-test or F-statistics,

supplemented by additional information (e.g. direction of

the effect) provided by authors whenever possible [45,46].

Where the design included experimental groups with

means+ s.d. (or s.e.) reported for more than two levels

(e.g. short tail, intermediate tail and long tail), we consist-

ently calculated a single effect size based on the most

extreme levels only as this is most consistent with theory

(i.e. the strongest effect should be found when the difference

in male quality is greatest). All effect sizes were converted

into Fisher’s Z (Zr) and its associated variance used for our

meta-analytical procedures.

All statistical analyses were carried out in the R environ-

ment (v. 2.12.2) [47]. We adopted what is often referred to

as a ‘meta-regression’ approach, which allows one to test

the effects of multiple predictors, both categorical and con-

tinuous, in a single model (e.g. [48]). For meta-regression

analysis, we used Bayesian generalized liner mixed-model,

implemented in the R package, MCMCglmm [49]. We car-

ried out meta-analytical models both without phylogeny

(i.e. Bayesian mixed-effects meta-analysis, BMM) and

with phylogeny (i.e. Bayesian phylogenetic mixed-effects



Table 1. Meta-analytical models and their compositions (models 2, 4, 6 and 8 include phylogeny) along with corresponding

deviance information criteria (DIC) and heterogeneity resulting from three random effects (the proportion of variance for a
particular random factor in relation to the sum of all variance components); values for DIC and heterogeneity are the
posterior modes (note that fixed effects estimates included in models 5 and 6 were omitted in models 7 and 8 as qualitative
results remain the exactly the same in the corresponding models; for detailed results, see electronic supplementary material,
tables S1–S4).

model no. moderators (fixed effects) DIC

heterogeneity (%)

(random effects)

study species phylogeny

model 1 (intercept only) 2232.08 5.189 2.087 —
model 2 (intercept only) 2232.10 1.363 2.396 0.029
model 3 female traits 2207.71 5.227 1.916 —
model 4 female traits 2216.15 1.955 1.871 0.033

model 5 female traits, parental care types and their interactions 2258.01 3.337 1.963 —
model 6 female traits, parental care types and their interactions 2260.34 2.336 1.738 0.020
model 7 female traits, parental care types, their interactions,

male traits and experimental designs
2254.72 4.952 1.832 —

model 8 female traits, parental care types, their interactions,
male traits and experimental designs

2254.60 2.626 1.466 0.016
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meta-analysis, BPMM; see [50] for details). We employed

mixed-effect models (BMM and BPMM) to deal with non-

independence among data points originating from the same

studies and the same species, and also BPMM to account

for the lack of independence owing to the evolutionary his-

tory among 17 species in the dataset. In other words, for

all BMM, we had study and species identities as random

factors and for all BPMM, we had phylogeny in addition to

study and species identities as random factors (estimating

variance components of each of these random factors).

A topology of a phylogenetic tree used for BPMM was con-

structed based on a collection of avian phylogenetic trees

available at Bird Supertree Project (http://linnaeus.zoology.gla.

ac.uk/~rpage/birdsupertree/) (see electronic supplementary

material, figure S1). As an index of consistency (or heterogen-

eity), we assessed the proportion of the total variance (the

total of all variance components in a model) accounted by a

particular random factor (i.e. study, species and phylogeny).

Such a proportion reflects heterogeneity at a particular level

(e.g. study). Our four BMMs and four BPMMs were con-

structed according to our four goals outlined in §1 (table 1;

see also the electronic supplementary material for details).

We also assessed signs of publication bias in our datasets

by using funnel plots and Egger’s regression [51]. The exist-

ence of publication bias (largely resulting from preferential

publication of statistically significant results) can render

meta-analytical results unreliable. More detailed statistical

procedures are found in the electronic supplementary

material.
3. RESULTS
Regardless of whether or not phylogeny was taken into

account, there was a significant positive effect of male

attractiveness on female reproductive investment across

studies (BMM: b(fixed effect estimate) ¼ 0.146 (95% credible

interval, CI: 0.078–0.213); BPMM: b ¼ 0.171 (95% CI:

0.045–0.310); figure 1 and electronic supplementary

material, table S1), although the effect can be considered

small (the Zr values of approximately 0.10, 0.31 and 0.55

correspond with small, medium and large effect size,

respectively, in Cohen’s benchmarks; [52]). According
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to deviance information criterion, DIC, which is a Baye-

sian equivalent of more commonly used Akaike’s

information criterion, AIC [53], BPMM with female

traits, parental care types and their interactions were the

best model among the eight tested models (table 1).

Highly energetically demanding allocation (i.e. clutch

size, egg size and feeding rate) consistently showed a

significant and expected overall effect regardless of

phylogenetic corrections (BMM: b ¼ 0.118 (95% CI:

0.025–0.208), b ¼ 0.179 (95% CI: 0.068–0.283) and

b ¼ 0.278 (95% CI: 0.105–0.444), respectively;

BPMM: b ¼ 0.150 (95% CI: 0.0002–0.339), b ¼ 0.211

(95% CI: 0.048–0.381) and b ¼ 0.300 (95% CI: 0.131–

0.559), respectively; figure 1 and electronic supplemen-

tary material, table S2), whereas yolk hormones and

yolk immune-stimulants (including anti-oxidants) did

not show a consistent significant overall effect (BMM:

b ¼ 0.148 (95% CI: 0.029–0.271) and b ¼ 0.070 (95%

CI: 20.108–0.238), respectively; BPMM, b ¼ 0.176

(95% CI: 20.023–0.332) and b ¼ 0.113 (95% CI:

20.136–0.295), respectively; figure 1 and electronic

supplementary material, table S2). Furthermore, females

of species with bi-parental care tended to respond to

attractive males primarily by increasing the number of

eggs rather than the size of eggs (BMM: b ¼ 0.133

(95% CI: 0.030–0.230); BPMM: b ¼ 0.168 (95% CI:

20.026–0.347); figure 1 and electronic supplementary

material, table S3). Indeed, females of species with

female-only care increased egg size to a significantly

greater extent than did females of species with bi-parental

care (estimated contrasts: BMM: b ¼ 0.258 (95% CI:

0.018–0.541); BPMM: b ¼ 0.246 (95% CI: 0.001–

0.522); figure 2 and electronic supplementary material,

table S3). There was also an accompanying significant

contrast with respect to yolk androgens, with a significant

positive effect of male attractiveness on androgen levels in

species with female-only care, but not in species with bi-

parental care (estimated contrasts: BMM: b ¼ 0.442

(95% CI: 0.120–0.765); BPMM: b ¼ 0.436 (95% CI:

0.141–0.796); figure 2 and electronic supplementary

material, table S3). There was little evidence that exper-

imental designs (how females were exposed to males and

http://linnaeus.zoology.gla.ac.uk/~rpage/birdsupertree/
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Figure 1. A forest plot of meta-analytical results of models 1–6 (table 1; results from BMM shown in (a) and BPMM shown
in (b)): models 1 and 2 (solid squares), models 3 and 4 (open circles) and models 5 and 6 (solid circles).
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Figure 2. A forest plot of contrast analysis from models 5 and 6 (table 1; results from BMM shown in (a) and BPMM shown in (b)).
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whether or not male traits were manipulated) significantly

affected female investments (for estimates, see electronic

supplementary material, table S4). Heterogeneity arising

from studies, species and the phylogenetic relationship

were low (all less than 6%; table 1 and electronic supple-

mentary material, tables S1–S4), suggesting differences

in effect sizes among studies and species, and from the phy-

logenetic relationship are relatively minor (cf. [54]). Also,

there were little signs of publication bias after controlling

for important modifiers, i.e. the types of female traits and

the modes of parental care (figure 3 showing funnel plots)

and the Egger’s regression test supported the lack of

publication bias in our dataset (b ¼ 20.028 (95% CI:

20.119–0.072); the slope of the regression is not signifi-

cantly different from zero, indicating little evidence for

publication bias).
Proc. R. Soc. B (2012)
4. DISCUSSION
Our comparative meta-analysis showed small to moderate

overall increases in costly female reproductive invest-

ment when exposed to (or mated with) attractive males

across birds. Thus, female birds show substantial flexi-

bility in their reproductive investment across contexts,

both in terms of egg production and parental care.

Despite some studies with results in the opposite direc-

tion [25,26,55], this overall result provides strong

evidence in favour of the theoretical prediction that

females generally should invest more into reproduction

when mated with high-quality males, and that increased

investment for low-quality or non-preferred males

should only be favoured under restricted circumstances

likely to be rare within and among species [4,18]. Impor-

tantly, greater investment in terms of egg size or feeding
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rate when paired with attractive males implies that studies

that do not estimate or control for maternal investment

will tend to overestimate the direct and indirect benefits

of male attractiveness (e.g. ornament size) on offspring via-

bility, perhaps even to the extent where ‘good genes’ effects

are primarily driven by differential female allocation

(reviewed in [14,56] see also [57]). Nevertheless, adaptive

differential allocation requires that females gain direct or

indirect benefits when mated to attractive males and that

adjustment of reproductive effort in relation to those

benefits maximizes lifetime reproductive success.

Burley’s original formulation of differential allocation

stressed that increased investment for high-quality males

may be favoured if it encourages increased paternal care

or maintains the pair bond with a high-quality male [3].

A positive relationship between male sexual ornamenta-

tion and paternal care has been found in some studies

(e.g. [22,24]), including for species in our dataset (e.g.

house sparrows [58]). However, empirical and theoretical

studies show that this may not necessarily be a general

pattern (e.g. [59–62]). If sexual traits honestly signal

direct benefits in terms of care, this may suggest that

female fitness would be best enhanced by producing

larger clutches rather than larger eggs for more attractive

males. The difference in allocation towards egg size versus

number between species with bi-parental and female-

only care is consistent with this hypothesis. However,

interspecific variation in the relationship between male

sexual traits and paternal care suggests that this expla-

nation should apply only to some species. This warrants

further exploration by empirically targeting additional

species for which the relationship between male orna-

mentation and paternal care (positive or negative) is

well established. Furthermore, since these adaptive scen-

arios invoke repeated behavioural interactions between

males and females to determine parental care, which

potentially is subject to sexual conflict, the predictions

should be verified using models that incorporate the pro-

cess by which decisions are made [19,63]. This approach

would also help to assess whether the consistent positive

effect of male attractiveness on female feeding rate in
Proc. R. Soc. B (2012)
our dataset will be general or if it may depend on the

signal content of male secondary sexual ornamentation.

The significant effect of male attractiveness on egg size

(a costly investment; [64]) in species with female-only

care is less easy to explain in adaptive terms unless there

is significant additive genetic variance in fitness associated

with male attractiveness (‘good genes’) or variation in off-

spring survival associated with genetic complementarity

(that the average effect size of studies that directly

manipulated male sexual traits did not differ from the

effect sizes in studies that randomly allocated non-

manipulated males to females suggests that male effects

in birds are not the outcome of male manipulation analo-

gous to the effect of seminal fluid in Drosophila [65]).

Unfortunately, very few studies have estimated the effect

of increased maternal investment on offspring fitness in

birds (e.g. [66]), and disentangling genetic and maternal

effects remains a challenge. Nevertheless, larger eggs tend

to have positive effects on offspring survival and growth

[11,67], although it should be noted that egg size may

also vary with the amount of micro- and macro-nutrients

that may be more important for variation in offspring

development than egg size per se (e.g. [10]). Interestingly,

despite the strong general direction of the effect in species

with female care, one study of mallards found that

females increased investment for non-preferred males

[25], suggesting the fitness benefits (if any) of increasing

investment when paired with attractive males may be

context-dependent. Indeed, expected future reproductive

returns will influence the cost-benefits of differential allo-

cation and may cause, for example, younger females to

invest more conservatively in response to male attractive-

ness than older females [18]. Unfortunately, age or

context-dependencies on female investment in relation

to male attractiveness have not yet been systematically

addressed in experimental studies.

Although we have focused specifically on differences

between species with bi-parental and female-only care,

these could also be driven by differences between altricial

and precocial life histories since they are largely over-

lapping in our dataset (and in birds in general; see



168 T. Horváthová et al. Differential allocation in birds
[68,69]). However, we are not aware of any directional

predictions in the differential allocation literature that

specifically focus on whether the species is altricial or pre-

cocial (but see [70]). Furthermore, the scenarios remain

speculations until the adaptive significance of the patterns

of investment are explicitly tested; it is notable how few

studies of differential allocation that estimate fitness of

offspring [65,71,72]. Furthermore, to our knowledge,

no study has attempted to estimate fitness of females that

do versus that do not allocate resources differentially in

relation to male attractiveness. We, therefore, suggest that

research should move away from simply assessing patterns

of female investment and towards studies that integrate

manipulation of male attractiveness with estimation of off-

spring and female fitness (including the trade-off between

current and future reproduction), preferably in ecologi-

cally relevant contexts (see e.g. [73,74], for a similar

approach in the context of cooperative breeding).

Although our results support the prediction that costly

resource investment would show a more consistent pat-

tern than changes in yolk androgen, immune-stimulants

and anti-oxidants, the strong effect of male attractiveness

on yolk androgens in species with female-only care stands

out. Despite that this result is based on only three species;

houbara bustard (Chlamydotis undulata), grey partridge

(Perdix perdix) and a particular strong effect in peacocks

(Pavo cristatus), it may indicate a functional difference of

yolk androgens between systems of parental care or, per-

haps, along the altricial–precocial spectrum. For example,

androgen levels in altricial species with bi-parental care

typically vary substantially both within and between

clutches. The within-clutch variation seems to be impor-

tant for within-brood variation in begging behaviour

[75,76] and may adaptively minimize the effect of hatch-

ing asynchrony or mediate parental feeding behaviour

([76,77]; review in [35]). Such within-brood effects are

perhaps less likely in precocial species like peacocks,

and may therefore enable evolution of strategies that

involve more substantial between-brood variation in hor-

mone levels. Importantly, the lack of a general effect in

species with bi-parental care is opposite to that predicted

by the theory that females manipulate paternal invest-

ment by adjusting the begging rates of their offspring

[70]. Nevertheless, an increase in yolk androgens for

females paired with attractive males has also been found

in some species with bi-parental care, like the zebra finch

[37], suggesting that adaptive allocation strategies may be

quite complex or perhaps that the significance of yolk

androgens for offspring fitness has been overestimated.

For example, hormone levels may vary with egg size as a

result of functional linkage between oocyte growth and

accumulation of hormones [43,78], suggesting that high

androgen levels in eggs produced by females exposed to

high-quality males may largely be caused by changes in

yolk size rather than ‘active’, adaptive, allocation of hor-

mones per se (integration of oocyte growth and hormone

accumulation may of course itself be adaptive). Finally,

studies of house finches suggest that the accumulation of

yolk androgens during oocyte growth may have causal

effects on sex chromosome segregation ([43]; reviewed in

[79]). If this is the case in any of the female-only care

species, it raises the possibility that the adaptively signifi-

cant trait in this context is sex ratio rather than yolk

androgen. Studies of variation in yolk hormones and how
Proc. R. Soc. B (2012)
such variation influences developmental trajectories

across species with a wide range of life histories would

be necessary to further our understanding of the causes

and consequences of the comparative patterns revealed in

this study.

In summary, female birds tend to increase repro-

ductive investment when mated to attractive males.

However, species differ with respect to whether they

invest in terms of egg size or the number of eggs; species

with female-only care tend to invest primarily in egg size.

Adjustment of yolk androgens, immune-stimulants and

anti-oxidants showed no consistent direction with respect

to male attractiveness across birds, which probably reflect

that they are not necessarily costly to females and that

their benefits (and costs) are highly context-dependent.

The patterns emerging from existing studies show that

there is substantial flexibility in female reproductive

investment in relation to male attractiveness. The chal-

lenge for behavioural and evolutionary ecologists is now

to assess the adaptive significance of these patterns and

their consequences for eco-evolutionary dynamics.
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