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From social interaction to foraging, the survival of newborn animals
depends on their ability to make adaptive decisions without prior
experience. While ethological research focused on strong innate biases,
recent empirical evidence shows that early preferences are often weak,
transient and variable. After reviewing these findings, we introduce a
novel model that explains how multiple weak biases can support adaptive
choices in naive, inexperienced animals. We propose a self-supervised
strategy in which naive animals combine internal predispositions with
environmental structure to guide behaviour. First, predispositions target
features that are rare in the background but common in relevant stimuli
(e.g. red colour, upward movement), thus reducing false positives.
Second, the evolution of multiple weak biases allows animals to increase
accuracy of decisions using co-occurring cues (e.g. colour, sound and
movement). Weak biases are advantageous as they prevent strong
responses to misleading partial matches. Requiring the co-occurrence of
multiple rare cues supports effective choices in complex environments
with many misleading stimuli. This simple self-supervised strategy
offers a new framework for understanding early decision-making,
with implications that span across behavioural ecology, developmental
psychology, comparative cognition and artificial intelligence, where
decision-making with sparse evidence is a crucial challenge.

1. Advantages and challenges of early-life biases
From approaching social partners [1,2] to predator avoidance [3] and foraging
[4,5], the fitness of young animals relies on adaptive choices. While later-life
decisions are influenced by learning, culture and plasticity [6,7], early choices
occur independently of these factors. Inexperienced individuals can use biases
evolved in previous generations to guide a range of preferences and deci-
sions, before having learning opportunities (§2). However, these biases may
increase the likelihood of errors [8], such as overlooking or misjudging critical
information [9]. Errors due to biases are frequent especially when environ-
ments incur rapid changes [7,10], like in the case of sea turtle hatchlings
disoriented by recently introduced artificial lights [11]. Balancing benefits
and costs of biases is particularly important for young animals. Precocial
animals [12] —species that move autonomously within hours after hatching
or birth, including fowls, turtle hatchlings and many ungulates [13] —and
solitary animals such as most insects [4] are exposed to these risks. See
table 1 for a glossary of key words in italics. We focus on precocial animals
to understand how inexperienced individuals are cognitively and perceptu-
ally predisposed to leverage biases while deploying strategies to mitigate
associated costs. At the same time, this reflection is relevant to understand the
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role of inductive biases—a concept connected to that of innate knowledge—and built-in structure in artificial intelligence [14–16],
as it is still unclear how to best tailor the architecture of artificial intelligence to enhance ‘adaptive’ choices in the absence of
previous experience.

Evidence from different vertebrate species—including domestic chicks, tortoise hatchlings and human infants—show how
early behavioural responses are guided by approach/avoid biases known as early predispositions [2,4,17,18]. In §3, we examine
evidence that early predispositions are weak, flexible and transient, unlike the rigid, species-specific fixed-action patterns
classically described by ethologists [19,20] and unlike the innate escape responses that require extensive evidence to be modified
[21]. The widespread occurrence of multiple weak biases/early predispositions across species suggests that they serve an
adaptive function that remains to be explored.

We hypothesize that the presence of multiple weak biases is an adaptive strategy for self-supervised decision-making.
This strategy enables inexperienced animals to reduce errors in their biased choices by requiring the simultaneous presence
of multiple corroborating cues before generating reliable behaviours or consolidated memories. In contrast, strong biases
towards single cues, which act as triggers or releasers, are particularly useful in time-critical contexts, such as mating [9,19],
fight-or-flight reactions [3,21,22] or orientation in stable environments [11]. We formalize this idea with a mathematical model
of cue integration, evaluating how weak biases can serve as an adaptive solution for inexperienced organisms. Our model
provides a set of testable predictions.

2. A multitude of biases in newborn animals
The spontaneous preferences observed in newborn animals with minimal or no prior experience offer a window into the
preparedness of the nervous system to respond to external stimuli. Growing evidence not only challenges the old empiricist
(Hume, Locke) and behaviourist (Watson, Skinner) claims that internal worlds are solely shaped by experience but also
questions more recent accounts, mostly related to artificial intelligence development, that point at general-purpose learning
mechanisms [14,23–26]. Far from being blank slates, young animals exhibit a multitude of biases [2,4,17,18,27,28] and prepared
responses [29,30]. Similarly, even artificial networks, for which supervised learning is essential to their success, are pre-tuned to
specific information via their structure and hyperparameters. For instance, in convolutional neural networks the model assumes
that nearby pixels are related (with an induction for spatial locality) and that objects appear across space [31]. In recurrent
neural networks the model assumes that the past influences the present (with a temporal inductive bias) [32]. See [14] for a
review of inductive biases in artificial neural networks. Biases available to inexperienced systems do not need to be encoded as
prescriptive rules or isomorphic representations, but can equally work as simple enhancers of information flow. Whether young
animals use specialized mechanisms to refine the use of biases and reduce related errors in the absence of experience remains an
open question.

As precocial [12,17] animals that benefit from the ability to accurately perceive stimuli and move autonomously within
hours of hatching,1 newly hatched chicks (Gallus gallus) have become a valuable system to study early predispositions, the
early biases that support approach and withdrawal responses in newborn animals, and inductive biases [18,24,36]. Unlike
mammals with internal gestation, chick embryos can be incubated under controlled conditions, allowing researchers to strictly
regulate their sensory experiences in the laboratory. Moreover, chicks can be hatched and raised individually, or with the
social support of stimuli controlled by the experimenters, and tested while still inexperienced, or while having been exposed
only to specific stimuli until the moment of test. Altricial species, on the contrary, require more extensive parental care. These
characteristics have enabled researchers to identify and study numerous predispositions in poultry chicks (for recent overviews
see [2,17,18,27,37]).

As evident in poultry chicks, early biases can facilitate rapid learning via imprinting [38–41]. Imprinting is a fast-learning
mechanism that depends solely on exposure, by which chicks learn the distinctive characteristics of the first stimuli they are
exposed to and develop attachment behaviours for them. In the wild, the first encountered stimuli are typically the mother and
siblings [38–40,42]. Notably, predisposed (spontaneous) and imprinted (learnt) preferences rely at least partially on different
neural substrates, as shown by electrophysiological [43], lesion [44], pharmacological and immunohistochemical studies [45,46].
This reinforces the idea that early biases serve as an orientation mechanism for inexperienced individuals, before learning takes
place [18]. Neuroscientists are discovering the neuroanatomical and cellular mechanisms that underlie the interactions between
innate and learned responses, for instance in escape behaviour [21]. Before animals are engaged in learning, predispositions
are essential to orienting young animals towards ‘appropriate’ objects, ensuring that learning and attachment are directed at
objects that enhance survival and fitness [2,17,18,47]. Interactions between biases and learning are relevant in several domains
and throughout life, as shown by efforts in biodiversity conservation projects [10]. In this article, we focus on early choices of
naive individuals and model the example of newborn chicks that choose which stimuli to approach.

Studies on visually naive chicks have revealed several population-level preferences for both static and dynamic visual
features. These include preferences for static patterns such as face-like stimuli [43,47–49], hollow objects [50], specific colours
(notably red and blue, which are rare in the background landscape [36,51,52]), a stuffed hen versus an unstructured reassembly
of its components [28,49,53], intermediate size stimuli that match the size of a pre-domestication fowl [54], with stronger

1In many songbirds, predispositions for species-specific songs guide learning [33]. Studying these predispositions is methodologically challenging, as it requires to
isolate young birds and to prevent them hearing their own vocalizations. Because these altricial birds hatch with immature sensory, perceptual and motor systems,
test in free-ranging tasks without caregiver interference is often unfeasible. Similar constraints apply to human infants. While research suggests that language and
music acquisition in humans is influenced by innate biases [34,35], these studies are typically conducted years after birth, complicating inferences about early
development.
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preferences for certain combinations of colour and size [51]. Interestingly, spontaneous preferences are often stronger for
dynamic than for static stimuli features: chicks prefer objects that move upward against gravity [37], biological motion [55],
objects that move along the longer axis [56] or self-propel [57]. It has been argued [2,17,27,47] that many of these features are
associated with the presence of social partners, or more in general the presence of living animals and animacy (the property
of being alive) [1,27,58]. As vulnerable hatchlings rely on maternal care for protection and sustenance, the ability to orient
towards stimuli appropriate for subsequent imprinting provides a clear adaptive advantage [18]. Abundance of information
associated with living animals can also explain why even solitary species, such as land tortoises [1], exhibit similar biases
observed in chicks [43] and infants [59,60]. Altricial animals, like newborn infants, have a very different course of development
from precocial animals, as they are highly dependent on parental care and born with immature sensory and motor systems.
Despite these differences, both exhibit remarkably similar biases, beyond face-like pattern sensitivity, such as the preferences for
biological motion [55,61], self-propulsion [58], movement along the main body axis [62], as previously highlighted [2,17,18,27].
The translational value of poultry chicks as a model for early predispositions has also been previously discussed [63].

Overall, early biases are widespread among newborns of various species. This observation may initially suggest that such
biases are robust, consistent and universally fixed to enhance adaptive success. However, as §3 demonstrates, these predisposi-
tions are neither rigid nor universal but rather weak and transient.

3. Biases with different strength: fixed-action patterns versus early predispositions
Biases that do not depend on learning can differ in strength, flexibility and consistency across a lifetime [28]. Biases can
be characterized as coming from a continuum: high flexibility is often associated with weak biases, while lower flexibility
is associated with strong biases (see figure 1), along a continuum. Biases with low flexibility and high strength have been
described as fixed-action patterns, i.e. rigid behaviours that are intense, persistent and resistant to extinction, triggered by specific
stimuli and often leading to striking errors such as attacking unrealistic dummies [20], incubating oversized and unrealistic
eggs [20] or courting artefacts instead of other animals [9]. An organism that exhibits such errors may nevertheless have high
fitness, if false negatives (failing to respond to a critical stimulus, missing reproduction due to a sexual competitor or lack
of egg incubation) are more costly than false positives (responding to a non-target stimulus) [64]. Importantly, more recent
evidence has shown some flexibility of fixed-action patterns in response to developmental experience and context (e.g. [65]
for the aggressive responses of three-spine sticklebacks [66], and [67] for the flexibility in escape behaviour in mice and flies).
Nevertheless, these behaviours are overall stable and require repeated evidence to be modified. An example of fixed-action
pattern encountered in the first stages of life is the hatching behaviour of birds, which is highly conserved across species and
responsive to proprioceptive and hormonal cues [68]. Other strong biases that hold at the population level and orient animal
behaviour in different domains include phototaxis [11], and see [69] for a clear population bias in flies, sensitivity to cues that
elicit predator avoidance [3,22,70], foraging [4,71,72], prey-catching [71] and oviposition [73,74].

At the other end of the continuum, we find spontaneous biased behaviours that are blurred and flexible. Early predispositions,
a term used in both human and non-human animal cognition studies [2,18,44], refers to the consistent population preferences
in orienting and approach responses [2,17,18,27] at the beginning of life. Interestingly, while these predispositions are observed
in different experiments [28,49,53,75,76], they are by no means uniform and permanent. For instance, while most chicks are
attracted by upward movement, biological motion, face-like patterns and hollow objects, other animals approach the alternative
stimuli [37], explore both stimuli or do not approach any stimulus [37,49,50,55]. Moreover, the preference to approach an object
that changes in speed (as if self-propelled) is consistently present in the first day after hatching, but is not observed 2 days
later [77,78] (unless pharmacological treatment with T3 hormones re-instantiate the original preference [78]), an example of

Table 1. Glossary

Additive models: models in which a decision is determined by the summed contributions of the preference for individual cues, without interactions or scaling effects
between them

Altricial: species in which newborn animals have sensory and motor systems not fully developed, with consequent limitations in sensation and movement

Bias: systematic tendency towards or against a stimulus or pattern. In our model it is represented by β

Early predisposition: bias that produces approach/withdrawal or preferential attention responses in newborn animals

Fixed-action pattern: non-learned stereotypical behavioural sequence triggered by specific stimuli, that usually runs to completion regardless of external changes

Imprinting: learning mechanism based on exposure during early time windows of development, that produces attachment for a salient object or location

Inductive biases: preferences in favour of some solutions over others in front of novel scenarios

Precocial: species in which newborn animals have highly functional sensory and motor systems, with advanced sensory and motor skills

Self-supervised strategies: cognitive/computational and behavioural strategies that rely on the intrinsic structure of the input, acting as implicit supervision

Spontaneous biases: systematic tendencies towards or against a stimulus, that do not depend on prior experience

Synergistic models: models in which a decision is determined by the interaction of preferences for different cues, including scaling and nonlinear effects between
them. In our model, the scaling factor is represented by λ

Unsupervised strategies: cognitive/computational and behavioural strategies that rely on internal guidance (rather than on external instructions and reinforcement)
to find solutions
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temporal plasticity. Similarly, the initial preference to approach female conspecifics observed in the first hours after hatching,
fades away [79]. In some cases, the initial predisposed preferences can be easily reversed by a simple prolonged exposure to
the less preferred stimuli: in poultry chicks, the initial preference for approaching a red stimulus versus a yellow one can be
reversed after prolonged exposure [36,80]. Additionally, predispositions are influenced by the context, as they are modulated
and strengthened by the presence of co-occurrent stimulation [55,76,81,82], and variations in behavioural phenotypes can arise
between individual animals and between breeds [53], rather than being a species-defining trait.

Unlike fixed-action patterns, which typically provide a specialized function for a specific circumstance, such as hatching and
predatory threats, early predispositions function as flexible guiding mechanisms that shape learning and adaptation during
early life. The weakness of early predispositions suggests that they act in a probabilistic manner, requiring multiple confirming
cues to elicit strong responses. Young animals may integrate multiple weak biases as a self-supervised strategy to minimize errors.
Rather than responding automatically to single stimuli, animals react when multiple cues co-occur, allowing them to exploit
statistical regularities even without prior experience.

The adaptive value of predispositions is supported by different lines of evidence. First, predispositions are widespread
across taxa, including birds, reptiles and mammals, and have been observed across different laboratories and settings, as
exemplified by colour preferences [36,51,82,83]. Moreover, although predispositions are weak, they are conserved between
breeds [53,77,78,84]. The soft, weaker nature of early predispositions compared with fixed-action patterns suggests that
predispositions might guide behaviour requiring multiple confirming cues to elicit strong responses, as a safety net to avoid
too-impulsive reactions. This aligns with the idea that young animals integrate multiple weak biases as a self-supervised
strategy to minimize errors without requiring experience.

To summarize, biases range along a continuum from fixed-action patterns to early predispositions, serving as internal
priors that shape responses to stimuli. Early predispositions are present shortly after birth in naive animals and are weak,
transient and more flexible, allowing context-sensitive learning. Fixed-action patterns, in contrast, are more rigid, species-wide
and less influenced by the environment, appearing in both young and experienced animals. These differences suggest distinct
evolutionary roles: while fixed-action patterns ensure consistent responses to predictable stimuli, early predispositions guide
learning towards variable but important stimuli.

4. Self-supervised sources of evidence
We investigate how multiple innate biases can be used before an animal engages in experience-dependent learning (e.g.
individuals that have no previous experience with the sensory stimuli presented at the time of the behavioural decision) to
reduce the risks of maladaptive responses, thus reducing the potential costs of those biases.

A plausible evolutionary strategy is the development of biases towards features that are statistically rare in the environment
yet consistently present in biologically relevant targets. Such a bias would have a low false positive rate, and indeed several
species use rare and conspicuous colours to communicate with conspecifics [85] and as sexual and warning signals [86]. Even
in animals that have more cryptic, earth-toned plumage, such as female jungle fowls, the head region contains some reddish
colours, rare in the general environment, that are attractive for juveniles [36,51]. Similarly, cues of animacy such as upward
movement against gravity [37] or biological motion [55] are rare in inert objects. Once biases for rare features have evolved, they
can be used synergistically to assess an overall scene composed of multiple cues or stimuli.

As a self-supervised strategy, co-occurrence of multiple favoured cues provides a more precise and reliable signal of stimulus
value. Rather than assessing signal reliability by integrating information over time (e.g. continuously tracking a single cue over
time or waiting for it to recur multiple times), animals can assess stimuli based on multiple instantaneous factors that enhance

Early predispositionsFixed-action patterns

More flexibleLess flexible

More biased Less biased

19 11 5 52, 53, 81 52, 53 814 1, 2, 44, 49

3, 21, 22, 3020 47, 59, 8838, 62 58 57

Figure 1. Innate biases vary in flexibility and strength. Fixed-action patterns usually have low flexibility and high strength, while early predispositions are weak and
plastic. The figure illustrates some innate biases described in the references indicated with specific numbers. Cues position along this spectrum should be interpreted
qualitatively. The exact position on the horizontal axis is purely indicative, as predispositions depend on species and context, as shown in this article.
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decision-making in the single moment of the first choice. These factors can fall into a variety of categories including (i) features
that are rare in the background, (ii) the use of context information, specifically the co-occurrence of multiple distinct cues and
(iii) the level of independence of co-occurring cues (where co-occurring independent cues provide stronger information than
co-occurring dependent cues). Requiring multiple corroborating cues before committing to a behavioural response allows for
the presence of weak biases that individually would be too weak to produce consistent behaviours.

The presence of multiple independent features within a single stimulus is a condition that can be used to infer a higher
degree of certainty in the validity of the stimulus. Independent features are often processed in different sensory pathways,
such as colour and movement, or shape/size and colour. If two or more preferred characteristics co-occur despite being
encoded independently (such as a ‘face-like’ [48,49] or ‘hen-like’ [28,53] configuration combined with self-generated movement
[87], or an object displaying both a distinctive colour and biological motion [81] or an object that has multiple ‘adult-like’
features such as reddish colour and large size [51]), this convergence provides strong evidence that the stimulus is relevant,
reducing the risk of errors in spontaneous approach behaviours. By prioritizing stimuli that simultaneously exhibit multiple,
independently preferred traits, newborn animals can optimize early decision-making, ensuring that their first interactions with
the environment are both efficient and adaptive.

5. Spontaneous choices model
(a) A model for spontaneous preferences in inexperienced animals
To investigate the role of multiple weak biases in newborn animals, we propose a mathematical hypothesis for how individuals
with spontaneous biases but no prior experience can integrate multiple cues in decision-making (see electronic supplementary
material, S1). As framing scenarios, we consider a newborn chick (or newborn insect) that faces the choice between one target
stimulus such as the mother hen (or a target flower) versus alternative non-target stimuli, when multiple cues are present.

We focus on biases for cues that have low base probabilities (cues that are rare in a generic background), as other biases
would be too costly evolutionarily, inducing too many false positives. The model tests whether relying on multiple weak biases,
rather than a few strong ones, improves the accuracy of object selection. Specifically, we analyse the role of strength and
number of biases, as well as the interaction of valid cues (preferred cues that correctly signal the presence of a target object) and
misleading cues (preferred cues that are present in non-target objects). We compare choice scenarios in which cues contribute
independently from one another (additive model) with those where they interact synergistically, with multiplicative and scaling
effects (synergistic model). This provides a framework for understanding early predispositions as a self-supervised strategy that
minimizes errors and maximizes choices’ adaptive value.

(i) Additive model

In the simplest scenario (the additive model), multiple cues contribute independently to decision-making, with each cue having
a linear effect on the probability of selecting the correct object, based on cues that signal the presence of the target (valid cues)
versus misleading cues that correspond to non-target objects. However, adaptive cues that have a low base probability (i.e. cues
that occur less frequently in nature, such as blue or red colours, or upward movement against gravity) have a greater predicting
value. Cues relevant for predisposed preferences include low-level features and configurations that are stable across individuals
and contexts, retaining statistical regularity over evolutionary time. By contrast, individual and context-specific features require
within-generation learning, and are not relevant for a model on predisposed behaviours. This model is given by the following
equation:

(5.1)Padditive =
∑i βi −log2 pci Vi

∑i βi −log2 pci Vi + ∑j βj −log2 pcj Mj + 1
.

In this formulation, βi represents the biases for the i valid cues that correctly signal the target object (e.g. a face-like pattern
associated with the presence of the mother hen), and βj is the biases for the j misleading cues. The use of indices i and j
allows each cue to have distinct bias values and base probabilities, capturing potential differences in their individual strength
or informativeness. Values of β greater than 1 signal bias for the stimuli, and values below 1 indicate repulsion. V represents
the number of valid cues of type i, M represents the number of misleading cues of type j (e.g. a face-like pattern that occurs by
chance or flipped face-like pattern); pci and pcj are the base probabilities of valid and misleading cues, respectively, where less
probable events carry a higher information value, as conveyed by the -log2 transformation [88]. The additional +1 term in the
denominator accounts for baseline uncertainty.

In this model, the presence of multiple biases enables an individual to have weak biases to guide behaviour, reducing the
costs of strong biases. However, each cue contributes linearly to the decision probability, meaning that the context of other cues
present/absent does not enhance or diminish the effect of each cue. The ranges of parameters are presented in table 2.

(ii) Synergistic model

In many ecological settings, including the social attraction of newborn chicks for living beings and the first foraging choices of
solitary animals, stimuli vary along multiple dimensions, such as colour, size, direction of movement for visual stimuli or pitch,

5

royalsocietypublishing.org/journal/rspb 
Proc. R. Soc. B 293: 20251878

Downloaded from royalsocietypublishing.​org/​rspb/​article-pdf/​doi/​10.​1098/​rspb.​2025.​1878/​5681707/​rspb.​2025.​1878.​pdf
by guest
on 22 September 2026



timbre and duration for acoustic stimuli, or odour for olfactory stimuli. The context of surrounding data in which a cue appears
can provide synergistic information on the reliability of the overall stimulus as a valid, adaptive target.

To model the synergy between cues that are simultaneously present, we introduce a scaling factor λ, which captures the
degree of interaction between cues. When λ > 1, the contribution of cues is amplified, reflecting a synergistic effect. As in the
additive case—where λ = 1 and no synergy is assumed—the influence of each cue is still modulated by any bias towards or
against it, as well as its base probability. The success probability of a choice in this scenario is given by the following equation:

(5.2)Psynergy =
∑i βi −log2 pci ⋅ Vi λi

∑i βi −log2 pci ⋅ Vi λi + ∑j βj −log2 pcj ⋅ Mj λj + 1
.

In this formulation, the λi term represents the synergy scaling factor for the co-occurrence of multiple valid or misleading cues.
This model emphasizes the use of co-occurring cues as a self-supervised strategy, leveraging multiple biases and the correlation
structure of the environment. In this framework, the presence of multiple cues that are correlated offers weaker synergistic
evidence for a stimulus and would be assigned a modest value of λ (e.g. between 1 and 1.5). In contrast, convergence of cues
from independent sensory modalities provides stronger evidence of stimulus validity as signal for a target, as the probability of
such convergence occurring by chance is lower. Such multimodal interactions would therefore be associated with higher values
of λ (e.g. 1.5–2), reflecting a stronger synergistic effect.

(iii) Model predictions

The model yields distinct and testable predictions on how naive, inexperienced animals integrate multiple cues when making
spontaneous choices for a target stimulus. These predictions can guide experimental validation and parameter estimation.

In the additive model (λ = 1), cues contribute independently and linearly to the decision accuracy. The probability of a
correct choice increases proportionally with the number of valid cues (V) and decreases with the number of misleading cues
(M). Performance (choice of a valid, adaptive target) gains from adding more valid cues are constant. In this model, multimodal
combinations or correlated cues do not enhance performance beyond the sum of their individual contributions. Therefore,
behavioural data are expected to show steady, monotonic improvement in discrimination with increasing valid cues, but rapid
decline when misleading cues accumulate. The model also predicts greater uncertainty and a lower probability of an adaptive
response in conflicting situations, where valid and misleading cues are simultaneously present. A potential strategy that could
be employed in such situations is deferring the decision, making time for more cues to occur. Additive integration is expected to
prevail in contexts with low environmental noise.

In the synergistic model (λ > 1), cues contribute with supra-linear gains to the decision accuracy, particularly when valid cues
co-occur across independent sensory modalities. The performance rises faster than linearly with the number of valid cues when
these cues are correlated or multimodal. Misleading cues have a diminished impact, as synergy amplifies consistent evidence
and suppresses conflicting signals. Therefore, synergistic, super-additive effects are expected, with performance exceeding the
sum of single-cue effects. Strong synergy (λ > 1.5) is expected to maintain high accuracy even in the presence of several
misleading cues, provided valid cues originate from different sensory modalities (e.g. visual and auditory). Therefore, the
model predicts that spontaneous preferences will be stronger and more robust when stimuli present combinations of features
that rarely co-occur in non-adaptive, misleading targets.

Overall, these predictions provide a quantitative framework for testing how multiple weak innate biases combine to guide
early decision-making. Empirical data from controlled behavioural experiments or cross-modal stimulus manipulations can
be used to estimate the parameters (β, λ, V, M, p) (summarized in table 2) and evaluate whether observed choices are better
explained by additive or synergistic integration.

(b) Model behaviour
The model’s behaviour under varying parameters is presented in figure 2. The horizontal axis of each panel represents the
number of valid cues (V) associated with the presence of an adaptive target, while different line colours indicate different
numbers of misleading cues (M). Each panel shows a combination of synergy (λ) and bias strength (β). Synergy (λ) progres-
sively increases in columns of subpanels from left to right, from the additive case (λ = 1) to stronger synergistic effects (λ = 2).
The bias strength increases across rows of subpanels from no bias (βi and βj = 1) to strong bias (βi and βj = 1).

Table 2. Overview of parameters and range values for each parameter.

parameter range

bias strength β (−∞,∞)

synergy scaling factor λ λ ∈ [1,∞)

number misleading cues (associated with a non-adaptive target) M [0,∞)

base probability p [0,1]

number valid cues (associated with an adaptive target) V [1,∞)
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In an additive scenario (λ = 1), cues contribute linearly to the decision process. Their influence is determined solely by their
base probability and individual bias strength (βi and βj). In this regime, organisms perform poorly in conditions with many
misleading cues. But additive integration is computationally (and potentially metabolically) efficient and robust in low-noise
contexts, making it particularly suited to organisms with limited processing capacity or minimal environmental complexity.
In newborn animals or AI systems with simple decision-making mechanisms, an additive strategy is computationally less
demanding than tracking complex interactions between cues. However, as the number of misleading cues increases (indicated
by lighter-coloured lines in figure 2), the linear model’s success rate declines markedly due to the absence of a compensatory
mechanism for noise suppression or feature reinforcement. This decline reflects an increase in uncertainty, which can translate
not only into a lower probability of a correct choice but might also lead to longer hesitation or delayed decision-making, as the
individual might attempt to gather additional information before committing to a choice. Working memory mechanisms could
serve a role in connecting multiple cues that arrive with staggered timing. This increases the evolutionary pressure for more
synergistic strategies.

Moderate synergy (λ = 1.2–1.5) enhances decision accuracy when valid cues co-occur. For instance, this can reflect the
combined effect of visual features like colour, size or pattern that are often biologically correlated in valid stimuli such as
the presence of the mother hen for chicks [28,46,53]. This model outperforms additive strategies in structured environments,
where multiple cues co-occur in target stimuli. When co-occurring cues have low base probability (are rare in the background)
and are assigned high bias strength (β > 1), their combined presence significantly improves performance, even as the number
of misleading cues increases (lighter colour lines in the plots). This advantage particularly applies to environments where
some misleading cues are present but not overwhelmingly numerous. Such a situation reflects scenarios in which newborns
experience a moderately predictable world, as newly hatched fowls in a brood where other chicks and a mother hen are present,
and there is a moderate, not overwhelming number of misleading cues.

Strong synergy models have high λ values (λ > 1.5), reflecting the information advantage carried by cues that are very
unlikely to co-occur in the absence of target cues. This depicts the convergence of cues across independent sensory modalities,
such as visual and acoustic inputs or tactile and visual signals, that come from independent sources of information. Because
such co-occurrences are unlikely to arise by chance, their integration provides a reliable evidence of stimulus validity as target
predictor. This model maintains high decision accuracy even in the presence of multiple misleading cues, provided the valid
cues span distinct sensory channels. High synergy appears to be present in chicks, where tactile experiences acquired during
hatching influence subsequent visual preferences [89], and evidence of visuo-acoustic cross-modal matching [90].

Overall, this model provides a framework for explaining how decision success in naive organisms can be shaped by the
number and extrinsic probability of cues, but also by intrinsic biases and synergy. Moreover, the quantitative nature of the
model means that it can be used to make specific hypotheses about cue integration for future experiments and for secondary
data analysis. While this simple model can explain some decision-making dynamics, we are aware that it does not capture the
full complexity behind neonate behavioural responses.

The empirical values of parameters can be determined based on the strength of individual biases tested in isolation, base
probabilities of features encountered in specific environments and synergistic effects estimated from the strength of individual
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biases tested when multiple cues are present at the same time. Multivariate interaction parameters can be inferred from
experimental data by different methods, such as regression or Bayesian inference. We also find value in exploring the general
qualitative behaviour of the model with generic parameter values not specifically matched to data.

6. Discussion
We reviewed literature on decision-making in neonate animals and developed a model to understand how inexperienced
animals can benefit from innate biases as guides to early-life choices, while reducing the chances of making wrong decisions.
Based on the several early predispositions observed in newborn animals [2,18,27], we modelled innate (not learned) preferences
for individual cues as soft, probabilistic priors rather than rigid, fixed-action patterns. We put forward a quantitative model of
how multiple weak cues could be integrated, accommodating intrinsic bias, cue rarity, misleading cues and cue independence,
to reduce the chances that an organism makes a maladaptive response.

We showed that an effective strategy in the evolution of biases/predisposition is focusing on the adaptive rare and co-occur-
ring features present in target objects, since this reduces false positives. Moreover, the presence of multiple weak biases for
cues expected in target stimuli can effectively guide behavioural choices as a self-supervised strategy of decision-making that
leverages the intrinsic structure of the environment to increase the adaptive value of spontaneous, innate choices that do not
depend on learning. While neuroscience and machine learning [91,92] research has put forward self-supervised strategies as
a learning strategy that leads experience-dependent development of the central nervous system (reviewed in [93]), our model
for the first time applies this concept to decision-making in naive animals, before any learning has taken place. Although
the evolutionary processes that shape innate biases have sometimes been framed by analogy as a form of slow learning (see
artificial intelligence literature [16,94]), there is a difference between predisposed mechanisms that are shaped by evolutionary
mechanisms and do not depend on specific experience, and learning, which depends on experience and changes within the
lifetime of an individual. Thus, our model applies to all inexperienced systems, including artificial neural networks, whose
architecture and hyperparameters can implement inductive biases akin to what we have modelled.

We focus in particular on soft spontaneous preferences: probabilistic priors rather than the rigid fixed-action patterns
emphasized by early ethologists [19,20,95]. This model reflects recent empirical evidence showing that early predispositions
[2,18,27,47] are not only widespread across species [1,43,48,59], but also transient [77,78], and variable between individuals
[36,55]. For instance, predisposed preferences for colours can be modified by simple exposure to stimuli initially not preferred
[36,80], and preferences for female chicks [79] or for some motion dynamics [77,78] spontaneously fade away outside specific
time windows, and different individuals might exhibit opposite preferences compared with the overall population average
[36,37,50,55,56,61]. The use of multiple weak biases as an adaptive strategy for decision-making in the absence of previous
experience can explain why multiple biases are observed and why these biases are widespread across species [1,43,48,96], while
at the same time being weak when considered in isolation. Hence our model can explain part of the observed complexity.

Our model accommodates additive and synergistic cue integration strategies (via the continuous parameter λ) and varia-
ble ratios of valid and misleading cues. Synergistic integration leverages the co-occurrence of cues to amplify behavioural
responses in response of co-occurring evidence. The advantage of using multiple cues and synergistic integration increases
in complex environments with more misleading cues. This scenario is consistent with empirical findings: co-occurring cues
facilitate behavioural responses in newborn chicks [51,81,82], the co-occurrence of multiple independent cues—such as olfactory
and visual, or visual and acoustic cues—strengthens biased choices [4], visual preferences in chicks can be modulated by
corresponding features presented in different modalities (e.g. cross-modal tactile to visual recognition at first sight [89]). In
general, cross-modal cues are particularly promising for synergistic integration, since they are more likely to be uncorrelated
amidst random, misleading cues. By scaling each cue by a measure of its rarity in the environment, the model boosts the default
weight of cues that are rare in the environment (e.g. red and blue hue [36,51], or animate movement dynamics [37,55,56]).
The very rarity of such cues in background environments increases the likelihood that they represent adaptive stimuli. In
combination with the model’s bias and synergy terms, these parameters flexibly capture the space of strategies organisms can
use to optimize early decisions, even in the absence of prior learning.

Overall, our model offers a conceptual framework to understand the presence of numerous weak biases observed in
newborn animals, before learning has occurred. Rather than triggering automatic responses to isolated stimuli, synergistic
interactions among multiple biases can serve as an effective self-supervised mechanism for adaptive, rapid decision-making
in complex environments. Synergistic integration of weak biases may also improve the development of AI architectures that
might require less or no supervision in decision-making. Previous work on precocial animals has shown that spontaneous
biases enhance learning [36]. This result suggests that studying how multiple weak biases support adaptive decision-making in
different contexts is a promising avenue for understanding how natural and artificial decision-making systems can efficiently
make adaptive decisions, with scalable architectures. Our model provides a suite of testable, quantitative predictions about cue
integration that can be used to test these ideas.
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