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“QOuantitative-genetic models may become more informative and predictive if variation in
their parameters can be explained by developmental and other biological processes that have
been shaped by the previous history of the population.” Bruce Riska, 1989, Evolution

Abstract: A fundamental insight of evolutionary genetics is that the potential of a population to
evolve depends crucially on the nature and pattern of its heritable phenotypic variation.
Fundamental insights of organismal biology are the organizing principles of physiology and
development, leading to the understanding what patterns of the heritable phenotypic variation can
arise. Only together, the two insights form the basis for evolutionary explanation.
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Introduction

Evolutionary biology aims to explain how the phenotypic differences between populations and
higher taxa arise. While the changes leading to continuous quantitative differences within and
between closely related populations and species are well accounted for through evolutionary
quantitative genetics, describing how qualitative phenotypic differences between higher taxa are
established and why some type of traits evolve at a slower rate than others, remain difficult questions.

The ability of a population to respond to selection depends on the amount and distribution of
heritable variation across traits (Lande 1979). Substantial effort has therefore been invested in
understanding both, the patterns of selection as well as the pattern of variation (Hallgrimsson and
Hall 2005; Hendrikse et al. 2007). Combined with mechanistically explicit genotype-phenotype maps,
these concepts led to a substantial understanding, how, in principle, the underlying genotype —
phenotype mapping structure affects the variational and potentially evolutionary outcomes. For
example, that the modularly arranged pleiotropy may lead to variational decoupling of modules and
thus reduce the variational constraint between them, while maintaining their function (Wagner and
Altenberg 1996), or that (directional) epistasis can substantially diminish or increase the genetic
variance available for selection response (Cheverud and Routman 1995, 1996; Carter et al. 2005), to
name just two insights. While these insights have been extremely valuable, the variation of any given
trait arises via a developmental and physiological palimpsest (Hallgrimsson et al. 2009), with
variational patterns due to later processes overwriting, enhancing or cancelling, the patterns arising
in earlier processes. These processes have different properties and focusing on the overall variation
or only on a single type of GP structure limits the understanding of genetic bases of traits, and their
short- and long-term evolution.
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Considerably less attention has been paid to the actual processes by which the variation arises,
as mutations are translated into phenotypic differences (Gjuvsland et al. 2007; Gjuvsland et al. 2013;
Pavlicev et al. 2023). This lack of attention is not surprising, as the sheer number of interacting
processes at different levels of organization, from gene networks through cells, tissues and organs to
an organism and population, appears intractable. However, it is not obvious what level of detail is
really necessary, or what level of abstraction is sufficient to account for relevant features of a GP map.
In the era of systems biology, the detailed structure, but also the overall logic of the developmental
and physiological processes are becoming increasingly accessible, and this knowledge can be
integrated with the well-established population-level framework of evolutionary theory. Here I will
argue that by doing so even at a level of abstraction much higher than the available molecular detail,
we may be able to explain broader evolutionary patterns of trait evolution and potentially close the
explanatory gap between microevolutionary processes and macroevolutionary phenomena, such as
body plans and homology.

Central to my argument is the observation that different processes have inherently different
capabilities to generate variation. I thus suggest decomposing the GP map by the types of processes.
I use the GP map here to refer to the entirety of developmental and physiological processes involved
in translating genetic sequence into the phenotype, regardless of whether polymorphisms are
segregating in the population.

In the first part, I propose to decompose the GP map into three process types (Figure 1). The
architecture of these processes determines what kind of phenotypic variation the extant as well as
future mutations will generate, and thus these architectures are associated with a persistent
variational pattern (variability as dispositional property, sensu Wagner & Altenberg (1996)). In the
second part, I will discuss the evidence, the insights gained when we approach GP maps this way
and the wider ranging evolutionary and theoretical implications.

PHENOTYPIC
VARIATION

processes of
development and

physiology

GENOTYPIC
VARIATION

Figure 1. A scheme of heterogeneous GP map, composed of processes that contribute different amounts of

phenotypic heritable variation, and thus confer different degrees of evolvability.

1. Not a unitary map: Decomposing the GP map by process type

When using abstract summary statistics such as variance-covariance matrix to represent the
variational and thus also organismal structure, we implicitly assume that the underlying mapping of
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variation follows some unitary structural principles. For example, the mapping is thought to be either
quasi modular, canalized, random, or to entail universal pleiotropy. While evidence exists for each
of these mapping structures in specific traits, there are also counter examples where it does not apply.
In fact, such shared GP map is inconsistent with what we know about different developmental and
physiological processes, as will become clear below. Genotype-phenotype map thus does not reflect
a unitary process, rather, its underlying processes can be categorized in a small number of GP map
types with distinct organizations, which generate distinct variational patterns, and can therefore be
expected to have distinct evolutionary consequences. As these processes also draw on- at least in
large part- non-overlapping sets of genes, it is therefore useful to address them separately. The
variability of traits can then be thought of as mosaics of the variabilities of these processes, as will
become clear below. In the following, I first describe three such process types, explain their
propensities to generate variation, and how they may consequently respond to selection (i.e., their
evolvability). The choice of categories will be discussed later.

a. GP maps of morphogenetic processes

Early developmental morphogenetic processes lay out the overall animal body plan and are thus
of consequence in determining the overall dimensionality of an organism’s variability, i.e. how many
things a body has to vary. Growth will take place along the dimensions set up during morphogenesis
and the growth-related variation will arise in later development (see below).

For successful mutual inductions of developmental regions during the morphogenetic process,
a precise spatio-temporal arrangement of cell populations is crucially important. This involves a high
degree of interactivity between developing cell populations. The genotype-phenotype mapping of
this process can thus be characterized as non-modular (can also be seen as a single module), with a
very high degree of integration within the process. High integration means that mutations in any
gene (or gene regulatory region) that is active at this time have a high likelihood to negatively affect
many topological regions of the embryo and thus manifest a high degree of pleiotropy (as proposed
previously: Sander 1983; Raff 1996; Galis 2023). Epistasis is likely also involved, but less is known
about this part. It should be noted that the overall interactivity of organismal processes is not by itself
sufficient to infer consequential and propagating pleiotropic effects, like we see in early
morphogenesis. Interactivity can also underlie robustness, as we will see in the section on
maintenance and metabolism. Nevertheless, the role of interdependencies in setting up the body plan
during morphogenesis results in effects in many of the dimensions that are arising during this process
as exemplified by the broad morbidity of fetuses affected during the so-called phylotypic period of
embryonic development (see below). This is because the inductions between cell populations are the
necessary preconditions for their downstream developmental transformations to occur in the first
place, rather than serving to modify established organismal processes. In more technical terms, the
effects do not just affect many dimensions, they set up the dimensionality of the organism in the first
place and their disruption preempts the establishment of the organismal architecture.

The consequence of such GP map structure is that advantageous, or even viable, mutational
effects are unlikely, due to the overall structure of this process. This implies strong stabilizing
selection, sufficient to explain a high level of conservation of these stages across large phylogenetic
distances, and consequently also conservation of the genomic regions involved in these stages. A
particularly well-established example is the conservation of cervical vertebrae in mammals (reviewed
together with further examples in Galis 2023). The mutational effects on the number or shape (e.g.,
presence of ribs) of the cervical vertebrae in humans do arise in the phylotypic stage of development.
From studies in humans we know that they are nearly invariably associated with numerous
abnormalities in a broad array of organ systems beyond the axial skeleton: cardiovascular, urogenital
or neural systems, and have a lethality of approximately 90% (Schut et al. 2016; Schut et al. 2020).
Similar patterns are known in other well studied species (for a review see: Galis 2023). This work
demonstrates that the system is not robust to mutational effects, rather the mutations have a high
pleiotropy, and a high lethality, resulting in high evolutionary conservation.
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Evolvability of morphogenesis is thus low due to preponderance of deleterious mutation effects
at this developmental stage. Interestingly, the selection acting here stems primarily from the internal
factors: mutations are deleterious because their effects are incompatible with the developmental
context, not because they are incompatible with a particular external environment. Such an effect will
thus persist regardless of the environment, contributing to the strength of conservation. This
phenomenon has been referred to as internal selection (Arthur 1997; Wagner and Schwenk 2000;
Schwenk and Wagner 2001).

The predicted consequence at the genomic level of a GP map with the preponderance of
deleterious effects is a very low evolutionary rate and high conservation of genes or regulatory
regions involved in the morphogenetic stage. When addressed in vertebrates, this has indeed been
found (Irie and Sehara-Fujisawa 2007; Piasecka et al. 2013). For example, Piasecka (2013) found that
gene duplication and gene birth is very rare among genes of very early developmental stage, and that
the regulatory regions of genes expressed at the phylotypic stage, are the most conserved regulatory
regions.

b. GP maps of growth processes

Quantitative or size variation is the most abundant heritable variation, which implies that the
GP maps of growth may be the primary source of evolutionary change. But what structure of the GP
map of growth enhances such variation, and what distribution among traits can we expect?

The role of growth in generating allometries and trait correlations and thus contributing to
particular size relationships between quantitative traits, has been recognized early by
morphometricians (e.g., D’Arcy Thompson, 1942) and evolutionary biologists alike (Julian Huxley,
1932).

Multivariate models for the response to selection (Lande 1979) clarified how strongly trait
correlations feature in the process of natural selection, enhancing the study of growth in the context
of quantitative genetics (Cheverud 1982a, b; Cheverud et al. 1983; Riska et al. 1984; Riska and Atchley
1985; Riska 1986; Cheverud et al. 1996). It is not my intension to review this remarkable body of work,
except to say that the focus on the role of growth in how trait relationship is generated (Huxley 1932;
Riska and Atchley 1985; Riska 1986, 1989) has gradually given way to statistical assessments of
variances and covariances at different stages of growth. In order to understand how the GP map of
growth is structured and what the potential for evolvability may be, I would like to draw attention
back to the processes regulating growth and generating covariance in populations.

Recent work by Wagner (2023) shows that a simple exponential growth of a univariate trait is
predicted to generate variance that increases with the mean. This translates into population variation
as positive directionality of epistasis for size, an epistasis pattern that increases additive genetic
variance relative to direct additive effects alone (Hansen and Wagner 2001; Carter et al. 2005).
Certainly, few growth processes in multicellular organisms can be expected to be exponential for any
substantial range of size increase, or apply to independent characters, so the inherently large potential
of growth to generate variation must be contextualized. Indeed, large analyses of epistatic
directionality in numerous quantitative traits show the opposite, namely negative directional
epistasis (Pavlicev et al. 2010; Bourg et al. 2024). In other words, epistasis decreases the effect of
mutations (concave GP map) with size. How can this conundrum be explained?

One major obstacle in the existing ideas regarding epistasis in general, as also specifically with
respect to its directionality across loci, is that its effect is considered for one trait at a time (with rare
exceptions: Cheverud et al. 2004; Wolf et al. 2005; Wolf et al. 2006; Pavlicev et al. 2008). This is
understandable due to the sheer complexity of multivariate models of epistasis, which soon become
intractable with increasing number of traits, and uninterpretable. However, the genetic effects on
single traits may be more informative when thought in the context of other traits, as in early work on
growth mentioned above (Riska and contemporaries). One way to make progress in this direction, in
spite of its complexity, is to use the likely developmental structure of the process of growth and
translate this structure into the expected variational distribution. I will outline here one very
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generalized, but plausible verbal model, which will be developed in greater technical detail
elsewhere.

Large part of growth regulation occurs by means of growth factors (IGF, BMP, GH etc.); a set of
highly pleiotropic, hormone-like proteins that are either widely expressed or transported throughout
the organism. These spatially wide-ranging effects enable coordinated growth across distant parts of
the organism. The species-specific shape of the organism in terms of relative size relationships arises
in development by locally modulating overall growth. This can be done by either the local expression
of growth factors themselves, or by the remarkably high number of ways to locally modulate signal
availability or the downstream signal transduction of generally expressed pleiotropic growth factors.
Apart from modulating local expression of receptor proteins or their cofactors, the receptors may be
limited by a saturation point, or the growth factors may be bound by a locally expressed high-affinity
decoy receptor or binding protein, to name a few (Baumann et al. 1989; Clemmons 1997; Meyer et al.
2006). All of these mechanisms can serve to locally modify the effects of broadly expressed growth
signals and increase the independence of the growth control of the local traits. Note that modification
in this model is primarily directional: general growth effects are negatively modulated locally.
Assuming that different genetic loci underlie the expression of modulators than do those of growth
signals, we are facing a situation involving multiple loci affecting growth in multiple traits. More
specifically, the interaction between global and local inhibitory effects may underlie the decrease in
pleiotropy of the global growth factor. When considered from the perspective of directional epistasis,
we note that traits whose growth regulation has this property of global regulation and negative local
modification will likely demonstrate negative directional epistasis, as the modification reduces the
effects of the pleiotropic locus. A 2-locus population genetic model for such regulatory structure (2-
locus epistasis affecting correlation of two traits; Pavlicev et al. 2011) has been presented previously
in the context of evolution of pleiotropy and would need to be extended for exploring the effects of
growth on additive and nonadditive variance in multiple traits, across multiple interactions.

Size-related variation is also where modularity is often found. From the above structure of
regulation of the relative trait sizes (i.e. shapes) by interaction between the general GF and specific
growth modulators, it follows that variational modularity arises by epistatically modifying the
pleiotropic effects in a local context, rather than by the modular arrangement of direct effects (Figure
2, contrasted to (Wagner and Altenberg 1996).

'T ‘T Nl
— ) \\/77’

Figure 2. A comparison of modular GP maps: on the left, the modular structure arises due to interactions

between genes, on the right, it is due to the additive effects (as in Wagner and Altenberg 1996).

Overall, growth along the dimensions (characters) established during morphogenesis generates
most population variation, as the effects of sequence changes in genes acting during this stage are
readily mapped to the quantitative phenotype. However, the different relative sizes of body parts
reveal that the mechanisms of growth regulation likely also contribute to correlations and their
modification. I suggest that the GP map of growth is based on interactions between highly
pleiotropic general growth regulators, and locally acting (mostly) negative modifiers of general
growth effects. Depending on the variation segregating in the population, the variation can appear
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specific to the part, be general, or appear epistatic (if both interactants are polymorphic). Crosses of
lines divergent in size will likely manifest epistatic variation and the pattern will likely be negative
(in direction of increased size).

¢. GP maps of maintenance metabolism

While early development and growth have traditionally had a strong presence in evolutionary
theory, even if not in an integrated manner, the presence of metabolism and physiology in general,
has been lacking, except in evolutionary ecology. In part, this is due to relative conservation of the
main metabolic pathways. But why are they conserved?

Maintenance processes maintain organismal physiological parameters within a functional range
in spite of highly variable external conditions, such as temperature, osmotic pressure, pH, energy,
electrolytes; but these mechanisms also maintain tissue or organ integrity. Maintenance mechanisms
enable organisms to persist under heterogeneous conditions- such as inhabiting a range of different
environments, deal with high temporal variability in energy input or with toxicity. As the mutational
effects percolates through the same processes as the effects of external conditions, one can expect
that the deviations in physiological parameters due to mutations will be screened off in this GP map
structure in the same extent that the environmental perturbations are (Wagner et al. 1997; Meiklejohn
and Hartl 2002).

Correspondingly, modelling maintenance networks demonstrates a high degree of robustness
against perturbations of their parameter values. The seminal work of Nijhout, Reed and colleagues
(Nijhout et al. 2004; Reed et al. 2008; Ulrich et al. 2008a; Ulrich et al. 2008b; Reed et al. 2017) on the
exceptionally well-parametrized metabolic network of human one-carbon metabolism will serve as
an example here. Introducing variation in single components of this network, for example, changing
the availability of single enzymes, shows that it requires a very large perturbation (relative to the
value observed in the population), to affect the downstream processes and the output of the network.
Mapping the natural variants into this GP map demonstrates that in spite of local effects on single
substrates in the network, these variants have little or no effects on the functioning of the metabolic
network, and its outputs. Reed et al furthermore show that this robustness rests on the topology of
the interaction network. Presence of allosteric interactions in particular, is an essential aspect of this
stability. Computationally removing the allosteric regulation destabilizes the metabolic network and
releases previously hidden sequence variation, affecting the output.

The genotype-phenotype map of the maintenance metabolism is thus also highly interactive, yet
highly robust. An inherent buffering of perturbations within organismal maintenance processes at
the same time prevents these processes from generating large amounts of heritable phenotypic
variation, in spite of the presence of mutations at the level of genomic sequence and even in amounts
of substrates or enzymes. High robustness is associated with little heritable phenotypic variation, but
potentially high longer-term evolvability due to accumulated cryptic genetic variation that may
include advantageous variants when robustness breaks down under new conditions (Wagner 2008).
Theory shows that the answer to the question, whether robustness increases or decreases evolvability
in the long term, itself depends on the structure of the GP map (Draghi et al. 2010; Mayer and Hansen
2017). It would be interesting to explore this relationship on well-known metabolic pathway
structures (Holstad et al., in prep).

Maintenance of physiological stability across a range of internal and external perturbations is
one of the most fundamental properties of organisms, and correspondingly, maintenance processes
constitute the largest component of the total genotype-phenotype map. Indeed, the genes constituting
the genetic basis of these processes represent one of the largest categories of genes in the genome. It
follows that the genetic variation in one of the largest categories of genes is screened off from selection
under normal circumstances by the organismal structure, and as long as this GP map does not change,
evolves by nearly neutral evolution. This physiological category has - likely for its evolutionary
stability- been traditionally overlooked by evolutionary biologists and deserves a more central stage
in the future.

d. Developmental hierarchy and interdependence of the processes
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It may appear that the three genotype-phenotype (sub)maps correspond to a sequence of lifetime
ontogenetic stages from early morphogenesis to growth and to maintenance of adult physiology. This
is true in a broad sense but is not the case in detail. Development is hierarchically structured, and
thus subsequent morphogenetic patterning processes will be intercalated by growth and
maintenance processes. For example, after the global morphogenetic phase in phylotypic stage of
vertebrate embryonic development, during which the axial body plan is established, growth sets in,
followed again by the local morphogenetic patterning of limbs and the cranium, which are again
followed by growth and physiological maintenance. If the intercalating growth is the most evolvable
of these mechanisms, it is plausible that the single patterning modules can be displaced in
developmental time relative to others, while themselves remaining conserved. It appears that also
the stages prior to the phylotypic stage may have a stronger robustness component - for example,
segment polarity network across insects appears to be canalized rather than sensitive to mutations
(von Dassow et al. 2000; Von Dassow and Odell 2002). Similarly, computational analyses of the
vertebrate segmentation clock network also imply robust behavior (Hammond et al. 2025).

In most animals, morphogenetic patterning phases (and often growth), are restricted to the early
phase of life, with exception of regeneration. Even if I focus here on animals, this may be one way
how plants fit the picture, namely that in plants, the local morphogenetic phases (e.g. patterning of a
new leaf, including the leaves of a flower) recur at almost any phase in a lifetime.

What is more, different types of processes are interdependent in that ontogenetically later
processes depend on the ontogenetically earlier ones, such that growth occurs along the dimensions
set up in the previous morphogenetic stage, and also maintenance stabilizes the dimensions set in the
development (Figure 3). Despite the temporal contingency however, the types of processes seem to
draw on partially non-overlapping genetic bases, given that size varies and evolves relatively
independently from the organization of body plan. This can be demonstrated using the comparative
data on repeated limb reduction and loss in various tetrapod lineages (Lande 1978). Lande observed
that, during limb reduction in evolution, the limbs first become smaller without structural change,
whereas structural change, such as reducing the digits, occurs after some minimal size threshold is
reached. This demonstrates that in the course of size reduction, the early morphogenetic
developmental process is not tinkered with but stays preserved as long as any element dependent on
it, is built. The size decreases independently along the morphological directions set up at
morphogenetic stage. Digit development also is a morphogenetic process, drawing on Hox genes and
Shh and Fgf signaling with high pleiotropy (Tickle 2002a, b; Tickle and Towers 2017) and similarly
appears to be very resistant to change. Loss of digits thus does not evolve by suppressing the action
of these genes, but by either making the limb bud too small to produce digits, or by inducing cell
death early (Lande 1978) - an otherwise late developmental process invoked to remove the
interdigital tissue, which sets in earlier in the development in the taxa with advanced digit loss. (The
point here is specifically about changes at size reduction, not that the digit patterning never changes-
obvious examples see hoofed animals or birds (de Bakker et al. 2013; Cooper et al. 2014)).
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Figure 3. A complete schematic presentation of the tripartite genotype-phenotype map, consisting of
morphogenetic, growth and maintenance submaps, contributing in part at different times of development, and

also allowing different degrees of variation due to their inherent structuring principles.

An interesting aspect of this model may be that the relative growth changes may capture
phenomena that are understood under the concept of heterochrony. The observation that
evolutionary divergence between species often involves shifts in timing of developmental events has
been introduced by Haeckel (1875), refined by De Beer (1940) and strongly popularized by Gould
(1977). At least some of these shifts in relative timing are due to the changes in (relative) growth
intercalating the developmental patterning events in question (relative to other parts, or to the
ancestor). In the light of the current proposal these shifts may be explained by the stronger
evolvability of periods of growth, relative to the evolvability of patterning periods.

It is only fair to note that the quasi-independent evolutionary change in size-related processes
from generative processes does have limits at the macroevolutionary time scales. Interestingly, these
limits may point us to interesting evolutionary interactions between the submaps: large changes in
size may cause new metabolic demands that eventually need to be matched by changes in
maintenance GP map. Similarly, the change in size may eventually require constructional changes
that would be enabled by changes in the morphogenetic GP map (see below).

2. GP Maps, (Micro)Evolutionary Theory and the Long-Term Evolutionary
Change

From the above, it follows that the major types of organismal processes inherently contribute
very unevenly to the amount of segregating variation in a population, and thus to the ability to
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respond to selection. The most variation of the three types of GP maps is generated, so I argue, by
mutations affecting growth processes. In other words, although traits do not arise by growth alone,
most of their population variation will be due to variation in growth. This has several implications.
First, it means that growth processes are the most accessible to selection and consequently the most
likely to undergo adaptive evolutionary change and contribute to evolutionary divergence. Second,
this uneven contributions to heritable variation by the three GP maps means that there is an inherent
divide in evolvability of, broadly speaking, the size and the body plan (for a mechanistic model of
the latter concept see (DiFrisco and Wagner 2023)). This is a plausible explanation for the
macroevolutionary patterns of diversity, where some organismal aspects readily evolve while others
persist and are recognizable as homologs or body plan organization across a wide range of taxa and
evolutionary time, not because they are selected for, but because they do not contribute to the
selectable variation (overlapping with “burden” sensu (Riedl 1978). This also answers the frequent
argument that conservation of body plans is incompatible with the variational and population
centered agenda of the New Synthetic Theory of evolution. Conservation in some respects does not
imply lack of evolvability in other respects of an organismal body, the latter being the primary source
of adaptation.

Note that the predictions of the tripartite GP model also lend specificity to the expectations of
evolutionary developmental biology. While it is true that variation of adult traits must be generated
in development, it is likely not the variation in early morphogenetic development that is responsible
for the variation available to selection in adults. As most variation is in size, I will discuss this in the
context of size variation. Theoretically, size variation can arise at any time during development, as
not all heritable variation in size arising during the morphogenetic stage is lethal. The evolutionary
impact of early variation depends on its contribution to the additive variance at the specific stage, at
which selection acts. If selection acts at the morphogenetic stage, such early variation in size is
selectable. If the selection acts on the adult, the early variation is selectable only to the extent of its
contribution to the additive genetic variance of the adult stage. Variation in long bone lengths of mice
is a good example. Sanger et al. (2011) have shown that divergence in long bone lengths of adult
inbred-strain mice LG/J] and SM/J (divergently selected for adult body size) is determined by the
growth rate during late, postnatal growth. Similarly, selection on longer bones by Marchini and
Rolian (2018) resulted in accelerated postnatal growth rate. Although it is not known whether there
is correlated variation with the size of condensations, such as was proposed by Atchley and Hall
(1991), it is however likely that potential early variation is overwhelmed by the variation arising later
in growth. This is consistent with previous findings that the mouse adult body size correlates poorly
to very early developmental body size (Cheverud et al. 1983).

Together the three GP submaps generate a distribution of variation that in adults is dominated
by variation generated in growth. Advantageous morphogenetic and metabolic changes may be rare
or small but still exist. These changes are predicted to be pleiotropic affecting multiple regions, and
thus likely changing the directions of morphospace along which growth occurs and produces
(co)variation. The changes such as breaking of symmetries (e.g. left — right symmetry), divergence of
segments along the body axis or divergence between sexes must have arisen by such rare
reorganizing changes and have been selected for. It has been difficult so far to model how covariances
due to pleiotropy evolve, but there can be little doubt that they do, eventually aligning the mutational
variation with lines of persistent selection (“imitatory epigenotype” sensu Riedl (1978), see also Pavlicev
et al. (2011)).

Given that selection can change the alignment of the pattern of variation, selection should also be
able to preserve the processes that structure the patterns of variation. A multitude of recent studies
have demonstrated a long-term preservation of variational structure, lasting far beyond species
divergence (Houle et al. 2017; Rohner and Berger 2023; Holstad et al. 2024; Saito et al. 2024; Tsuboi et
al. 2024; Rohner and Berger 2025). In other words, the divergence between populations and species
is aligned with the variation within populations or species. The variation aligned with divergence
includes not only genetic, but also mutational and non-heritable developmental variation. The latter
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in particular hints that the source of this variational pattern is the underlying GP map, through which
any newly arising variation, mutational or otherwise, percolates. This appears surprising if we expect
that this structure changes fast, but is perhaps less surprising, if we assume that the morphogenetic
underpinnings tend to be slow evolving accept that the structure of GP map is itself adaptive (under
external or internal selection).

It is thus important to emphasize that this account is not intended to downplay the role of
selection or drift in evolutionary processes. These factors importantly affect the amount of genetic
variance in the population, by acting on the available variation. It is apparent that selection and drift
can only work on variation that is produced by the organisms in the population at the particular time.
In the much longer term, they also shape the pattern of variation that organisms are able to produce
(Pavlicev and Cheverud 2015). The outcome is thus clearly a consequence of interaction between the
variational distribution arising in the GP maps and selection (keeping in mind the population-level
parameters that affect the efficiency of selection, in particular when body size is affected- see e.g.,
Lynch 2010). Therefore, the full explanation of evolutionary change, or the lack thereof, clearly
requires us to integrate the potential for generating variation with the external and populational
factors acting on it. This paper is an attempt to systematically bring into the equation the patterns
that the variation may take. It will be interesting to explore the effects of population-level dynamics,
given these distributions of variation.

Importantly, this model enables us to reason- essentially without leaving the existing conceptual
framework- why different traits or aspects of the phenotype will evolve at different rates and
directions, and thus in the course of evolution generate a pattern of conserved phenotypic outcomes
(either by constrained variation or by strong selection), within which other aspects can vary and
adapt a great deal. This step would enable us to overcome the perceived gap between the structuralist
and the functionalist views of evolution (Amundson 2005).

3. Conclusion and Outlook

In this manuscript, I proposed that instead of considering the GP map as a unitary process
abstracting across all lifetime processes at different levels of organization, it is enlightening to break
it down into the sub-maps of specific process-types, which together constitute the mosaic of a living
organism. Different from the full GP map, these process types can be shown to be inherently
associated with a certain degree of variability inherent to the logic of their function, resulting in
decoupling of their evolutionary rates.

Very plausibly, these three basic types of GP maps may not represent a complete set, capturing
all processes involved in the mapping from genetic to phenotypic level in all taxa. It is obvious that
the current rendering is derived from the intuition coming from animals, in particular vertebrates.
Other structures may be better suited for, say, plants or cilliates. Parts of physiology in particular
have been less studied in this context, such as metabolism of growth, or the immune system. These
have not been thought through here but are certainly evolving fast. Taxa with metamorphosis may
also require different categorization, or different structuring of similar processes. Nevertheless, I
think that the approach of decomposition transports an important general mechanistic idea. It
considers organisms as composites of processes with structural interdependency between them and
distinct inherent variation-structuring nature, which also draw on quasi-distinct genomic regions.
Breaking the black box of GP map into groups of related mechanisms with different GP structure and
separate genetic underpinning, allows us to study the contribution of these processes to evolvability
of traits, while at the same time keeping some degree of heuristic abstraction.

Very little of the information presented here with respect to each of the three GP submaps and
their variability, can be claimed to be entirely novel. On the contrary, many of the ideas synthesized
here have been around for a long time. What is novel, is to put this information into a specific,
common, perspective, and to see what this outcome allows us to do in the future. Individualizing the
GP submaps allows us to articulate expectations about the molecular evolution of genes underlying
the submaps on the one hand, and the expectations about the interactions between the submaps on
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the other hand. With respect to the latter, one idea presented above is that the evolution of size may
be an important driver of the evolution of complex organismal structure. Because growth generates
abundant variation, response to selection on size may drive organisms into a situation, where they
reach the limits of their structure and or metabolic capacity. Hence previously deleterious changes in
structure and maintenance may become advantageous for maintaining the organismal stability. In
recent work, we have proposed that increase in metabolic requirements on the cells, which may be
due to the increase in body size, may drive the need for metabolic complementation between cells,
leading to the evolution of distinct tissues and organs, i.e. organizational novelties (Pavlicev et al.
2024). In such a scenario, the increase in complexity would follow from the increase in size, a pattern
that has been suggested earlier (Bonner 1988; Bell and Mooers 1997; Bonner 2004). Breaking of other
constraints, and the associated origins of other novelties could potentially follow similar logic, driven
directly or indirectly from the local or global changes in organismal size.

The decomposition also implies that our focus on population variation likely has resulted in us
primarily studying specific types of processes, namely the evolution of size-related traits. Our
intuitions about evolutionary change are thus based on the GP maps of growth, with the greatest
inherent potential to generate variation, and thus the most evolvable phenotypic aspect. Indeed,
morphological size data is by far the most commonly studied data in evolutionary biology. Projecting
the intuitions from size evolution onto other organismal aspects, such as body plan organization,
may have led to inflated expectations about the explanatory power of these models, and as a
consequence, to an overestimate of the role of selection. It is easy to imagine how this may lead to the
dismissal of the influence of organismal systems structure on processes inherently evolving at
different rates.

There is much to do. Understanding the above variety of GP map structures, in particular that
of growth, will be a challenge on its own, even if much has been done on growth already. Including
physiology in our thinking about mechanisms mediating variation in much the same way as
development is currently featuring in this place alone, will be a key change, as physiology has been
neglected compared to development. It may well turn out that we need several different maps for
physiology, as mentioned above. The origin of specific GP map structures is also an open question,
as well as their evolutionary change. This appears easier for some submaps than for the others. For
example, the origin of the robust maintenance maps may have already been explained: selection for
environmental robustness is predicted to result also in genetic robustness (i.e., Wagner et al. 1997;
Meiklejohn and Hartl 2002). The question of the origin of the GP structure is harder to answer for the
evolution of the morphogenetic submap.

This perspective is naturally opening more questions than it answers. The major hope is that
answering them will lead to the long-sought conceptual continuity between branches of evolutionary
biology (Amundson, 2005).

Disclaimer: My aim in this manuscript was to interconnect large topics of evolutionary biology.
To do that, this perspective necessarily touches on many fields, where appreciable work has been
accomplished, but which I do not review or cite. I am painfully aware of at least a part of this neglect,
and I apologize to authors who may feel ignored. Any other approach would require either a much
longer manuscript, or a much narrower emphasis.
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