
Reproduction in Complex Life Cycles:
Toward a Developmental Reaction

Norms Perspective
James Griesemer*y

Biological reproduction is a material process of intertwined, recursive propagule gener-
ation and development, assuming that development produces simple life cycles. Most
organisms, however, have more or less complex life cycles. Here, I attempt to reconcile
recent articulations of a reproducer account with traditional approaches to complex life cy-
cles by generalizing genetic demarcation criteria for life cycle generations in terms of the
“scaffolded” development of hybrid reproducers. I argue that scaffolding provides a gen-
eral method for identifying developmental bottlenecks and suggests in turn a new way of
understanding developmental reaction norms.
1. Introduction. On traditional views of organism life cycles, development
and reproduction are phases of life trajectories culminating in the genera-
tion of offspring, which initiate new life trajectories. To the extent that stages
of development in offspring are repetitions of stages in their parents, concat-
enated sequences of life trajectories constitute life cycles, each formed by
processes of generation, development, and reproduction. This picture is a fair
representation for simple life cycles in which development can be seen as
relatively continuous growth and differentiation of shapes and sizes of parts
along with the maturation necessary to reproduce. Complex life cycles in-
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volve relatively discontinuous and substantial changes of form, behavior, or
environment, as when (1) larvae metamorphose into adults differing in form
and life habits, (2) parasites move from one sort of host to others to complete
development, or (3) branch points create alternative offspring trajectories, lead-
ing, say, to wingless form, aquatic lifestyle, or asexual reproduction rather
than winged form, terrestrial lifestyle, or sexual reproduction. One general ac-
count describes complex life cycles as involving “discrete phases that exhibit
contrastingmorphological, physiological, behavioral, or ecological attributes”
(Moran 1994, 574).

Complex life cycles complicate relations between processes of develop-
ment and reproduction to such an extent that even the meaning of ‘organ-
ism’ begins to break down. In colonial “organisms,” such as bryozoans, com-
ponent zooids do not have the same degree of autonomy and integration as
free-living “organisms,” yet they can separate from the colony to pursue dif-
ferent life trajectories. It is likewise open to question whether the growth of
a sea mat, bacterial film, or yeast colony is a matter of either development or
reproduction (Dawkins 1983; Ereshefsky and Pedroso 2013).

Peter Godfrey-Smith (2009) pursues a divide-and-conquer approach to
these conceptual matters, making considerable progress toward a coherent
understanding of the diversity of modes of development and reproduction
and their role in a Darwinian picture of evolution. He divides “reproducers”
(Griesemer 2000a) into simple, collective, and scaffolded. The first and last
are relatively coherent categories in traditional terms according to Godfrey-
Smith. Simple reproducers “can reproduce largely ‘under their own steam’—
or, more exactly, using their own machinery, in conjunction with external
sources of energy and raw materials” (Godfrey-Smith 2009, 88). Scaffolded
reproducers, on the other hand, “are entities which get reproduced as part of
the reproduction of some larger unit (a simple reproducer), or that are repro-
duced by some other entity. Their reproduction is dependent on an elaborate
scaffolding of some kind that is external to them” (88). In between are the col-
lective reproducers: “reproducing entities with parts that themselves have the
capacity to reproduce, where the parts do so largely through their own resources
rather than through the coordinated activity of the whole. Not all the parts need
to be able to do this for an entity to count as a collective, the requirement is that
some can” (87).

For this intermediate category, Godfrey-Smith conquers difficult cases
by constructing a three-dimensional space of “reproduction-related” param-
eters for bottlenecks, germ/soma specializations, and integration. Each is a
degree property, so intermediate cases are covered by degrees up to limiting
cases of simple material reproduction, for example, in bacteria, where the en-
tire body of the organism divides to form offspring, and cases of simple scaf-
folded reproduction, for example, in retroviruses, where none of the body of
the virus entity providesmaterial to offspring viruses; only information is con-
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REPRODUCTION IN COMPLEX LIFE CYCLES 805
veyed from parent to offspring in formal reproduction mediated by extensive
host machinery playing external scaffold.

The scheme is ingenious, clarifying much discussion in contemporary bi-
ology. Yet it relies on a conceptual grounding to which I seek alternatives,
not because I oppose it as a research strategy, but from a commitment to dis-
cover robust scientific results with a multiplicity of models and perspectives
over which to evaluate idealizing assumptions (Griesemer 2000a, 2014a;
Wimsatt 2007). The conceptual gradient from simple to collective to scaf-
folded biological reproduction progressively sidelines materiality from full-
bodied fission (simple), to partial-bodied passage through material bottlenecks
of varying degrees from buffalo herds to slime molds (collective), to single-
cell preformistic germ/soma bottlenecks (Bonner 1974; Dawkins 1983; Buss
1987; Grosberg and Strathmann 1998), to completely formal reproduction
where most or all material involvement is from the scaffolding sidelines and
the “essence” of reproduction is transmission of information. Godfrey-Smith
(2009, 79) notes the tension between his endorsement of a causal role for in-
formation distinct from matter and Oyama’s (1985/2000) powerful critique,
but he shrugs it off by suggesting that formal reproduction occurs in special
circumstances only “below the levels of organisms and cells.” Contemporary
biology’s privileging of genes in explanations of the evolutionary significance
of bottlenecks, reproductive specialization, and degree of integration, however,
makes it too easy to treat the informational role of genes in development and
reproduction as foundational across all modes of reproduction.

There is nothing wrong with such programs in biology, understood Wim-
satt’s (2007) way: as heuristic scientific modeling strategies. Godfrey-Smith’s
approach suggests modeling strategies based on the parameters he identifies.
Related modeling approaches are suggested by Queller and Strathmann’s
(2009) cooperation/conflict space for representing degrees of “organismality.”
I argued for a heuristic alternative to these sorts of replicator- and information-
grounded perspectives to explore not only difficult cases but also whole do-
mains hotly contested as involving biological reproduction at all, for exam-
ple, origins of precellular life or cultural evolution with nongenetic modes of
inheritance (Griesemer 2000a, 2005; Wimsatt and Griesemer 2007). In this
respect, my approach is in sympathy with developmental systems theory, epi-
genetics, evo-devo, eco-devo, and niche construction—all theories pushing
outward from gene-centric biology. I want also to push beyond conventional
boundaries of biology to explore development- and reproduction-like processes
in chemistry and culture to reconceptualize the role of materiality in biologi-
cal reproduction and discover new questions and modeling approaches in bi-
ology and beyond.

On the account of reproduction I favor, development is not a life cycle
phase preceding reproduction; rather, developmental and reproduction pro-
cesses are mutually embedding, entwined aspects of life made coherent by
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their intertwining. In this article, I seek to interpret complexities of life cy-
cles in terms of this mutual embedding.

This is a big agenda—too big for one article. The goal for this article is
to explore one aspect in one context: an alternative interpretation of scaf-
folding as part of the “genetic” contribution (in an expanded, beyond-the-
genes sense) to a material mode of reproduction in the context of complex
life cycles. On my account of reproduction, templating in the narrow sense
of semiconservative gene replication is a form of scaffolding; scaffolding
is a general aspect of development and also a particular mode of reproduc-
tion. Scaffolds are temporary structures that interact in assembly, construc-
tion, maintenance, or developmental processes with developing entities that
more easily acquire or sustain a capacity, skill, or dynamic state at an appro-
priate time than they otherwise would, or which would otherwise be more
costly to achieve (Bickhard 1992). In exemplary cases, scaffolding is re-
moved or falls away from the finished “product,” or the developed individ-
ual becomes autonomous from the scaffold with respect to the skill or capac-
ity scaffolded (Caporael, Griesemer, and Wimsatt 2014). In other cases, the
scaffold plays a constructional role while becoming “internalized” as part
of the structure of the developing entity. DNA replication can be understood
in terms of the internalization of scaffolding, in which one strand serves as
a template or scaffold for the construction of a complementary strand and
then remains attached to the new strand as part of an offspring double helix.
In reverse transcription, an original RNA strand serves as a template but is
“discarded” after a second round of templating from a cDNA construct (Gri-
esemer 2014a). The embedding relations between development and repro-
duction entail that scaffolding in reproduction is also general. Rather than
seek degree properties that isolate scaffolded reproduction as a special case,
I see it as the general situation of biological entities conveying developmen-
tal capacities to offspring through interaction with their “developmental en-
vironments” by means of material overlap of parts with their parent(s).

In the next section, I state my views on reproduction and development
in order to identify a role for scaffolding. The following section articulates
a concept of scaffolded development to argue that, owing to the general role
of scaffolds, all life cycles are complex in the sense that life trajectories are
interspersed with what might be called “developmental generations.” The de-
gree property of complexity is not proposed as a parameter or variable, how-
ever, as it is neither explanans nor explanandum for my project. Rather, un-
derstanding the organization of scaffolding interactions is sought as a means
to describe developmental systems in terms of scaffolded reproduction to ex-
plore new modes of evolutionary explanation. The final section sketches a
developmental reaction norms perspective in which scaffolding interactions
structure representations of development–environment relations and provide
a potential focal point for modeling developmental evolution.
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REPRODUCTION IN COMPLEX LIFE CYCLES 807
2. Reproduction, Development, and Inheritance. Reproducers are en-
tities with the capacity to multiply (make more reproducers) because off-
spring bear relations of ‘material overlap’ with their parents (Griesemer 2000a,
2014a, 2014b). “More-making” capacity does not entail a process without in-
puts of energy, raw materials, or assistance of various kinds. Material overlap
means that reproduction involves bonds of material continuity, not merely
resemblance or formal information transmission. Otherwise, we might well
describe reproductive more-making as production, as in a factory making many
similar products, or communication, as in conveying information with speech
or other signals. Griesemer (2005) argues that information copying or merely
formal relations are problematic as stand-alone concepts of inheritance in ab-
straction from thematerial conditions of reproduction. The latter, not the former,
determine the causal pathways of hereditary relations; the flow of genetic in-
formation depends on materially intimate connections of “sender” and “re-
ceiver.”Most importantly, in reproduction at least somematerial overlapping
parts convey or confer developmental capacities on offspring via transfer of
material parts—a propagule generation or ‘progeneration’ (Griesemer 2000a).
An issue that divides me and Godfrey-Smith is what counts as a salient mate-
rial bond: he sees merely formal or informational relations in, for example,
retroviral replication, whereas I see material overlap due to RNA strand hybrid-
ization guiding and channeling flows of genetic information (Griesemer 2014a).

Development is the recursive acquisition, refinement, or maintenance of
a capacity to reproduce. Reproductive capacity is realized in diverse ways and
modes of development in extant life-forms on earth. The double recursion of
development and reproduction bottoms out in ‘null development’, in which
progenerated entities are born ready-made with a capacity to develop rather
than having to acquire it. Development in multicellular organisms, for exam-
ple, requires reproduction of cells, reproduction of cells requires development
of cellular capacities, and cellular development requires autocatalysis (null de-
velopment) of molecular constituents.

Inheritance is reproduction further specified in terms of particular qual-
ities of developmental mechanisms involved (Griesemer 2000a). Inheritance
is a process in which evolved mechanisms of development are propagated
in reproduction. This concept is inclusive, admitting epigenetic and nongen-
etic mechanisms. Replication, on my view, is a special form of inheritance in
which evolved scaffolding mechanisms of development include template cod-
ing mechanisms, such as semiconservative DNA and RNA strand replication.

A virtue of this reproducer perspective is to admit a wide range of devel-
opmental systems in which not all hereditary, even informational, resources
need be located in genes, cells, or even organisms, and which may extend to
parts of reproducer environments (see Oyama 1985/2000; Griffiths and Gray
1994; Oyama, Griffiths, and Gray 2001; Gilbert and Epel 2009; Griffiths and
Stotz 2013). Elsewhere, I consider developmental systems that may not even
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be composed solely of living constituents, but may include “prostheses” such
as hermit crab houses and twigs used as tools by birds, host molecules used
by parasites as protection from host immune system attack, substrates such as
rocks for marine holdfasts, and artifacts used by human makers of “culture”
(Wimsatt and Griesemer 2007; Griesemer 2014a). I do not regard every ele-
ment of environment or ecological interaction, however, as constituting part
of a developmental system or process. Only certain kinds of hybridized sys-
tems, in which some parts play the role of developmental scaffolding toward
other parts, count as developmental systems. I call them hybrids to signal
that the material bonds that form hybrid entities function in an expanded sense
to convey or confer developmental capacities in analogy with the function of
hybridization of genetic entities formed in syngamy. Nonliving environmental
scaffolds form a different kind of material bond with developing organisms
than developmental capacities conveyed through syngamy and template DNA
replication. The difference is salient to the particular mechanisms by which
developmental capacities are conveyed through scaffolding interactions but
not to the fact of material connection in hybrids of both sorts. Nor do the dis-
analogies undermine the shared fact of the material role of scaffolding in both
cases in the propagation, through material overlap, of developmental capac-
ities. Indeed, the material bond between paternal and maternal genomes in a
zygote is no closer than that between barnacle foot and rocky substrate; both
involve noncovalent chemical interaction (Wiegemann, Kowalik, and Hartwig
2006). On Godfrey-Smith’s taxonomy of simple, collective, and scaffolded
reproducers, only entities like viruses depending on extensive host replication
machinery and metabolism count as scaffolded reproducers, while typical
multicellular eukaryotes, which neverthelessmay depend on parents, siblings,
rivals, teachers, other species, artifacts, and many other persistent or recurrent
nonliving resources for their development, are called “collective” reproducers.

In my view, most or all life cycles are complex because most or all are
scaffolded. Scaffolding is inherently collective, even if the collected entities
are not necessarily (all) cells or even living. What differentiates kinds of re-
producers on my account is modes and mechanisms of scaffolded develop-
ment rather than the fact (or not) of it. My focus in the next section is how
developmental scaffolding in hybrid systems works in the context of com-
plex life cycles.

3. Scaffolded Development and Complex Life Cycles. To model evolu-
tion, biologists “cut” life cycles at their generational joints between parents
and offspring to identify individual organisms as fitness-bearers and distin-
guish generations across which to iterate descriptions of change. But what are
parents and offspring? In my view, reproduction is a process spanning the
whole life trajectory in its embedding relation with development. Parent- and
offspring-hood are delimited by material overlap relations. When material parts
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of any complex system fission or fuse, there is a generic sort of reproduction
or ‘general progeneration’ (Griesemer 2000a). What avoids trivializing repro-
duction as just any change of parts is that reproduction involves the convey-
ance or conferral of developmental capacities. Not every mereological change
achieves that. Moreover, since development is the acquisition of a capacity to
reproduce, only lineage-forming (or terminating) mereological changes in de-
velopment count.

In modern biology, the cell bottleneck identified with meiotic gamete for-
mation (in multicellular sexual creatures like us) is used to demarcate gener-
ations. Gamete formation in creatures like us involves several coincident fea-
tures that together give us confidence in calling a zygote a new being: diploid
parent cells form haploid gametes in meiosis to which diploidy is restored
in offspring by syngamy. Subsequent mitotic cell divisions count descendant
cells, if not too spatially isolated from one another, as parts of a developing
body rather than as reproduction of new organism individuals. Gametogen-
esis is a form of what Godfrey-Smith calls “simple” cellular reproduction, in-
volving whole-body fission, so there is no discrepancy in the behavior of parts
of the collection constituting the ancestral cell: all material parts go to one
offspring cell or another, even if in females several of the four grand-offspring
cells form polar bodies rather than eggs. Since the zygote is also a single cell,
all higher-level organization into tissues and organs is lost in gametogenesis,
to be redeveloped only after gametes form viable zygotes. Developmental
“resetting” coincides with ploidy change, whole-body fission, spatial separa-
tion, and a degree of metabolic autonomy of gamete, zygote, larva, or juve-
nile from parents to give us a robust sense of the demarcation of reproductive
generations.

Scaffolding and complex life cycles complicate this picture. Unlike the
unique fission and fusion of genomes in gametogenesis and syngamy in
seemingly simple life cycles of creatures like us, genome reorganization and
scaffolding interactions can happen at many points in complex life cycles.
Contemporary biology grapples with complex life cycles in which the sim-
ple picture of genome fissioning and fusion breaks down, but the floodgates
are open, even for creatures like us, if we consider other forms of scaffolding
besides the role one DNA or RNA strand plays in the template scaffolding
construction of another or the role of host scaffold “machinery” in the pro-
duction of offspring development.

Life cycles are simple if the entire developing life trajectory is individu-
ated by generation and reproduction “events” involving only a single “phase”
throughout, in Moran’s (1994, 574) sense of maintaining “morphological,
physiological, behavioral, or ecological attributes,” for example, a haploid ge-
nome, or a tailed body, or living in a single habitat or niche, rather than ex-
hibiting several discrete phases with contrasting attributes. Life cycles are
complex if a developing individual’s life trajectory includes distinct phases,
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for example, diploid as well as haploid genomes, larval as well as adult
forms, mobile as well as sedentary habits, aquatic as well as terrestrial niches.
A life cycle is multiple (multigenerational) if a complete turn of the cycle re-
turning to an earlier set of attributes involvesmultiple reproductive generations
of developing individuals that collectively instantiate distinct phases. If, instead
of a single individual metamorphosing from aquatic larva to terrestrial adult,
a life cycle involves a simple aquatic life trajectory in a parent generation fol-
lowed by a simple terrestrial life trajectory in the offspring generation, return-
ing to the aquatic trajectory in grand-offspring, then the life cycle is complex
in the multiple sense.Many plant species have haploid (gametophyte) individ-
uals in one reproductive generation and diploid (sporophyte) individuals in
the next generation, so one turn of such plant life cycles includes two repro-
ductive generations as demarcated by ploidy and cell bottleneck criteria.Multi-
voltine insects display alternative adult phenotypes in different seasons, for
example, winged versus nonwinged forms. Parasites using different hosts
in different reproductive generations and alternation of generations between
sexual and parthenogenetic reproductivemodes are also kinds of multiple, com-
plex life cycles (Moran 1994; Gilbert and Epel 2009; see alsoGodfrey-Smith
2016; Herron 2016; O’Malley 2016).

What distinguishes discrete phases within developmental life trajectories
from discrete phases among reproductive generations? “How many different
‘lives’ [may] an animal . . . fit into its cycle?” (Minelli 2003, 67). Simple life
cycles have one developmental phase per trajectory demarcated from the next
in the life cycle by a single reproductive “event.” Developmental stages are
traditionally viewed as stages of single reproductive individuals, while repro-
duction marks a distinction between one (or more) parent and offspring in-
dividuals. In some of the complex life cycles mentioned above, there is more
than one developmental phase per reproductive “event.” In others, develop-
ment takes more than a single life trajectory to complete. The traditional dis-
tinction of developmental phases in simple or complex life cycles from re-
productive generations rests, I contend, on the coincidence of cell bottlenecks
with changes of genetic ploidy or other markers of reproductive generations.
Godfrey-Smith’s collective reproducers present difficulties because these cri-
teria need not coincide at reproduction. There is no ploidy change or cell bottle-
neck when buffalo herds fission, yet some conceptualize group fissioning as
reproduction (Griesemer and Wade 2000). Some argue that biofilms exhibit
“individuality” yet do not involve any of the traditional markers of individ-
uation by reproductive events (Ereshefsky and Pedroso 2013).

Cellular bottlenecks are important to the ways evolutionary biologists con-
ceptualize ‘organism’ due to two kinds of consequences: (1) restriction of the
reproducing material “propagule” to one or a few cells eliminates new genetic
variation arising in somatic cell lines, reducing within-organism competition
among organism parts for reproductive advantage, thus enhancing cooperation
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among parts that maintains and enhances coherence and integration of organ-
isms (Grosberg and Strathmann 1998); and (2) somatic development from
a propagule generated with recombined genetic material allows development
that has been “reset” by the propagule to generate new phenotypic variants
as effects of the recombined material (Bonner 1974; Dawkins 1983). Natu-
ral selection on phenotypic variants thus results in genetic evolution.

The reproducer account loosens the grip of replicator thinking by abstract-
ing from gene and cell demarcation criteria to broader conditions for con-
veying developmental capacities.Whether a particular form of material bottle-
neck is needed to “reset” development as a means to the evolution of complex
adaptations is a dynamical question depending on empirical details. I pro-
pose to interpret material developmental scaffolding interactions, regardless
of the genetic status of the scaffold, as a form of developmental “setting” (if
not resetting). Each scaffolding event, to count as salient in development, fa-
cilitates acquiring, revising, or maintaining a developmental capacity a devel-
oping entity otherwise would have found difficult to acquire, revise, or main-
tain. When a scaffolding interaction leads to capacity acquisition, we can
describe the interaction as a reproductive “event,” insofar as there is a “fusion”
(scaffold1 developing entity), a conferral or emergence of a new developmen-
tal capacity, and the persistence of that capacity beyond the end of the scaf-
folding interaction.

In a sense, each scaffolding interaction involves the production of an “off-
spring” (scaffold1 developing entity) from “parents” (scaffold, developing
entity) and the production of “grand-offspring” (released scaffold, develop-
ing entity with new capacity). Compare this to adult humans as parents, gam-
etes as offspring, and the gamete-fused zygote as grand-offspring. Transmis-
sion genetics does not always do its accounting this way, but Herron (2016)
makes a forceful argument that failure to represent the neglected gamete phase
or “generation” misses out on important aspects of evolutionary dynamics
in many cases of complex life cycles. I add to Herron’s argument that devel-
opmental scaffolding processes are reproduction according to the reprodu-
cer account. They fulfill the further conditions for inheritance processes along
the lines of some accounts of epigenetic inheritance (Jablonka andLamb2005)
and developmental systems theory (Oyama 1985/2000; Griffiths and Gray
1994) insofar as the interactions between scaffolds and developers are evolved.
They will rarely qualify as replicator systems because few developmental scaf-
folds function as template coding mechanisms. In their account of evolutionary
transitions, Maynard Smith and Szathmáry (1995) accorded replicator status
only to nucleic acid coding and language-based communication (Griesemer
2000b). In order not to obliterate all traditional usage, let us call the genera-
tions marked by developmental scaffolding events “developmental genera-
tions” and acknowledge that these demarcations are of reproduction processes
of an unorthodox kindwhere one of the parents is an organism by the lights of
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traditional, contemporary biology, and the other is a scaffold that may be
quite disparate in kind: organism, physical “prosthesis,” artifact, or substrate.

The formation, transformation, and dissolution of such hybrid entities con-
forms to the reproducer account sketched above, provided that we view the
interaction of scaffold and developing entity in the material terms of a fusion
and their separation as a fission, such that each fusion–fission pair involves a
material overlap and some developmental capacity is acquired by at least one
of the fission products in the process. A consequence is that there are “devel-
opmental generations” of progenerated “developmental individuals” insinu-
ated as stages within a single “reproductive” organism. This contrasts with tra-
ditional notions of organisms as genetic entities, in which “one or two parent
organisms are considered the genetic ancestors of each offspring organism”
(Griesemer 2014b, 198).

While a single-cell bottleneck is sufficient for developmental resetting on
Dawkins’s presupposition that genes are the sole biological replicators, it is nei-
ther necessary nor sufficient if other channels of reproduction, inheritance, or
replication function as scaffolding regulators or facilitators of development.

4. Conclusion: Toward a New Perspective on Developmental Reaction
Norms. I have proposed that developmental scaffolding interactions take the
form of reproduction processes and that some developmental stages can be
interpreted as distinct developmental generations distinguishing developmen-
tal individuals within life trajectories. To the extent that modes and varieties
of scaffolding events coincide in a few, major scaffolding interactions, devel-
opmental individuals are robust, having a high “degree” of individuality, as
when morphological, habitual, and behavioral interactions distinguish the de-
velopmental individuality of pelagic larvae from sessile adults. This interpre-
tation of scaffolded development as reproduction further suggests that de-
velopment involves a sequence of developmental environments, marked by
scaffolding interactions.

Traditionally, developmental stages are demarcated in terms of observa-
ble changes in morphology (such as topological changes in tissue organiza-
tion in embryogenesis), habit (such as aquatic to terrestrial), behavior (such
as nesting behavior), or even conventional clock time (as in normal tables of
embryonic development). This article supports an additional strategy for de-
marcating developmental stages in terms of developmental scaffolding inter-
actions. If each new developmental capacity marks a stage, then stage transi-
tions are marked by scaffolding interactions. Since I have called these stages
“developmental generations,” and because scaffolds can be viewed initially
as parts of the environments of the developing entities, a further possibility
is opened up by this account: developmental change due to scaffolding inter-
actions can be interpreted in terms of reaction norm diagrams.
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Models of development are often taken to map genotypes into phenotypes
(Lewontin 1974; Wagner and Altenberg 1996). This abstraction worked well
enough when genetics was treated as a conceptual foundation rather than an
empirical tool and genetic experiments regulated developmental variability
by controlling environmental factors to reveal cleargenotype/phenotype rela-
tionships. But it is now evident that plasticity of response across alternative
environments, instability of response to constant environments, and variable
ontogenetic trajectories over sequences of developmental environments are
important properties of organisms (Gilbert and Epel 2009; Sultan 2015). Re-
action norm models extend genotype/phenotype mapping ecologically by con-
sidering alternative environments in which organisms might develop (Schlicht-
ing and Pigliucci 1998). A modest extension considers alternative sequences
of developmental environments marked by any of a broad class of scaffold-
ing interactions to articulate a developmental reaction norms perspective from
which to model scaffolded development of hybrid reproducers within devel-
opmental systems.

Conventional reaction norm diagrams map genotypes in alternative en-
vironments into phenotypes. Schlichting and Pigliucci (1998) review the ev-
idence that environments change over the course of development and thus
argue that reaction normsmust consider sequences of different, changing de-
velopmental environments in order to model variable ontogenetic responses.
I have argued here for an interpretation of developmental stage transitions in
terms of scaffolding interactions that form and dissolve hybrids. This sug-
gests a particular way to diagram reaction norms by considering develop-
mental environments as sequences marked by scaffolding events mapping de-
velopmental resources such as genotypes into phenotypic trajectories. The
alternative environments of conventional reaction norm diagrams can be in-
terpreted as alternative sequences of developmental environments.

One way to evaluate scaffolding interactions in evolutionary explanations
is to interpret scaffolds as fitness modulators (Bickhard 2005). Scaffolds lower
fitness costs associated with phenotypic transitions in development, altering
developmental trajectories from what they otherwise would have been, such
as when teaching or juvenile play, protected by watchful adults, lowers the
fitness cost of learning. Fitness modulation offers a single currency through
which one might model developmental reaction norms structured by scaffold-
ing interactions.

On this developmental reaction norms view of life, all life cycles are com-
plex, involving sequences of scaffolding developmental environments repro-
ducing developmental individuals in distinct developmental generations. Pro-
generation individuates numerically distinct life trajectories in reproductive
generations different in character but not necessarily in kind from develop-
mental generations. It does not follow that traditional population genetic mod-
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els cannot track sequences of reproductive generations, but it does follow that
there can be nontraditional population-developmental evolution models track-
ing sequences of developmental generations. Because development, on the re-
producer account, is acquisition of a reproductive capacity, conceptually it
matters not whether the realization takes one or several turns of a traditionally
interpreted complex to count as a unit in dynamic models of scaffolded repro-
duction, development, or evolution. Developmental reaction norms that track
scaffolding events modulating fitness may be a promising eco-devo approach
to complex life cycle evolution.
REFERENCES

Bickhard, Mark. 1992. “Scaffolding and Self-Scaffolding: Central Aspects of Development.” In
Children’s Development within Social Contexts, vol. 2, Research and Methodology, ed. L.T.
Winegar and J. Valsiner, 33–52. Hillsdale: Erlbaum.

———. 2005. “Functional Scaffolding and Self-Scaffolding.” New Ideas in Psychology 23:166–73.
Bonner, John. 1974. On Development. Princeton, NJ: Princeton University Press.
Buss, Leo. 1987. The Evolution of Individuality. Princeton, NJ: Princeton University Press.
Caporael, Linnda, James Griesemer, andWilliamWimsatt, eds. 2014.Developing Scaffolds in Evo-

lution, Culture, and Cognition. Cambridge, MA: MIT Press.
Dawkins, Richard. 1983. The Extended Phenotype. New York: Oxford University Press.
Ereshefsky, Marc, and Maxmiller Pedroso. 2013. “Biological Individuality: The Case of Biofilms.”

Biology and Philosophy 28:331–49.
Gilbert, Scott, and David Epel. 2009. Ecological Developmental Biology. Sunderland, MA: Sinauer

Associates.
Godfrey-Smith, Peter. 2009. Darwinian Populations and Natural Selection. New York: Oxford

University Press.
———. 2016. “Complex Life Cycles and the Evolutionary Process.” Philosophy of Science, in this

issue.
Griesemer, James. 2000a. “Development, Culture and the Units of Inheritance.” Philosophy of Sci-

ence 67 (Proceedings): S348–S368.
———. 2000b. “The Units of Evolutionary Transition.” Selection 1:67–80.
———. 2005. “The Informational Gene and the Substantial Body: On the Generalization of Evo-

lutionary Theory by Abstraction.” In Idealization XII: Correcting the Model, Idealization and
Abstraction in the Sciences, ed. Martin R. Jones and Nancy Cartwright, 59–115. Amsterdam:
Rodopi.

———. 2014a. “Reproduction and the Scaffolded Development of Hybrids.” In Caporael et al.
2014, 23–55.

———. 2014b. “Reproduction and Scaffolded Developmental Processes: An Integrated Evolution-
ary Perspective.” In Towards a Theory of Development, ed. Alessandro Minelli and Thomas
Pradeu, 183–202. New York: Oxford University Press.

Griesemer, James, and Michael Wade. 2000. “Populational Heritability: Extending Punnett Square
Concepts to Evolution at the Metapopulation Level.” Biology and Philosophy 15 (1): 1–17.

Griffiths, Paul, and Russell Gray. 1994. “Developmental Systems and Evolutionary Explanation.”
Journal of Philosophy 91:277–304.

Griffiths, Paul, and Karola Stotz. 2013. Genetics and Philosophy: An Introduction. New York:
Cambridge University Press.

Grosberg, Richard, and Richard Strathmann. 1998. “One Cell, Two Cell, Red Cell, Blue Cell: The
Persistence of a Unicellular Stage in Multicellular Life Histories.” Trends in Ecology and Evo-
lution 13 (3): 112–16.

Herron, Matthew. 2016. “Fitness and Individuality in Complex Life Cycles.” Philosophy of Sci-
ence, in this issue.
This content downloaded from 168.150.011.198 on October 16, 2017 12:51:08 PM
se subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs10539-012-9340-4
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F392831
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F392831
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2Fj.newideapsych.2006.04.001
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2940982
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1556%2FSelect.1.2000.1-3.7
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2FS0169-5347%2897%2901313-X
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2FS0169-5347%2897%2901313-X
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1023%2FA%3A1006501313374


REPRODUCTION IN COMPLEX LIFE CYCLES 815
Jablonka, Eva, and Marion Lamb. 2005. Evolution in Four Dimensions. Cambridge, MA: MIT
Press.

Lewontin, Richard. 1974. The Genetic Basis of Evolutionary Change. New York: Columbia Uni-
versity Press.

Maynard Smith, John, and Eörs Szathmáry. 1995. The Major Transitions in Evolution. Oxford:
Freeman/Spektrum.

Minelli, Alessandro. 2003. The Development of Animal Form. Cambridge: Cambridge University
Press.

Moran, Nancy. 1994. “Adaptation and Constraint in the Complex Life Cycles of Animals.” Annual
Reviews of Ecology and Systematics 25:573–600.

O’Malley, Maureen. 2016. “Reproduction Expanded: Multigenerational and Multilineal Units of
Evolution.” Philosophy of Science, in this issue.

Oyama, Susan. 1985/2000. The Ontogeny of Information. Repr. Durham, NC: Duke University
Press.

Oyama, Susan, Paul Griffiths, and Russell Gray, eds. 2001. Cycles of Contingency: Developmental
Systems and Evolution. Cambridge, MA: MIT Press.

Queller, David, and Joan Strathmann. 2009. “Beyond Society: The Evolution of Organismality.”
Philosophical Transactions of the Royal Society B 364:3143–55.

Schlichting, Carl, and Massimo Pigliucci. 1998. Phenotypic Evolution: A Reaction Norm Perspec-
tive. Sunderland, MA: Sinauer.

Sultan, Sonia. 2015. Organism and Environment: Ecological Development, Niche Construction,
and Adaptation. Oxford: Oxford University Press.

Wagner, Günter, and Lee Altenberg. 1996. “Perspective—Complex Adaptations and the Evolution
of Evolvability.” Evolution 50 (3): 967–76.

Wiegemann, Maja, Thomas Kowalik, and Andreas Hartwig. 2006. “Noncovalent Bonds Are Key
Mechanisms for the Cohesion of Barnacle (Balanus crenatus) Adhesion.” Marine Biology 149:
241– 46.

Wimsatt, William. 2007. Re-engineering Philosophy for Limited Beings: Piecewise Approxima-
tions to Reality. Cambridge, MA: Harvard University Press.

Wimsatt, William, and James Griesemer. 2007. “Reproducing Entrenchments to Scaffold Culture:
The Central Role of Development in Cultural Evolution.” In Integrating Evolution and De-
velopment: From Theory to Practice, ed. Roger Sansom and Robert Brandon, 227–323. Cam-
bridge, MA: MIT Press.
This content downloaded from 168.150.011.198 on October 16, 2017 12:51:08 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs00227-005-0219-7
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1146%2Fannurev.es.25.110194.003041
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1146%2Fannurev.es.25.110194.003041
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1215%2F9780822380665
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F2410639
http://www.journals.uchicago.edu/action/showLinks?pmid=19805423&crossref=10.1098%2Frstb.2009.0095

