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INTRODUCTION

Life histories, the demographic patterns of the life cycle that make up growth, maturity,

reproduction, and survival, are the basis of our understanding of how organisms cope with

their environments and how populations and species evolve (Stearns 1992; Roff 1992).

Much of life history theory does not distinguish among taxa; indeed, it is common to discuss

life history traits as if it were irrelevant whether the organism is a plant, an insect, or a

mammal. In fact, biologists expect common patterns in life histories that extend beyond

specific study systems. Even though life history theory is largely species independent, the

details of the developmental, genetic, physiological, and endocrine mechanisms underlying

life histories, are often specific to a particular study system.

The surge of interest in understanding the mechanistic detail underlying life histories is

reflected in recent volumes by Gilbert and Epel (2009) and by Flatt and Heyland (2011), as

well as this one. And there exists already a great deal of information on such mechanisms

in a range of organisms. This wealth of mechanistic information does, however, have a

significant drawback: it makes it difficult to identify common themes, and to make explicit

evolutionary predictions that cut across taxa. In Stearns’s (2011: 370) words, “The result is

a body of knowledge in which greater and greater detail threatens to obscure simplifying

features needed to construct a general theory of the organism.” Another complication is that

the potential combinations of mechanism-components increases exponentially with each
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component added, making it experimentally intractable to identify tradeoffs that constrain

life histories. It would be advantageous to narrow this wealth of information to a few key

components that will enable predictions of life history evolution based on real mechanisms.

This approach has been applied to the tobacco hornworm (Manduca sexta: Sphingidae)
where we have identified a physiological model to explain the regulation of body size and

development time. This model has four main components, which encapsulate a complex

suite of physiological and endocrine events. Variation in these components are sufficient to

explain over 95% of the variation in body size and development time, as well as plasticity of

body size (D’Amico et al. 2001; Davidowitz &Nijhout 2004; Davidowitz et al. 2003, 2004;
Nijhout et al. 2006, 2010). It also generates explicit evolutionary predictions about how

the underlying physiology enables or constrains the evolution of the two life history traits

(Davidowitz et al. 2005, 2012). Changes in these components explain all the variation in

body size and development time following simultaneous directional selection (Davidowitz

et al. 2005 and manuscript in prep.).

The goal of this chapter is to use theManducamodel to build amore general framework

for the regulation of body size that is applicable across taxa. Overall, we aim to show that

such a framework is possible and that it can generate mechanistic insight into the ecology,

evolution and constraints on major life history traits in a broad range of taxa. That is, it

allows us to step away from system-specific detail (the “trees”) to understand general life

history phenomena (the “forest”).

A GENERAL FRAMEWORK FOR THE REGULATION OF GROWTH
AND BODY SIZE

For the majority of organisms, the juvenile stage is the primary growth phase, while repro-

duction occurs in the adult phase. The shift from growth to reproductive maturity is a major

life history transition, with reproductive success often highly correlated with body size

(Roff 1992; Stearns 1992). It has long been understood that body size is the product of the

rate and duration of growth (Haber et al. 1964; Atkinson, 1994; Davidowitz et al. 2004).
Even so, much of the work on the regulation of body size has focused on how growth rate,

as well as the environmental and genetic factors that affect it, affect body size. Growth

rate alone, however, cannot fully explain body size because a slow-growing individual can

become large given enough time, and a fast-growing individual will stay small if not (e.g.,

Blanckenhorn 1999). Thus, a solid understanding of the regulation of body size requires an

understanding not only of what regulates growth rate, but also of the duration of the growth

period. The regulation of the growth period is ultimately a question of the mechanism that

stops growth (Davidowitz & Nijhout 2004; Davidowitz et al. 2004; Edgar 2006; Mirth &

Riddiford 2007), and for any growing individual with determinate growth, at some point in

ontogeny, the “decision” is made to stop growth.

The general framework for the regulation of growth and size has four components,

which, in ontogenetic order (Figure 13.1), are:

1. The decision point, the point in development when a well-defined cascade of events

leading to reproductive maturation is initiated.

2. The terminal growth period (TGP), the time interval between the decision to initiate

the life history transition and when growth actually stops.

3. The cessation of growth, the point in development when the juvenile phase ends, after

which there is little or no additional growth.

4. Growth rate, is defined as the biomass gained divided by the duration of the growth

period.
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Simplified model for manduca sexta 
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Figure 13.1. A simplified physiological framework for the regulation of body size and develop-

ment time. The long horizontal arrow depicts the developmental trajectory of an organism. The

four boxes depict the four main physiological components of the framework. Implicit in each of

these is variation due to genetic and environmental effects.

For simplicity we focus on organisms with determinate growth that reproduce once.

However, there is no conceptual difficulty in extending this framework to organisms with

indeterminate growth, or to long-lived iteroparous organisms.

COMMONALITIES IN THE REGULATION OF BODY SIZE ACROSS TAXA

In this section, we identify the four components of the general framework in five taxa. Our

discussion is by no means exhaustive, and in some taxa there is more mechanistic detail

than in others. Identifying the four components can only be done in taxa for which there

are already data on physiological, developmental and endocrine mechanisms of transitions

among developmental stages. We suggest that correct identification of the components of

the framework should be done by experts- those most familiar with the mechanistic detail

of a given study system. While the present authors lack this expertise in systems other than
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Manduca sexta, our purpose here is to argue this is feasible and an avenue worth pursuing

to gain a better mechanistic understanding of the evolution of body size and life histories

in general.

We focus on five groups that span a wide diversity of life histories and for which the

control of body size is relatively well understood. Green algae are unicellular eukaryotes

that need to grow before mitosis. Holometabolous insects grow as juveniles before meta-

morphosing into adults. Amphibians are similar to most holometabolous insects but unique

among chordates because many species shift habitats at metamorphosis (from aquatic juve-

niles into terrestrial adults). In contrast, mammals grow in both the juvenile and adult stages

without the drastic morphological change and habitat shift seen in holometabolous insects

or amphibians. Finally, in many plants, the major life history transition from growth to

reproduction, occurs with flowering. Belowwe explore how the framework described above

can be applied to these five taxa.

1. The Decision Point

Juveniles acquire resources that are then divided among somatic growth, storage and

maintenance. After maturity, reproduction competes for nutritional and energetic resources

(Chapter 14). Delaying the decision point results in a larger body size and longer devel-

opment time (Davidowitz et al. 2005). The decision to mature can be triggered either

internally or externally.

Internal Triggers Insects and algae make remarkably similar kinds of physiological

decisions. Single-celled organisms such as Clamydomonas reinhardtii commit to matura-

tion (cell division) once they pass a threshold size (Donnan & John 1983), after which

further growth is no longer necessary for maturation (Matsumura et al. 2003).
For a variety of insects, the growth-maturity transition depends on attaining a critical

size late in the larval phase of life (Nijhout&Williams 1974). At the critical size, the corpora

allata, the glands that synthesize and secrete juvenile hormone (JH), switch off (Nijhout &

Williams, 1974) causing circulating JH to decline (Baker et al. 1987; Riddiford 1994). In

Manduca sexta, no one factor definitively controls when JH production stops. The critical

size is sensitive to diet quality but not to temperature (Davidowitz et al. 2004). It depends
on the growth history of the larva (Nijhout et al. 2006) and perhaps also on tissue oxygen

levels (Callier & Nijhout 2011). In Drosophila melanogaster, the critical size is influenced
by insulin-signaling-dependent growth of the prothoracic ring gland, prothoracicotropic

hormone (PTTH), and the developing imaginal discs (Mirth et al. 2005; Mirth & Riddiford

2007; Stieper et al. 2008; Shingleton 2011).

A threshold size also appears to initiate events that ultimately lead to maturity in mam-

mals. A negative feedback loop, controlled by growth itself, causes the down-regulation of

cell proliferation genes, halting growth (Lui et al. 2010; Lui & Baron 2011). It is not known

what mechanism triggers this, but it appears to depend on growth of the individual rather

than on age per se.

External Triggers In contrast to algae, insects, and mammals, in amphibians and

plants, the decision to mature appears to be triggered externally. In amphibians, it depends

on environmental cues transduced via the hypothalamo-pituitary-adrenal/thyroid (HPA)

axis (Denver 2009; Chapter 12). Nutrition is the main determinant of the decision to

initiate metamorphosis, but crowding, pond drying, predation, light, water movement and

temperature can all contribute (Smith-Gill & Berven 1979; Newman 1989; Pfennig, 1992;

Denver 1996, 2009; Rose 2005; Buchholz et al. 2011).
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In plants, the transition from growth to reproduction occurs with flowering (Komeda

2004; Banta & Purugganan 2011). In Arabidopsis thaliana, the onset of flowering is con-

trolled by four genetic pathways: (1) the autonomous pathway lifts flower suppression by

the Flowering locus C (FLC), (2) the vernalization pathway responds to temperature, (3)

the light-dependent pathway responds to photoperiod, and (4) the gibberellin pathway pro-

motes growth and flowering (Komeda 2004; Banta & Purugganan 2011). SOC1 (suppressor
of overexpression of Constans1) and FT (flowering locus T) integrate these pathways to

determine flowering (Mouradov et al. 2002).

2. The Terminal Growth Period (TGP)

In all the taxa we consider here, the time interval between the decision point and the actual

cessation of growth affects final size and development time. An increase in the TGP results

in a larger body size and a longer development time, as the organism has more time to feed

and grow (Davidowitz et al. 2005).
In Clamydomonas, once the threshold size has been reached, the interval is determined

by a timer that does not depend on additional growth (Donnan & John 1983; Matsumura

et al. 2003). The timer is initiated in darkness, but is reset once the cells are re-illuminated.

The TGP in insects depends on two factors: the clearance of residual JH from the

hemolymph and ecdysone-promoting PTTH signaling. In Manduca the TGP is called the

Interval to Cessation of Growth (ICG) and is a special case of the more general TGP (Shin-

gleton et al. 2007). In the last larval instar of M. sexta, JH inhibits the secretion of PTTH

and is catabolized by juvenile hormone esterase (Browder et al. 2001). Once JH is cleared,

PTTH signaling can occur, although its activation is restricted to a recurring daily photope-

riodic gate (Truman 1972). The catabolism of JH and gating of PTTH create a lag between

the decision to stop growth and when growth stops. During this lag, larvae usually con-

tinue to grow as in M. sexta (Davidowitz et al. 2004), or it may coincide with the decision

point as in Drosophila (Mirth et al. 2005). The daily resetting of a time-based mechanism

in Clamydomonas is reminiscent of the PTTH photoperiodic gate in Manduca.
Growth hormone (GH) and the insulin-signaling pathway regulate growth in all verte-

brates, and are controlled by thyroid hormone (TH) (Buchholz et al. 2011). Unlike other
vertebrates, however, amphibians regulate GH and TH independently. This disassociation

may allow amphibians to free growth from the regulation of development (Rose 2005),

thereby maximizing developmental plasticity of size and age at maturity in response to

variation in the environment. In mammals, growth stops after a progressive decline in cell

proliferation that begins early in life and is analogous to theManduca ICG. It varies among

species: in humans it can last 15 years, while in mice, a few weeks (Lui & Baron 2011).

The reproductive meristem in annual plants elongates (bolts) a few days before flow-

ering (Banta & Purugganan 2011) and is thus analogous to the ICG in Manduca. In the

sugar beet (Beta vulgaris), dominant alleles of the B gene that controls bolting are sensitive

to photoperiod whereas the recessive allele is sensitive to vernalization (Mutasa-Gottgens

et al. 2010).

3. The Cessation of Growth

In most of the taxa we consider here, growth cessation is generally controlled hormonally.

In all holometabolous insects examined to date, growth stops when the first pulse of

ecdysteroids is secreted by the prothoracic glands (Bollenbacher et al. 1979; Rountree
& Bollenbacher 1986; Shingleton 2011). Triiodothyronine (T3), the active form of TH,
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regulates tissue development in amphibians. Corticosterone, released from the interrenal

gland, interacts with TH to control the timing of tissue development (Denver 2009;

Buchholz et al. 2011). TH’s role in amphibian development is similar to the one played by

ecdysteroids in insects (Shi 1996). In Arabidopsis, once a plant decides to flower, the shoot
apical meristem that previously produced rosette leaves (the growth phase) is converted to

a reproductive meristem via integration of photoperiod and gibberellins that control stem

elongation (Feng et al. 2008; de Lucas et al. 2008).
Examples of nonhormone regulated growth cessation can be seen in mammals and

Chlamydomonas. In mammals, growth stops not because of a systemic or hormone medi-

ated mechanism, but because chondrocytes – cells in the long-bone growth plates – can

divide only a finite number of times. After chondrocytes stop dividing, they differentiate

into osteoblasts that leads to fusion of the long bone epiphyses, stopping growth (Nilsson &

Baron 2004; Lui & Baron 2011). The threshold sizer mechanism used by Chlamydomonas
to decide to switch to reproduction is involved in stopping growth (Matsumura et al. 2003).
The control of division and hence the end of growth appear to be regulated by p34cdc2, a
protein conserved across the plant kingdom (John et al. 1989). The point at which growth

stops is the endpoint of the ICG and in the Manduca model is explicitly contained in it

(Davidowitz & Nijhout 2004).

4. Growth Rate

A higher growth rate produces a larger body size and shorter development time, because the

organism accumulates more resources and moves through development faster (Davidowitz

et al. 2005). Growth rate in essentially all organisms is affected by many environmental

factors.

Growth rate determines the time taken and mass accumulated before growth stops

(Davidowitz & Nijhout 2004; Figure 13.1). Substantial advances have been made in our

understanding of how the insulin/insulin-like growth factor (IGF) signaling (IIS) and Target

of Rapamycin (TOR) pathway affects growth rate. For many taxa, growth and prolifera-

tion of cells depend on the interactions of gene/protein receptor cascades, especially those

involved in nutrient-, oxygen-, and growth-factor sensing. Central components of these net-

works appear to be conserved across animals. Cellular carbohydrate uptake is coordinated

by the insulin receptor, InR, and its ligands insulin or IGFs. When occupied, InR pro-

motes cell growth and proliferation (LeRoith et al. 1991; Goberdhan &Wilson 2003; Edgar

2006). The TOR pathway regulates amino acid uptake, coordinates cellular energy fluxes,

and influences cellular growth and differentiation (Fingar & Blenis 2004; Hay & Sonnen-

berg 2004; Tokunaga et al. 2004; Wang & Proud 2006; Howell & Manning 2011; Oldham

2011). The hypoxia-inducible factor (HIF) promotes cellular metabolismwhen oxygen con-

ditions are favorable and suppresses it otherwise (Fähling, 2009; Harrison & Haddad 2011;

Semenza 2012). Above the cellular-scale, growth is coordinated within organisms by a set

of growth factors and hormones that promote and/or suppress cell growth and proliferation.

In vertebrates, global growth rate and differentiation promoters include growth hormone

(GH), thyroid hormones (TH, T3, T4), leptin, and IGFs, especially IGF-1 (Lupu et al. 2001;
Rose 2005; Lui et al. 2010; Beckman 2011; Elias 2012). In insects, DILP, a homologue of

IGF, has been found to have a similar function in the regulation of growth as is found in

vertebrates (Goberdhan & Wilson 2003; Edgar 2006) and TOR uptake of amino acids is

coordinated by the fat body (Colombani et al. 2003).
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USING THE FRAMEWORK TOADDRESS THE ECOLOGYAND EVOLUTION
OF GROWTH AND SIZE

Can we use the framework, developed to capture phenomena in one model organism, to

better understand the ecology and evolution of life history traits such as body size across

diverse systems? We think that the answer is yes. It is encouraging that the mechanisms

controlling key components can be identified in most groups. In protists, insects, and mam-

mals, the decision to mature is measured by size, and once it is reached, the individual

commits to maturing. The mechanism underlying cessation of growth can also be identified

in most groups: long-bone chondrocyte proliferation in mammals, secretion of ecdysteroids

in insects, and bolting and flowering in plants, for example.

Reducing mechanistic detail to a few key components shows differences in how organ-

isms respond to sources of simultaneous environmental variation. Differential sensitivity

of components of the same mechanism allow M. sexta to respond to multiple sources

of environmental variation simultaneously: growth rate and the decision point respond to

diet quality, whereas growth rate and the ICG respond to temperature (Davidowitz et al.
2004). In contrast, different plant pathways respond to different environmental stimuli.

For example, the vernalization pathway responds to temperature, and the light-dependent

pathway responds to photoperiod and light intensity. Both pathways converge on a single

gene, Flowering Locus C (FLC), that regulates flowering time and the cessation of growth

(Mouradov et al. 2002; Komeda 2004). Amphibians show yet a third mechanism: stress

hormones of the HPA axis integrates numerous sources of environmental input (Denver

2009; Chapter 12).

There are also broad commonalities in how organisms respond to environmental

variation. Perhaps the best examples are the IIS/TOR signaling system in response to

nutrition which is conserved across all animals (Shingleton 2011) despite the 750-million-

year divergence between insects and mammals (Hedges et al. 2006), and the hypothalamus-

pituitary-adrenal axis that coordinates environmental effects on growth in all vertebrates

(Denver 2009).

Mechanistic details illuminate both the constraints and opportunities for life history

evolution (Braendle et al. 2011). It is very difficult, however, to identify patterns when the

mechanistic details are so abundant, and when environmental effects are so pervasive at

every step. The general framework identifies four components that encapsulate the details

of one such life history transition, the decision to mature, which, in many organisms,

ultimately determines body size. Most importantly, it generates explicit, mechanism-based,

a priori predictions for life history evolution (Davidowitz et al. 2005, 2012). For example,

natural selection generally acts to increase body size and decrease development time

(Kingsolver & Pfennig 2004, Kingsolver & Huey 2008). The Manduca model predicts

that the response to simultaneous selection on body size and development time will be

enabled by an increase in growth rate and constrained by the decision point and the time

interval (Davidowitz et al. 2005). A test of these predictions following ten generations of

simultaneous selection shows that these predictions are upheld in M. sexta (Davidowitz,

Roff, & Nijhout, manuscript in prep).

To integrate mechanism more strongly into our understanding of life history transi-

tions, it may, at least initially, be profitable to encapsulate many of the mechanistic details

into fewer, broader key components. This has worked well in theManduca system and the

framework we developed for this system seems at least superficially to have applicability to
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other taxa as well. It is clear that “hanging the details on the framework” can only be done

correctly by experts in each particular system, and one framework may not fit all life history

traits or taxa. Stearns (2011: 370) argues that “Those whose priority is description focus on

detail; those whose priority is prediction focus on simplicity.” Studying life history evolu-

tion through a mechanistically-informed reduced framework may bridge the gap between

too much and too little detail. Such a framework allows us to use the trees to see the forest.
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