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Abstract
In this article, we revisit the longstanding debate of whether there is a pattern in the evolution of organisms towards greater 
complexity, and how this hypothesis could be tested using an interdisciplinary lens. We argue that this debate remains alive 
today due to the lack of a quantitative measure of complexity that is related to the teleonomic (i.e., goal-directed) nature of 
living systems. Further, we argue that such a biological measure of complexity can indeed be found in the vast literature 
produced within life history theory. We propose that an ideal method to quantify this complexity lies within life history strate-
gies (i.e., schedules of survival and reproduction across an organism’s life cycle), as it is precisely these strategies that are 
under selection to optimize the organism’s fitness. In this context, we set an agenda for future steps: (1) how this complexity 
can be measured mathematically, and (2) how we can engage in a comparative analysis of this complexity across species to 
investigate the evolutionary forces driving increases or, for that matter, decreases in teleonomic complexity.

Keywords  Biological complexity · Entropy · Evolutionary trends · Fitness · Goal directedness · Life history theory · Life 
history complexity · Optimality · Teleonomy

Introduction

In his seminal 1991 article, Daniel McShea criticized the 
longstanding conviction among evolutionists, ever since 
Darwin (1859), that the complexity of species increases 
over evolutionary time, in addition to the closely related 
idea of orthogenesis/progressive evolution that there is a 
goal or directionality to the evolutionary process (see Levit 
and Olsson 2006). Aiming to question these ideas, McShea 
argued that there is almost no empirical evidence supporting 
this belief in a kind of directionality in complexity during 

evolution and that biologists may simply be misled by their 
own biased presuppositions. Further, he suggested that 
research should shift from more theoretical model-building 
work to empirical inquiries into actual changes in complex-
ity offering several avenues for future research. Unfortu-
nately, such a shift has not yet taken place. Rather, it seems 
that the interest among evolutionary biologists in the notions 
of complexity and progress has been waning for at least three 
decades, with the exception of their own work (McShea and 
Brandon 2010; McShea 1996a, b, 2021). Despite the skepti-
cism advocated by McShea, however, it appears that biolo-
gists (as opposed to philosophers of biology) have neverthe-
less remained convinced in the consensus idea of an increase 
in complexity through evolutionary time.

Our core argument in this article is that the natural phe-
nomenon driving these ideas and intuitions regarding the 
directedness of evolution can be understood in terms of a 
teleonomic (goal-directed) kind of complexity that has been 
increasing ever since the origin of life. Our emphasis on 
teleonomic complexity does not mean that other forms of 
complexity explored by biologists in this debate, such as 
Maynard Smith and Szathmary (1997) on organismal com-
plexity or the work of Lynch and Conery (2003) on genome 
complexity, are of no relevance, but that there is a distinct 
form of complexity related to organisms as goal-directed 
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systems that has not yet been recognized. The goal of this 
article is to offer a new way of thinking about an increase in 
biological complexity and the illusion of progress in evolu-
tion by viewing them through this lens.

To offer some clarifications, we use Pittendrigh’s (1958) 
definition of the term “teleonomic,” as an evolutionary 
replacement of pre-Darwinian teleological explanations, 
i.e., that life is to be explained in terms of its purpose (often 
associated with a designer) rather than the mechanisms that 
gave rise to it. The concepts of goals, purposes, functions, 
and the like were revolutionized in the light of Darwin’s 
theory of evolution by natural selection that explained them 
in causal terms. For instance, the goal of an organism is 
the maximization of fitness—not because that is true for 
any living system, but because natural selection has selected 
for such individuals in the past, which gives us predictive 
power to theorize about individuals in the present. Thus, as 
we use “teleonomic” in this article, we define “teleonomic” 
as the goal-directedness of living systems towards fitness-
maximization. While the term teleonomic is also relevant for 
discussions of the “functions” of traits, that is not the focus 
of this article, which is also why measures of functional 
complexity do not successfully capture the goal-directedness 
of organisms (see McShea 2000 for an overview of this lit-
erature). Our goal here is not to subsume all other concepts 
of complexity under ours, only to highlight that there is a 
distinctive kind of complexity that is worth investigating 
in more detail. By using this teleonomic lens, we concep-
tualize teleonomic complexity in terms of how many paths 
there are in the strategies that organisms have evolved in 
order to achieve the goal of fitness maximization (similar to 
decision-making complexity in economics; see Veit 2023) 
as well as the relative contribution of each of those paths 
towards this goal (only paths that contribute to fitness can 
increase teleonomic complexity).1 As anyone can recognize, 
some of these strategies are more complex than others, and 
our goal here is to emphasize the need to measure and study 
this complexity.

Furthermore, such a biological measure of complexity 
is already available within the rich arsenal of metrics pro-
vided by life history theory and comparative demography. In 
assessing the complexity of life history strategies (broadly 
conceived), we are provided with a teleonomic measure that 

assesses the degree of complexity within evolved life history 
strategies in the pursuit of the goal of fitness-maximization. 
As we will define biological “progress” here, we will mini-
mally define it in terms of an increase in this life history 
complexity—without any commitments to more controver-
sial associations with the terms such as the idea of perfec-
tion. Our interest is only in trying to give a naturalistically 
plausible account of why so many biologists were convinced 
of an increase in complexity, not in trying to vindicate all 
the excesses of this theorizing. In addition, we conclude by 
outlining two directions for future research, one concerning 
how this complexity can be measured mathematically, and 
the other for how we can engage in a comparative analysis 
of this complexity across species to gain key insights toward 
understanding the evolution of organismal complexity.

Article Outline

This article is structured as follows. In the second section, 
we outline the debate on the evolution of complexity and 
argue that we should focus on teleonomic complexity to 
understand why biologists have remained committed to the 
idea of an increase in complexity in evolution. In the third 
section, we discuss how to measure teleonomic complexity: 
one must turn to life history theory. Finally, section four 
outlines avenues for further research into the evolution of 
complexity.

Complexity and Evolution

We agree with McShea (1991) in that discussions of bio-
logical complexity have been present among a long row of 
evolutionists dating back to Darwin,2 Lamarck (1984), Cope 
(1871), Spencer (1890), Huxley (1953), Rensch (1960), and 
Simpson (1961), and that these discussions have been of par-
ticular importance in the investigation of macroevolutionary 
trends in paleobiology (Eble 2005; Jablonski 2005; Lowery 
and Fraass 2019). Despite some critiques of the idea, the 
last century saw great confidence in the idea that evolution 
increases complexity, as in this writing by Daniel McShea:

[I]ncreasing complexity is still the conventional wis-
dom. Clear statements that complexity increases can be 
found in the work of Stebbins (1969), Denbigh (1975), 
Papentin (1980), Saunders and Ho (1976; 1981), Wake 
et al. (1986), Bonner (1988), and others. And lately 
the new thermodynamic school of thought has added 
its voice to the chorus: Wicken (1979; 1987), Brooks 

1  One of our goals of this project and collaboration is to offer a 
mathematical measure for what one of us has dubbed “pathologi-
cal complexity” in this journal (Veit 2022a) and a monograph (Veit 
2023) as a general life-history complexity measure for the purposes 
of a science of animal consciousness. However, since this article aims 
to show that biologists should have a general interest in this meas-
ure independent of its intended purpose in animal minds research, we 
chose not to develop these ideas further here to allow the arguments 
of this article to stand on their own (though see Veit 2022b).

2  Though as McShea (1991) notes, Darwin only discussed his views 
on macroevolutionary trajectories toward complexity in his Notebook 
E, not in his Origin (see Darwin 1987, p. 422).
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and Wiley (1988), and Maze and Scagel (1983) have 
all argued that complexity ought to and does increase 
in evolution. In my own experience, the consensus 
extends well beyond evolutionary biology and profes-
sional scientists. People seem to know that complexity 
increases as surely as they know that evolution has 
occurred. (McShea 1991, p. 303)

Much of the writing on biological complexity has unsur-
prisingly focused on the evolution and explosion of multicel-
lular life and body plans in the Cambrian. And yet, despite 
this conventional impression and the search for evidence for 
this thesis, very little evidence either in favor of or against 
the hypothesis has been obtained. As McShea (1991) notes, 
few have actually empirically investigated whether com-
plexity increases with evolutionary time. Yet, there have 
been many attempts at developing adaptive rationales for 
why an increase in complexity is beneficial and ought to be 
expected.

Biologists have long confidently maintained that “organ-
ismal” or “biological complexity” will increase throughout 
evolutionary history. This strange attraction to the idea that 
complexity inevitably increases with evolutionary time may 
be especially perplexing since it sits uncomfortably close to 
older vitalist and teleological views of progressive evolution 
or as it is sometimes called “orthogenesis” (Ruse 2019). It 
is thus unsurprising that McShea (1996b) has been critical 
of attempts to revive Herbert Spencer’s ideas of progres-
sive evolution and the adaptive rationales of complexity 
and mind (Godfrey-Smith 1996), though also noting that 
the idea of progressive evolution remains “essentially the 
conventional wisdom even today” (McShea 1996b, p. 469). 
While we do not agree that the idea of progressive evolu-
tion is conventional wisdom today, the seeming increase in 
complexity in organisms such as during the Cambrian explo-
sion (Valentine et al. 1994) has certainly come to inspire a 
lot of speculation among biologists about an evolutionary 
trend towards greater complexity (e.g., Carroll 2001; Zhang 
et al. 2014). If there is no evidence for an increase in com-
plexity over evolutionary timescales, however, there would 
appear to be little point in offering an adaptive explanation 
for a phenomenon that may merely be a myth—perhaps as 
other critics of the idea alongside McShea (1991), such as 
Williams (1966), Lewontin (1968), and Hinegardner and 
Engelberg (1983) hint at, a remainder of earlier hierarchical 
views of the biological world with humans placed on top that 
biologists have largely abandoned, though remaining popu-
lar among the public and the major transitions literature.

McShea (1991) highlights how both empirical and theo-
retical studies have lacked rigor. For instance, most studies 
and perspectives miss concise discussions of what com-
plexity actually means. Admittedly, while the concept has 
long puzzled philosophers and scientists alike, it seems 

reasonably clear that complexity is a phenomenon in nature. 
Complexity is, as our colloquial understanding of the term 
rightly suggests, opposed to the idea of simplicity, but this 
understanding does not give us much purchase on making 
the notion precise. Parts of nature can be intuitively placed 
on a continuum from simplicity to complexity. Most would 
agree that a frog catching a fly is more complex than a stone 
washed up at a beach. So one might be hopeful that we could 
develop a straightforward and unified measure of complex-
ity to capture this phenomena in nature—a way of ranking 
systems on a single scale of complexity. Yet, attempts to 
operationalize complexity have resisted consensus despite 
some interesting developments in measuring the number of 
part types (e.g., Brinkworth et al. 2023).

We believe that part of the challenge here has been 
especially due to attempts to provide biologically neutral 
measures of complexity that could in principle be applied 
to any nonbiological system. However, while such neutral 
measures have their dedicated uses, we believe that they 
miss out on what we think has driven most advocates of 
the view that natural selection would select for greater 
complexity. Much of this research has focused on morpho-
logical complexity, rather than genetic complexity or eco-
system complexity, because it could be measured in fos-
sils. Furthermore, as McShea (1991) points out, the way 
morphological complexity should be measured has largely 
been inspired by researchers in information theory whose 
operationalizations of complexity could be applied to liv-
ing and nonliving systems alike. However, the complexity 
that matters for biological systems should be informed by 
the drivers of evolutionary change, a teleonomic measure 
of complexity that assesses how the complexity of different 
strategies organisms have evolved to achieve their goal of 
fitness maximization. Only in this context does the equivo-
cation of biologists between complexity and progress make 
sense. This does not mean that other forms of complexity 
such as morphological complexity are irrelevant or unim-
portant, but for the question we are interested in addressing, 
they are merely potential sources of teleonomic complexity; 
they are not constitutive of it. Under some circumstances, 
for instance, a more complex morphology may be accom-
panied by simpler life history strategies. More complex sub-
components of an organism (higher functional complexity) 
are also likely going to correlate strongly with teleonomic 
complexity, but there is no necessary connection here. They 
are conceptually distinct.

In explaining ideas about biological complexity, many have 
drawn on Shannon’s (1948) information theory published in 
“A Mathematical Theory of Communication,” sometimes 
referred to as “Shannon information” or “Shannon entropy.” 
For instance, Shannon entropy is extensively used to measure 
species diversity in ecology (Jost 2006). Following Godfrey-
Smith (1996), Shannon information can be calculated as 
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follows: for any system that has a finite number of possible 
states, there is a probability of being in that state i denoted as 
Pi, “then the complexity or disorder of the system is measured 
as: E =  − ∑Pi log2 (Pi)” (1996, p. 28). If there are few pos-
sible states or most of the probability space is exhausted by 
a few options, entropy or thermodynamic probability is low, 
i.e., there is little uncertainty. If there are many alternative 
states with similar likelihoods, however, then uncertainty is 
high and the system is more complex. The higher the entropy, 
the higher the (potential) information content of the states. 
Here, both organisms and environments can be understood as 
complex or simple using the number and probability of their 
possible states. However, what these measures are lacking is 
a link to the “goal” of biological systems, i.e., fitness. While 
these measures of entropy are certainly useful to capture what 
we may describe as the uncertainty, variability, changeability, 
heterogeneity, or disorder of systems (Godfrey-Smith 1996), 
we are skeptical that it captures the kind of complexity that 
is important to living systems (Smith 1975). This skepticism 
is so because, as mentioned above, they do not recognize the 
complex strategic trade-offs organisms undergo to maximize 
their fitness. Indeed, in the measure of entropy there is no con-
nection to the biological notion of reproduction and survival, 
the building blocks of organismal fitness.

Finally, to understand teleonomic complexity, we have 
to examine the population rather than the individual, a key 
aspect that is neglected in many such measures of biological 
complexity. As van Groenendael et al. (1994, p. 2410) note, 
“Variation in life history traits among individuals within 
populations is ubiquitous in both plants and animals.” The 
fitness landscape, which is shaped by underlying demo-
graphic rates, is used to quantify our proposed measure 
of life history complexity. Any inference regarding fitness 
based on complexity is agnostic of our method. A popula-
tion can have a high level of complexity and a low fitness 
and vice versa. What we propose is a tool, specifically a 
fitness-informed measure of life history complexity, that can 
be used to ask key questions in life history evolution and 
population ecology. Nevertheless, the fact that life history 
strategies can be complex also makes them very difficult to 
study. As such, we are happy to take up the task to explore 
other forms of complexity that McShea (1991) has left to 
the discipline: “I leave it to others to discover the extent 
to which my remarks apply in other complexity domains” 
(1991, p. 305). Thus, let us now turn to life history theory.

Life History Theory and Teleonomic 
Complexity

Life history theory originated out of the study of the trade-
offs between survival and reproduction. Some of these 
were very simple mathematical models (e.g., Leslie and 

Lefkovitch matrix population models: Leslie 1945; Lefko-
vitch 1965), while others were quite complex to understand 
how the schedules of survival and reproduction can impact 
fitness (see especially Stearns 1992; Roff 1992). As Veit 
(2023, p. 13) puts it: “To understand a species’ teleonomic 
strategy is to understand their species-specific trade-offs 
between costly investments of resources into development, 
fecundity, and survival, with fitness providing an ultimate 
‘common currency’ for this economic decision problem, or 
‘game’ against nature.” Trade-offs are universal and so the 
so-called Darwinian demon cannot evolve.

Because of the myriad factors that have to be traded off 
against each other, it is no surprise that Morbeck et al. (1997, 
p. xi) has nicely described life history theory as providing 
us with “a means of addressing the integration of many lay-
ers of complexity of organisms and their worlds.” It is here 
that we find ourselves provided with the theoretical means 
to understand teleonomic complexity. While Lewontin criti-
cized adaptationism for not being able to deal with trade-
offs and treating organisms as mere robotic bundles of traits 
(Lewontin 1985; see also Gould and Lewontin 1979), life-
history theory offers an adaptationist framework to make 
sense of just such trade-offs. These trade-offs can be seen 
as the result of natural selection shaping traits such that a 
life history agent is able to pursue their goal of maximizing 
fitness:

In life-history theory, [...] numerous aspects of an 
organism’s life-cycle, such as the timing of reproduc-
tion or the length of its immature phase, can be under-
stood by treating the organism as if it were an agent 
trying to maximize its expected number of offspring—
or some other appropriate fitness measure—and had 
devised a strategy for achieving that goal. (Okasha 
2018, p. 10)

As evolution gives rise to more complex life history strategies, 
it is easy to see why many early evolutionists were convinced 
of the idea of progressive evolution. With fitness-maximiza-
tion being both the teleonomic “goal” and cause of organ-
isms, life histories allow us to study the varying degrees of 
complexity organisms use to achieve this goal (e.g., from the 
relatively simple and fatally semelparous salmon to the rela-
tively complex immortal jellyfish, Turritopsis dohrnii, that can 
reproduce sexually and asexually as well as switch back and 
forth between sexually mature and sexually immature stages). 
We, therefore, think that our notion of teleonomic complexity 
offers an elegant way of explaining the connection between 
complexity and “progress” that has often been made in this 
debate without necessarily having to explain it away as a mere 
cognitive bias or mistake. Importantly, such a teleonomic per-
spective does not have to imply that increases in complexity 
are inevitable. Indeed, because increases in complexity are 
typically associated with costs there is also an evolutionary 
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drive towards simplicity, i.e., organisms developing less com-
plex strategies. Two excellent examples that make this obvious 
are annualism and dwarfism.

Selection can lead to shifts from lower to higher life his-
tory complexity, and vice versa. A significant proportion 
of animals and plants reproduce over multiple reproductive 
cycles, but many animals (e.g., beetles, butterflies), and most 
plant weeds are in fact annual, completing their life cycles 
in a single breeding season (Hautekèete et al. 2001; Fried-
man 2020). On the other hand, perenniality corresponds to life 
cycles that last over a year. A quick question here is whether 
one should expect natural selection to inevitably move species 
from annuality to perenniality. This is indeed a question that 
has kept evolutionary biologists puzzled since the beginning 
of life history theory (Cole 1954). When the probability of 
future survival is low (e.g., because predation is high), it makes 
sense for species to evolve very short life cycles and invest 
their limited resources in one or a few reproductive events 
(Reznick et al. 2008). Indeed, empirical evidence exists of 
some species where evolutionary pressures have “fine tuned” 
their life history strategies towards lower complexity by shift-
ing from complex trade-offs towards investing everything in a 
few (or even a single) breeding events (Bena et al. 1998; Fox 
1990). Furthermore, species can switch relatively rapidly (in 
evolutionary terms) from complex to simpler strategies, sug-
gesting that the evolutionary pressures on the costs of more 
complex life history strategies may be high (Friedman 2020). 
Similarly, we can find dwarfism in many species, i.e., species 
becoming significantly smaller through evolutionary time in 
response to selection. Examples include the pygmy marmoset, 
Callithrix pygmaea (Montgomery and Mundy 2013), which 
stands in opposition to the common observation that animal 
size increases over time (Alroy 1998). The selective pressures 
thought to lead to dwarfism are manyfold, though the most 
often discussed factor is related to the isolation of breeding 
populations to islands (Foster 1964). As such, we should not 
expect some general explanation that can explain changes 
in life course complexity across all of life, but instead a mix 
of mechanisms. Our explanations will have to be more fine-
grained than those offered by Steiner and Tuljapurkar (2022), 
who have recently shown that much of the non-environmental 
and nongenetic variability of phenotypes in a population can-
not simply be categorized as neutral in respect to evolution. 
The variability of life courses within even a single popula-
tion remains a major evolutionary puzzle (Flatt 2020). Our 
framework has the potential to help us move closer towards an 
understanding of how and why life history strategies change 

over evolutionary time. Thus, let us now turn to how this com-
plexity can be understood in the context of life history theory.

Life History Strategies and Complexity

A life history strategy is broadly characterized as the collec-
tion of fitness-related traits organisms use to persist in their 
environment. From parental care (Klug and Bonsall 2010) to 
dispersal (Bonte and Dahirel 2017), a plethora of phenotypes 
are required to fully characterize life histories across the 
tree of life. Simply put, a life history strategy is not a physi-
cal characteristic of a population that one can extract and 
manipulate. In turn, when we discuss a life history strategy 
we must require our discourse to be general across temporal 
and spatial scales. Life histories are combinations of life 
history traits (Capdevila and Salguero-Gómez 2021), and 
the latter refer to key moments along the life cycle of a spe-
cies (e.g., age at maturity, frequency of reproduction, rate of 
development and generation time; Stearns 1992).

With this in mind, we propose to define a life history 
strategy as the time points and actions across an individual’s 
lifespan that together, across all individuals in a population, 
allow the population to persist in the face of ecological dis-
turbances. Using this definition, in Fig. 1 we build the arche-
type of a life history strategy—in its simplest form.

All life history strategies are defined by a schedule 
starting from the start of a life history (e.g., birth, fission, 
cloning) and ending in the inevitable: death. The interim, 
between birth and death, is characterized by a life history 
strategy that directs the individual towards a simple goal: 
maximizing lifetime reproductive output or inclusive fitness.

Now that we have built our archetypal life history strat-
egy, let us explore life history complexity. We can define life 
history complexity as being informed by two components of 
the aforementioned life history strategy. Firstly, life history 
complexity is informed by the number of paths individu-
als of the same population can take from the beginning of 
their life history to their goal—a term known as individual 
heterogeneity in life history theory (Tuljapurkar et al. 2009; 
Vindenes and Langangen 2015). Secondly, life history com-
plexity is informed by the relative contribution of each of 
the paths toward the goal. For example, Fig. 2 shows two life 
history strategies with different levels of life history com-
plexity due to the number of possible paths.

Furthermore, Fig. 3 shows two life history strategies that 
differ in their complexity based on the evenness in impor-
tance of paths for individuals to reach their goal.

Fig. 1   The goal of life history 
strategies
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In short, by analyzing the number and importance of 
paths in a life history, we can (even if only relatively) create 
a framework for life history complexity that is both based on 
the necessary properties of a life history strategy—shown in 
the archetypal example—and scalable across modes of life 
history research (e.g., from demography to behavioral ecol-
ogy to developmental biology).

Matrix Population Models and Loop Elasticities

The above framework is especially useful as it allows for 
a quantitative, rather than qualitative, study of life history 
complexity across species, populations, and environmental 
conditions. Specifically, we argue that matrix population 
models—a discrete time stage/age structured mathematical 
model where the demographic rates of survival, growth, and 
reproduction are coerced into matrix form (Caswell 2001)—
represents the ideal tool for the mathematical quantification 
of life history complexity across taxa. As van Groenendael 
et al. (1994) argued, matrix population models are useful for 
the analysis of complex life history strategies (see also van 
Groenendael et al. 1988), which is why we propose them as 
an ideal resource to measure life history complexity.

Within the many tools that currently exist for the inter-
pretation of matrix population models, elasticities are of 
particular interest here. Elasticities measure the impact that 
a relatively small change in a demographic process (e.g., 
growth) of a given stage represented in the life cycle of a 
species would cause to the overall population growth rate 
(de Kroon et al. 1986, 2000). Elasticities have been used 
to characterize the key elements in the life cycle that influ-
ence the overall fitness of a population the most. As such, 
these approaches have had numerous applications in ecol-
ogy (Franco and Silvertown 2004), evolution (van Tien-
deren 2000), and conservation biology (Baxter et al. 2006). 

However, elasticities only measure “isolated” changes in the 
demography of a population. In contrast, loop elasticities 
(van Groenendael et al. 1994) represent the impact on fit-
ness of changing by a small relative amount demographic 
processes along the life cycle that together constitute a 
strategy (Fig. 2). As such, we argue that loop elasticities 
represent the ideal tool for quantifying life history complex-
ity (Fig. 3). The utility of loop elasticities for life history 
complexity research arises from its mathematical properties. 
Loop elasticities ( Li ) are defined as a set indexed by i from 
1 to n, where n represents the total number of life history 
strategies that can be realized by an organism, given its life 
cycle. For example, Figs. 2 and 3 represent life histories 
where n = 2. Furthermore, the set of loop elasticities for a 
given organism sum to 1, thus making them measures of 
relative importance. To quantify life history complexity, we 
argue for the combination of loop elasticities and Shannon 
entropy. We propose a new measure of life history complex-
ity—termed loop entropy ( HL)—that is calculated by taking 
the normalized Shannon entropy of the set of loop elastici-
ties: HL = −

∑

Lilog(Li)

n
.

This metric has the potential to contextualize life history 
complexity in eco-evolutionary studies. For example, the HL 
measure of life history complexity can be calculated for any 
species for which stage-structured demographic informa-
tion exists (e.g., a matrix population model (Caswell 2001), 
life tables (Pearl and Reed 1920), and integral projection 
models (Easterling et al. 2000)). In turn, between-species 
comparisons of life history complexity, as well as phylo-
genetic approaches (Freckleton et al. 2011), will be key to 
demonstrate the role of evolutionary pressures in generating 
more or less complex life history strategies over evolution-
ary time (e.g., Zanne et al. 2014; Clark et al. 2023). A sec-
ond future line of research comes in the form of potential 

Fig. 2   Complex and simple life 
history strategies

Fig. 3   Complex and simple life 
history strategies
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versus realized life history complexity within a species. Just 
as physiological and behavioral traits can be phenotypically 
plastic (Snell-Rood 2013; Gascoigne et al. 2022; Vinton 
et al. 2022, 2023), so can the degree of life history com-
plexity realized in a population. Therefore, our HL measure 
of life history complexity may vary as a function of local 
abiotic (e.g., temperature, precipitation) and biotic (e.g., 
intraspecific competition, predation/prey availability), as 
substantial intraspecific variation in demographic rates has 
been found previously (Gaillard et al. 1998; Jongejans et al. 
2010). Both the between-species and within-species lines 
of research represent exciting avenues to further our under-
standing of life history complexity with the application of 
loop elasticities.

Conclusion and Further Directions

Our goal in this article was to introduce a set of conceptual 
ideas on how to assess a distinctive kind of biological com-
plexity unique to living systems that we have called tele-
onomic complexity. In much of the literature, there has been 
an unfortunate presupposition that we should think of ideas 
about the evolution of complexity as being about morpho-
logical complexity. Yet, we have argued that the seemingly 
progressive evolution views of these authors can be natural-
ized in a less problematic sense in terms of an increase in 
teleonomic complexity without thereby invoking the idea 
of orthogenesis. As we hope to have made clear here, the 
apparent belief of many evolutionists in progress towards 
greater complexity can in principle be naturalized in a mini-
malist Darwinian way by restating this thesis as one about an 
increase in teleonomic complexity. That is, over evolution-
ary time, more complex life history strategies will emerge, 
which isn’t to deny strategies often become simpler.

That this complexity should be measured through the 
lens of life history theory was the second argument of our 
article. All species have evolved life history strategies to 
achieve their teleonomic goals of maximizing their genetic 
representation in the next generation. These fitness differ-
ences can be mapped out in different ways to assess the 
diversity of life and one important dimension along which 
we can assess this diversity is of course complexity. Some 
life history strategies are more complex than others and 
natural selection is leading to an ever-growing exploration 
of more complex life history strategies (Giménez et al. 
2004; Sebert-Cuvillier et al. 2007; Higgins et al. 2015). 
We are, of course, not endorsing the simplistic orthogen-
esis view that evolution leads to perfection and greater 
complexity as an end in itself. However, complex design 
solutions to the problems animals, plants, and other organ-
isms face do not come out of nowhere. Natural selection 
provides an entirely unproblematic kind of “progress” if it 

is defined in a teleonomic manner, since we can expect it 
to come up with new and more “ingenious” strategies that 
make sense of the apparent directedness of evolution. We 
have thus argued against the suggestion by McShea that 
biologists may have fallen victim to their own cultural and 
perceptual biases forcing scala naturae thinking into our 
view of life. Progress may be an illusion, but this illusion 
is driven by real increases in teleonomic complexity.

While McShea depicts theoretical work dismissively, he 
was certainly right that there is a need for more empirical 
work to fill out what has largely remained a data and infer-
ence vacuum. We are cautiously optimistic that teleonomic 
complexity can be expected to increase over evolutionary 
time, yet we acknowledge the need to provide further evi-
dence for this view both in virtue of theoretical models and 
empirical studies. Future works should apply our new life 
history complexity measure, the loop entropy, to existing, 
large arcs of structured demographic information, like the 
COMADRE (Salguero‐Gómez et al. 2016a) and COMPA-
DRE (Salguero‐Gómez et al. 2015) databases. However, 
this ability for comparative analysis is not just limited to 
evolutionary history. Since our proposed measure of life 
history complexity is agnostic as to where the source of 
variation arises (unlike morphological metrics like body 
size (Smith et al. 2016), or brain size (Burger et al. 2019)), 
future work can analyze contributions from other known 
sources of life history variation (e.g., genetic heterogeneity 
and phenotypic plasticity). In particular, further research 
can relate our proposed measure of life history complex-
ity to the two primary axes of life history variation across 
plants and animals (i.e., fast-slow continuum and repro-
ductive schedule) using phylogenetically corrected prin-
cipal component analyses (as in Salguero‐Gómez et al. 
2016b).

Finally, we hope that our article will raise interest in the 
teleonomic complexity of different species, which should 
not be confused with other notions such as morphological 
or functional complexity. Indeed, it may help us to explore 
the connections between these different kinds of complex-
ity to the goal-directedness of organisms. It is our hope 
that both biologists and philosophers will contribute to its 
investigations in order to understand under which condi-
tions life history strategies become more complex or, for 
that matter, more simple.

Acknowledgments  We would like to thank Dan McShea and other 
anonymous reviewers for feedback on our paper. We would also like 
to thank the audience at the Paradox of the Organism conference at 
Georgetown University. Walter Veit was supported by an Open Phi-
lanthropy grant.

Funding  Walter Veit was supported by an Open Philanthropy grant. 
Funding was provided by European Research Council (Grant Number 
101018533).



	 W. Veit et al.

Data availability  A data availability statement is not applicable for this 
article as not data nor code were used.

Declarations 

Conflicting interests  The authors declare no conflicts of interest.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Alroy J (1998) Cope’s rule and the dynamics of body mass evolution in 
North American fossil mammals. Science 280:731–734

Baxter PW, McCarthy MA, Possingham HP, Menkhorst PW, McLean 
N (2006) Accounting for management costs in sensitivity analy-
ses of matrix population models. Conserv Biol 20(3):893–905. 
https://​doi.​org/​10.​1111/j.​1523-​1739.​2006.​00378.x

Bena G, Lejeune B, Prosperi JM, Olivieri I (1998) Molecular phylo-
genetic approach for studying life-history evolution: the ambigu-
ous example of the genus Medicago L. Proc R Soc Lond Ser B 
265(1401):1141–1151

Bonner JT (1988) The evolution of complexity. Princeton University 
Press, Princeton

Bonte D, Dahirel M (2017) Dispersal: a central and independent trait 
in life history. Oikos 126(4):472–479

Brinkworth A, Green E, Li Y, Oyston J, Ruta M, Wills MA (2023) 
Bird clades with less complex appendicular skeletons tend to have 
higher species richness. Nat Commun 14(1):5817

Brooks D, Wiley E (1988) Evolution as entropy, 2nd edn. University 
of Chicago Press, Chicago

Burger JR, George MA Jr, Leadbetter C, Shaikh F (2019) The allom-
etry of brain size in mammals. J Mammal 100(2):276–283

Capdevila P, Salguero-Gómez R (2021) Prototypical r-/K-selected 
(fast/slow) species. Encyclopedia of evolutionary psychological 
science. Springer International Publishing, Cham, pp 6346–6349

Carroll SB (2001) Chance and necessity: the evolution of morphologi-
cal complexity and diversity. Nature 409(6823):1102–1109

Caswell H (2001) Matrix population models: construction, analysis, 
and interpretation, 2nd edn. Sinauer Associates, Sunderland

Clark JW, Hetherington AJ, Morris JL, Pressel S, Duckett JG, Puttick 
MN et al (2023) Evolution of phenotypic disparity in the plant 
kingdom. Nature Plants 9(10):1618–1626

Cole LC (1954) The population consequences of life history phenom-
ena. Q Rev Biol 29(2):103–137

Cope E (1871) The method of creation of organic forms. Proc Am 
Philos Soc 12:229–263

Darwin C (1987) Notebook E. In: Barrett PH et al (eds) Charles Dar-
win’s notebooks. Cornell University Press, Ithaca

Darwin C (1859) On the origin of species by means of natural selec-
tion, or preservation of favoured races in the struggle for life. John 
Murray, London

Denbigh K (1975) A non-conserved function for organized systems. In: 
Kubat L, Zeman J (eds) Entropy and information in science and 
philosophy. American Elsevier, New York, pp 83–92

de Kroon H, Plaisier A, van Groenendael J, Caswell H (1986) Elastic-
ity: the relative contribution of demographic parameters to popu-
lation growth rate. Ecology 67(5):1427–1431

de Kroon H, van Groenendael J, Ehrlén J (2000) Elasticities: a review 
of methods and model limitations. Ecology 81(3):607–618

Easterling MR, Ellner SP, Dixon PM (2000) Size-specific sensi-
tivity: applying a new structured population model. Ecology 
81(3):694–708

Eble GJ (2005) Morphological modularity and macroevolution: con-
ceptual and empirical aspects. In: Callebaut W, Rasskin-Gutman 
D (eds) Modularity: understanding the development and evolution 
of complex natural systems. MIT Press, Cambridge

Flatt T (2020) Life-history evolution and the genetics of fitness compo-
nents in Drosophila melanogaster. Genetics 214(1):3–48

Foster JB (1964) Evolution of mammals on islands. Nature 
202:234–235

Fox GA (1990) Perennation and the persistence of annual life histories. 
Am Nat 135(6):829–840

Franco M, Silvertown J (2004) A comparative demography of plants 
based upon elasticities of vital rates. Ecology 85:531–538. https://​
doi.​org/​10.​1890/​02-​0651

Freckleton RP, Cooper N, Jetz W (2011) Comparative methods as a 
statistical fix: the dangers of ignoring an evolutionary model. Am 
Nat 178(1):E10–E17

Friedman J (2020) The evolution of annual and perennial plant life 
histories: ecological correlates and genetic mechanisms. Annu 
Rev Ecol Evol Syst 51:461–481

Gaillard JM, Festa-Bianchet M, Yoccoz NG (1998) Population dynam-
ics of large herbivores: variable recruitment with constant adult 
survival. Trends Ecol Evol 13(2):58–63

Gascoigne SJ, Uwera Nalukwago DI, Barbosa F (2022) Larval density, 
sex, and allocation hierarchy affect life history trait covariances in 
a bean beetle. Am Nat 199(2):291–301

Giménez KA, Torres G (2004) Linking life history traits in succes-
sive phases of a complex life cycle: effects of larval biomass on 
early juvenile development in an estuarine crab, Chasmagnathus 
granulata. Oikos 104(3):570–580

Godfrey-Smith P (1996) Complexity and the function of mind in 
nature. Cambridge University Press, Cambridge

Gould SJ, Lewontin RC (1979) The spandrels of San Marco and the 
Panglossian paradigm: a critique of the adaptationist programme. 
Proc R Soc Lond Ser B 205(1161):581–598

Hautekèete NC, Piquot Y, Van Dijk H (2001) Investment in survival 
and reproduction along a semelparity–iteroparity gradient in the 
Beta species complex. J Evol Biol 14(5):795–804

Higgins RM, Diogo H, Isidro EJ (2015) Modelling growth in fish with 
complex life histories. Rev Fish Biol Fisheries 25:449–462

Hinegardner R, Engelberg J (1983) Biological complexity. J Theor 
Biol 104(1):7–20

Huxley J (1953) Evolution in action. Harper and Brothers, New York
Jablonski D (2005) Mass extinctions and macroevolution. Paleobiology 

31(S2):192–210
Jongejans E, Jorritsma-Wienk LD, Becker U, Dostál P, Mildén M, De 

Kroon H (2010) Region versus site variation in the population 
dynamics of three short-lived perennials. J Ecol 98(2):279–289

Jost L (2006) Entropy and diversity. Oikos 113(2):363–375
Klug H, Bonsall MB (2010) Life history and the evolution of parental 

care. Evolution 64(3):823–835
Lamarck J (1984) Zoological philosophy. University of Chicago Press, 

Chicago. H. Elliot, Trans
Lefkovitch LP (1965) The study of population growth in organisms 

grouped by stages. Biometrics 21(1):1–18

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1523-1739.2006.00378.x
https://doi.org/10.1890/02-0651
https://doi.org/10.1890/02-0651


Evolution, Complexity, and Life History Theory﻿	

Leslie PH (1945) On the use of matrices in certain population. Biom-
etrika 33(3):183–212

Levit GS, Olsson L (2006) “Evolution on rails”: mechanisms and levels 
of orthogenesis. Ann Hist Philos Biol 11:99–138

Lewontin R (1968) Evolution. In: Sills D (ed) International encyclope-
dia of the social sciences, vol 5. The MacMillan Company, New 
York, pp 202–210

Lewontin RC (1985) The organism as the subject and object of evolu-
tion. In: Levins R, Lewontin RC (eds) The dialectical biologist. 
Harvard University Press, Cambridge

Lowery CM, Fraass AJ (2019) Morphospace expansion paces taxo-
nomic diversification after end Cretaceous mass extinction. Nat 
Ecol Evol 3(6):900–904

Lynch M, Conery JS (2003) The origins of genome complexity. Sci-
ence 302(5649):1401–1404

Maynard Smith J, Szathmary E (1997) The major transitions in evolution. 
Oxford University Press, Oxford

Maze J, Scagel R (1983) A different view of plant morphology and the 
evolution of form. Syst Bot 469–472

McShea DW (1991) Complexity and evolution: what everybody knows. 
Biol Philos 6(3):303–324

McShea DW (1996a) Perspective metazoan complexity and evolution: is 
there a trend? Evolution 50(2):477–492

McShea DW (1996b) Unpredictability! And the function of mind in 
nature. Adapt Behav 4(3–4):466–470

McShea DW (2000) Functional complexity in organisms: parts as proxies. 
Biol Philos 15(5):641

McShea DW (2021) Evolution of complexity. Evolut Dev Biol 169–179
McShea DW, Brandon RN (2010) Biology’s first law: the tendency for 

diversity and complexity to increase in evolutionary systems. Uni-
versity of Chicago Press, Chicago

Montgomery SH, Mundy NI (2013) Parallel episodes of phyletic 
dwarfism in callitrichid and cheirogaleid primates. J Evol Biol 
26(4):810–819

Morbeck M, Galloway A, Zihlman A (1997) The evolving female: a life-
history perspective. Princeton University Press, Princeton

Okasha S (2018) Agents and goals in evolution. Oxford University Press, 
Oxford

Papentin F (1980) On order and complexity. I. General considerations. J 
Theor Biol 87(3):421–456

Pearl R, Reed LJ (1920) On the rate of growth of the population of the 
United States since 1790 and its mathematical representation. Proc 
Natl Acad Sci USA 6(6):275–288

Pittendrigh CS (1958) Adaptation, natural selection, and behavior. In: 
Roe A, Simpson GG (eds) Behavior and evolution. Yale University 
Press, New Haven

Rensch B (1960) Evolution above the species level. Columbia University 
Press, New York

Reznick DN, Ghalambor CK, Crooks K (2008) Experimental studies of 
evolution in guppies: a model for understanding the evolutionary 
consequences of predator removal in natural communities. Mol Ecol 
17(1):97–107

Roff DA (1992) Evolution of life histories: theory and analysis. Chapman 
and Hall, New York

Ruse M (2019) The Darwinian revolution. Cambridge University Press, 
Cambridge

Salguero-Gómez R, Jones OR, Archer CR, Bein C, de Buhr H, Farack C 
et al (2016a) COMADRE: a global data base of animal demography. 
J Anim Ecol 85(2):371–384

Salguero-Gómez R, Jones OR, Jongejans E, Blomberg SP, Hodgson DJ, 
Mbeau-Ache C et al (2016b) Fast–slow continuum and reproductive 
strategies structure plant life-history variation worldwide. Proc Natl 
Acad Sci USA 113(1):230–235

Salguero-Gómez R, Jones OR, Archer CR, Buckley YM, Che-Castaldo 
J, Caswell H et al (2015) The compadre plant matrix database: an 
open online repository for plant demography. J Ecol 103(1):202–218

Saunders PT, Ho M-W (1976) On the increase in complexity in evolution. 
J Theor Biol 63(2):375–384

Saunders PT, Ho M-W (1981) On the increase in complexity in evolu-
tion II. The relativity of complexity and the principle of minimum 
increase. J Theor Biol 90(4):515–530

Sebert-Cuvillier E, Paccaut F, Chabrerie O, Endels P, Goubet O, Decocq 
G (2007) Local population dynamics of an invasive tree species 
with a complex life-history cycle: a stochastic matrix model. Ecol 
Model 201(2):127–143

Shannon CE (1948) A mathematical theory of communication. Bell Syst 
Tech J 27(3):379–423

Simpson G (1961) Principles of animal taxonomy. Columbia University 
Press, New York

Smith CJ (1975) Problems with entropy in biology. Biosystems 
7(2):259–265

Smith FA, Payne JL, Heim NA, Balk MA, Finnegan S, Kowalewski M 
et al (2016) Body size evolution across the Geozoic. Annu Rev Earth 
Planet Sci 44(1):523–553

Snell-Rood EC (2013) An overview of the evolutionary causes and con-
sequences of behavioural plasticity. Anim Behav 85(5):1004–1011

Spencer H (1890) First principles, 5th edn. Williams and Norgate, London
Stearns SC (1992) The evolution of life histories. Oxford University 

Press, Oxford
Stebbins G (1969) The basis of progressive evolution. University of North 

Carolina Press, Chapel Hill
Steiner UK, Tuljapurkar S (2022) Adaption, neutrality and life-course 

diversity. Ecol Lett 26(4):540–548
Tuljapurkar S, Steiner UK, Orzack SH (2009) Dynamic heterogeneity in 

life histories. Ecol Lett 12(1):93–106
Valentine J, Collins A, Meyer C (1994) Morphological complexity 

increase in metazoans. Paleobiology 20(2):131–142
van Groenendael J, de Kroon H, Caswell H (1988) Projection matrices in 

population biology. Trends Ecol Evol 3(10):264–269
Van Groenendael J, De Kroon H, Kalisz S, Tuljapurkar S (1994) Loop 

analysis: evaluating life history pathways in population projection 
matrices. Ecology 75(8):2410–2415

van Tienderen PH (2000) Elasticities and the link between demographic 
and evolutionary dynamics. Ecology 81:666–679. https://​doi.​org/​10.​
1890/​0012-​9658(2000)​081[0666:​EATLBD]​2.0.​CO;2

Veit W (2022a) Complexity and the evolution of consciousness. Biol 
Theory. https://​doi.​org/​10.​1007/​s13752-​022-​00407-z

Veit W (2022b) Health, consciousness, and the evolution of subjects. 
Synthese. https://​doi.​org/​10.​1007/​s11229-​022-​03998-z

Veit W (2023) A philosophy for the science of animal consciousness. 
Routledge, New York

Vindenes Y, Langangen Ø (2015) Individual heterogeneity in life histories 
and eco-evolutionary dynamics. Ecol Lett 18(5):417–432

Vinton AC, Gascoigne SJ, Sepil I, Salguero-Gómez R (2022) Plastic-
ity’s role in adaptive evolution depends on environmental change 
components. Trends Ecol Evol 37(12):1067–1078

Vinton AC, Gascoigne SJ, Sepil I, Salguero-Gómez R (2023) The impor-
tance of spatial and temporal structure in determining the interplay 
between plasticity and evolution. Trends Ecol Evol 38(3):221–223

Wake D, Connor E, de Ricqles A, Dzik J, Fisher D, Gould S, LaBar-
bera M, Meeter D, Mosbrugger V, Reif W-E, Rieger R, Seilacher 
A, Wagner G (1986) Directions in the history of life. In: Raup 
D, Jablonski D (eds) Patterns and processes in the history of life. 
Springer-Verlag, Berlin, pp 47–67

Wicken J (1987) Evolution, thermodynamics, and information. Oxford 
University Press, Oxford

Wicken JS (1979) The generation of complexity in evolution: a ther-
modynamic and information-theoretical discussion. J Theor Biol 
77(3):349–365

Williams GC (1966) Natural selection, the costs of reproduction, and a 
refinement of Lack’s principle. Am Nat 100(916):687–690

https://doi.org/10.1890/0012-9658(2000)081[0666:EATLBD]2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081[0666:EATLBD]2.0.CO;2
https://doi.org/10.1007/s13752-022-00407-z
https://doi.org/10.1007/s11229-022-03998-z


	 W. Veit et al.

Zanne AE, Tank DC, Cornwell WK, Eastman JM, Smith SA, FitzJohn 
RG et al (2014) Three keys to the radiation of angiosperms into 
freezing environments. Nature 506(7486):89–92

Zhang X, Shu D, Han J, Zhang Z, Liu J, Fu D (2014) Triggers for the 
Cambrian explosion: hypotheses and problems. Gondwana Res 
25(3):896–909

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Evolution, Complexity, and Life History Theory
	Abstract
	Introduction
	Article Outline

	Complexity and Evolution
	Life History Theory and Teleonomic Complexity
	Life History Strategies and Complexity
	Matrix Population Models and Loop Elasticities

	Conclusion and Further Directions
	Acknowledgments 
	References


