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Evolving Views on the
Science of Evolution

Introduction

s an outcome of scientific

thinking, evolutionary the-

ories change in accordance
with progress made. Here, we trace
the evolution of evolutionary thought
through seven different research schools
that have arisen since the introduc-
tion of Darwin’s Origin of Species. These
schools include Darwinism, the Modern
Synthesis, Micro-, Meso-, and Macro-
evolution, Ecology, and Reticulate Evo-
lution. The schools of Darwinism and
the Modern Synthesis together lie at the
foundation of the Neo-Darwinian para-
digm. This paradigm has now expanded
into the schools of Microevolution, Me-
soevolution, and Macroevolution that
respectively study how genes, organ-
isms, and species evolve over time. The
school of Ecology instead investigates
how genes, organisms, and species inter-
act with one another and with the phys-
ical environment in space. The Eco-Evo-
Devo paradigm attempts to integrate the
tenets of Ecology with those of Micro-,
Meso-, and Macroevolutionary research.
The Reticulate Evolution school studies
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non-selectionist mechanisms such as
symbiosis, symbiogenesis, lateral gene
transfer, infective heredity, and hybrid-
ization. This paper outlines the major
research directions and points of con-
troversies that arise between these dis-
tinct schools. It furthermore situates
the Extended Evolutionary Synthesis
and Third Way of Evolution along these
schools. The call for an Extended Evolu-
tionary Synthesis originated in the Me-
soevolution school, while scholars active
in the Third Way of Evolution move-
ment are developing ways to recognize
the important contributions made by all
evolution schools.

We can depict the progress in sci-
entific thinking on evolution by means
of the Flower of Evolution (Figure 1), in
which each petal represents one of sev-
en distinct evolution schools that have
evolved since the introduction of evolu-
tionary thinking some 150 years ago.

Several of these schools group to-
gether into larger paradigms. Darwinism
and the Modern Synthesis, for example,
define the Neo-Darwinian paradigm,
which has long functioned as the stan-
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Figure 1: The Flower of Evolution.
Schools centered around Micro, Meso, Macro, and Ecology represent the emerging Eco-Evo-Devo paradigm

dard paradigm within evolutionary biol-
ogy. Advances made as well as attempts
at meeting criticisms have resulted in an
expansion of the Neo-Darwinian par-
adigm toward three distinct research
schools: Micro-, Meso-, and Macroevo-
lution. These examine how evolution
occurs at different scales, at a micro or
molecular genetic, meso or organismal,
and macro or species level. But even
though they focus on different phenom-
ena, common to all three schools is that
they examine evolution over time, either
in deep history or during an organism’s
life history.

The Ecology school traditionally en-
dorses a spatial outlook, and focusses
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on how genes, organisms, and species
presently interact with one another and
with the abiotic environment. Today,
the spatial outlook that typifies Ecology
is becoming integrated with the tem-
poral outlooks of the Micro, Meso, and
Macroevolution schools into the newly
emerging Ecological Evolutionary De-
velopmental biology or Eco-Evo-Devo
paradigm, depicted in Figure 1. The hope
for Eco-Evo-Devo approaches is to con-
tinue expansion of the Neo-Darwinian
paradigm through revision and integra-
tion.

Scholars in the Reticulate Evolution
school instead call out for a more plu-
ralistic evolutionary biology that in ad-
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dition to natural selection theory recog-
nizes the importance of non-selectionist
mechanisms and processes of evolution.
Darwin understood evolution by means
of natural and sexual selection to result
in a process of “vertical” descent with
modification. Over generations through
time, organisms belonging to the same
species pass on their traits differentially
which results in divergence that eventu-
ally underlies speciation. The reticulate
evolution school instead demonstrates
that evolutionary change and speciation
comes about from the spatially occur-
ring, horizontal interactions between
generations of organisms belonging to
different species. These mechanisms and
processes include symbiosis, symbio-
genesis, lateral gene transfer, hybridiza-
tion, and infective heredity. Like Ecolo-
gy, Reticulate Evolution thus also takes
on a spatiotemporal outlook on evolu-
tion, but ecology traditionally focuses
on competition between different life
forms, while the Reticulate Evolution
school examines all sorts of interactions,
such as mutualism, commensalism, and
parasitism, or the exchange of genes
outside of reproduction. The different
schools thus take on different perspec-
tives and do not always agree on what
evolution is. All however do provide
valid data, methodologies, results, and
future research directions whereby to
study evolution. There currently there-
fore does not exist one all-encompassing
theory or paradigm capable of synthe-
sizing the different research directions.
Scholars today are also questioning the
need for such a paradigm, and instead
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recognize the pluralistic nature of evolu-
tion. Noble calls this position Biological
Relativity.*

Darwinism

Although there are predecessors to
evolutionary thought, Darwin’s 1859
work On the Origin of Species by Means
of Natural Selection, or the Preservation of
Favored Races in the Struggle for Life set
in motion a new way of thinking about
how species originate and change over
the course of natural history. Character-
izing life as a struggle for existence due
to scarce environmental resources, he
argued that there should naturally be a
selection or favoring of organisms with
traits that enhance survival. Organisms
able to survive in the struggle for exis-
tence long enough to reproduce, or with
traits deemed attractive to the oppo-
site sex, will be able to pass down their
traits to future generations. Organisms
with maladaptive traits will not be able
to pass on their traits, or will reproduce
far less. The latter will naturally disap-
pear and the former will prosper, result-
ing in shifts in populations and species
through time that Darwin characterized
as a gradual descent with modification.
These ideas founded the school of Dar-
winism and today the concepts intro-
duced are often called the Darwinian
principles.

The Modern Synthesis

Darwin already recognized that spe-
cies are related through common de-
scent. The laws of inheritance, however,
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were only formulated later in time, in
a non-evolutionary context, by Gregor
Mendel. Mendel conjectured that trait
variation is due to underlying factors,
some of which are dominant and there-
fore expressed in the organism, others
which are not, but which are nonethe-
less passed on recessively. Scholars lat-
er called such factors genes. A series of
theoretical and experimental analyses
conducted respectively by theoretical
population geneticists and experimental
evolutionists subsequently lead to the
general conclusion that genes underlie
all organismal variation. New variation
was hypothesized to result from genetic
mutations. Selection was considered to
work on the visible organism or pheno-
type, where genes become expressed. In
their search to explain large scale evolu-
tionary trends, scholars would also come
to recognize that selection can be inter-
mitted by periods of no or less selection
in which case gene frequencies undergo
random fluctuations in number due to
chance events, a process that is called
drift. Selection theory thus became
synthesized with Mendelian hereditary
laws, gene theories, and mutation theo-
ries, and this founded the Modern Syn-
thesis.?

Founders of the Modern Synthesis
additionally introduced concepts such
as gene pools, fitness landscapes, and
species concepts that would provide the
foundation for different perspectives
wherefrom to study evolution with-
in the Neo-Darwinian paradigm that
followed. This latter paradigm evolved
into three distinct research schools that
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study evolution at the micro (genetic),
meso (organismal), and macro (species)
scale. The general credo of the Neo-Dar-
winian paradigm, famously formulated
multiple times over by Ernst Mayr, was
that microevolution or small random ge-
netic mutations suffice to explain mac-
roevolution or the evolution of species.

Microevolution

Darwinism, the Modern Synthesis,
and many tenets of the Neo-Darwinian
paradigm were formulated when genes
or chromosomes were still theoretical
concepts. Advanced understanding of
genes has come about through progress
made in the fields of biochemistry and
molecular genetics. Scholars can now
sequence entire genomes and examine
how genes flow and migrate or move
within and between populations. With
the help of molecular clock theories,
scholars are also able to use genetic se-
quences to estimate relatedness and di-
vergence in time.

Within organisms, gene sequencing
enables research on how exactly genes
underlie protein synthesis, which in
turn underlies tissue formation. While
genes can indeed, as the founders of the
Modern Synthesis thought, be implicat-
ed in the formation of anatomical form,
such linkage has proven to be far from
straightforward. There is hardly ever a
single gene for trait x or y, for example.
If traits have a genetic basis, they are
brought forth by multiple genes, and the
same genes are often implicated in nu-
merous traits. The same gene, for exam-
ple, can participate in the formation of
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the heart or the gut. A substantial part
of the genome moreover is non-coding
for traits and scholars are still examining
the functions of these sequences. Mo-
lecular genetic research has in this re-
gard already brought to light that genes
are not the selfish replicators they once
were thought to be. Genomes contain
numerous mobile genetic elements that
can switch location within the genome,
and sometimes travel between genomes,
where they possibly help in the repair of
broken DNA sequences, or underlie new
structural and functional changes bene-
ficial to both the genome as well as the
organism. J.A. Shapiro therefore consid-
ers genomes as “Read-Write data storage
systems” rather than “Read-Only Memo-
ry information storages."

Mesoevolution

Much of organismal form and espe-
cially behavior cannot be reduced to ge-
netic explanations and instead require
extragenetic or epigenetic explanations
as well as a more general consideration
of how evolution and development in-
teract. Stephen J. Gould was one of the
first to lament that ontogeny, or research
on organismal development, was long
ignored by phylogenetic,
ary research, which focused on recon-
structing evolutionary relationships of
evolving species. The Weismann barrier,
mentioned by other authors in this col-
lection, lead to the assumption that what
happens during an organism’s life course
is unimportant for evolution because it
cannot be passed on to future genera-
tions.

evolution-
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Such views are being revoked for
several reasons. Gene-regulatory mech-
anisms that underlie embryogenesis
and overall bodily form, for example, as
well as chromosome functionality, have
now been proven to undergo environ-
mentally induced changes, and can have
major evolutionary consequences. The
body plan of all vertebrates, for example,
is regulated by the same set of modular
homeobox genes.5 Changes in the devel-
opmental expression of this homeobox
gene complex have over the course of
evolution resulted in variations of the
different body segments that character-
ize the body plan of organisms as di-
verse as fruit flies, mice, or humans.

Beyond the genotypes from which
they are constructed, organisms also
demonstrate anatomical, behavioral,
and cognitive plasticity and flexibility in
changing environments, through their
physiology or through learning. Such
investigations look at how natural selec-
tion operates not only on genes but also
on anatomical traits or behavior, and
how multiple units and levels of selec-
tion organize hierarchically. This in turn
links to more macro-oriented evolution-
ary research as well as to investigations
into how natural selection underlies
major evolutionary transitions, such as
the origin of multicellular organisms, or
the origin of social behavior in animals.
Here too, consensus is growing that be-
havioral and cognitive skills, symboliza-
tion, communication, social lifeways, or
culture can be subject to more inclusive
or extragenetic inheritance.
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Macroevolution

Macroevolution studies how evolu-
tion occurs at levels above the organism.*
Groups, populations, species, communi-
ties, or entire ecosystems can be studied
for how they change over time. Macro-
evolutionary research can focus on how
adaptive radiations and (mass) extinction
events impact life's biodiversity, or what
the modes and tempos or rates of evo-
lution are. While Darwin characterized
nature as a struggle for existence, more
neutral views on biodiversity have now
been put forward.” Darwin understood
evolution as a process whereby species
gradually evolve themselves out of exis-
tence as their lineages change into new
species. He felt contrite about the lack of
intermediates in the fossil record which
disproved his idea. He reasoned this was
due to the poor preservation of fossils in
nature.

In the 1970s, Niles Eldredge and Ste-
phen J. Gould revolutionized how we
understand speciation by recognizing
gaps in the fossil record not as a failure
to find Darwin’s postulated intermediate
forms, but as relevant data.® They argued
that if no intermediates are found, none
can be postulated. Instead, some of the
best preserved fossil records demon-
strate that species or entire clades can
sometimes appear or disappear abruptly,
implying that evolution is not always a
gradual process. Eldredge and Gould
proposed that the fossil record is char-
acterized by a pattern of “punctuated
equilibria,” where short periods of rapid
evolutionary change are interspersed by
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long periods of “stasis,” where no or little
morphological change can be detected.
Evolutionary change is thus centered
around speciation events. They further-
more demonstrated that many, if not
most, species evolve through splitting
(cladogenesis) into sibling species rather
than evolving continuously through an-
agenesis.

Ecology

While the micro, meso, and macro-
evolutionary schools study how genes,
organisms, and species change through
deep history or during life history
events, ecological research instead exam-
ines how genes, organisms, and species
behave in space, by studying how they
interact with one another and with the
abiotic environment. Darwin had point-
ed toward the abiotic and biotic environ-
ment as the locus of natural and sexual
selection. The gene-centered views that
followed his theories however resulted
in a neglect of ecological studies that
subsequently evolved outside of Modern
and Neo-Darwinian Synthesis.

Ecological research on species inter-
actions and ecosystem formation rang-
es from how predator and prey inter-
act with one another and underlie food
chains, cycles, and webs of life; to how
co-evolution of species is shaped by the
need of competing species to keep ahead
of one another, as proposed by Van
Valen’s “Red Queen” hypothesis (from
Lewis Carroll's Through the Looking
Glass: “It takes all the running you can
do, to keep in the same place”);® to James
Lovelock’s Gaia hypothesis for how life
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on FEarth is sustained through complex
biogeochemical cycles.”®

Research on organism-environment
relationships has furthermore made
scholars realize that organisms are not
merely passively selected by an active
environment as Darwin or the founders
of the Modern Synthesis thought. In-
stead, organisms can actively alter their
environment though niche construction,
and as such also leave an ecological foot-
print that can become the subject of eco-
logical inheritance.

Reticulate Evolution

A final school that has been devel-
oping outside of the frameworks of the
Modern Synthesis and the standard
Neo-Darwinian paradigm is Reticulate
Evolution. Reticulate evolution is evo-
lution as it occurs by means of symbi-
osis, symbiogenesis, lateral gene trans-
fer, hybridization, or infective heredity.
All are inherently non-selectionist and
non-Darwinian mechanisms and pro-
cesses of evolution that introduce evo-
lutionary novelty through the interac-
tion, horizontal crossing, temporary or
permanent merger of differently evolved
evolutionary lineages. Evolutionary lin-
eages thus do not so much form a tree of
life but a web of life that is characterized
by a reticulate or network-like struc-
ture.®

While ecological research has main-
ly focused on competition, symbiosis
research instead has analyzed the effect
of mutually beneficial, commensal (ben-
eficial for one), and parasitic interactions
on the survival and reproductive chanc-
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es of the organisms engaging in symbi-
osis.”?> The symbiotic interactions that
multicellular organisms maintain with
infectious agents such as microbes or vi-
ruses, for example, influence health and
disease, not only during development,
but also during evolution, as infections
can become transmitted to future gen-
erations. Numerous genes of infectious
agents have over the course of evolution
even made their way into the genome of
their host where they have subsequently
become subject to regular inheritance.
Microbiome research furthermore calls
into question standard definitions of or-
ganisms as individual entities. Instead,
because multicellular organisms provide
an ecological life zone for numerous mi-
croorganisms, they are better character-
ized as holobionts.™

Holobiont formation started early on
in the evolution of life. Mitochondria,
for example, which are organelles found
in the cytoplasm of most protist, fungi,
plant, and animal cells, have a bacterial
origin. Some two billion years ago, the
bacteria from where they originated
merged with some of the first nucleat-
ed (eukaryotic) cells and commenced a
symbiosis that became permanent and
hereditary. This resulted in evolution
by symbiogenesis whereby the merged
bacteria over time evolved into the mi-
tochondria that typify multicellular life.
The chloroplasts that characterize plant
cells also evolved through symbiogen-
esis. Today, mitochondria and chloro-
plasts still contain their own DNA that
is reminiscent of their bacterial origin,
and this DNA is thus different from the
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genes found in the nucleus. Bacteria and
Archaea are prokaryotes, and unlike eu-
karyotes, their genes are not packaged
into a nucleus that is somewhat sealed
off from the rest of the cell. Rather, the
genes of bacteria form one long chromo-
some that floats freely within the cell.
This enables them to rapidly exchange
genes horizontally or laterally with one
another in a variety of ways. Bacteria
can even take up genes from dead bac-
teria. Such “horizontal” or “lateral” gene
transfer is now well recognized to be the
major means whereby bacteria acquire
genes for antibiotic resistance. While
horizontal gene transfer mostly occurs
amongst prokaryotes, it is also known
to occur between eukaryotes, and in
any case, the impact of horizontal gene
transfer by far extends bacteria. The rap-
idly developing resistance against anti-
biotics, for example, can affect human
health and disease and thus evolution.

Hybridization is another evolution-
ary mechanism that underlies reticulate
evolution. Long thought not to affect
evolution, because some hybrids are
sterile, research is demonstrating that
hybridization is a means to avoid extinc-
tion, to increase genetic diversity, or to
expand niche and habitat range.

On all fronts, reticulate evolution is
showing that adaptation, heredity and
fitness, constraints and affordances,
speciation, and extinction are not mere-
ly Darwinian principles. They are also
brought forth by reticulate mechanisms
and processes of evolution.
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Future Directions

Evolutionary thinking itself evolves
in congruence with research progress.
Different decades have seen various at-
tempts at revising evolutionary thinking
to either accommodate older views or to
integrate new discoveries. The Modern
Synthesis, for example, only emerged
after decades wherein Darwinism was
eclipsed over discussions on whether
genetic change is continuous or discon-
tinuous. The recognition for the need of
an independent study of micro, meso,
and macroevolutionary processes only
emerged after the foundation of the
Modern Synthesis, and such was most-
ly due to the rise of gene-centered views
that were, in turn, made possible due to
developments in molecular genetics.

Adherents of an Extended Evolu-
tionary Synthesis have been countering
gene-centered views by reappraising the
role of the individual organism in evolu-
tion.*# This has first taken on the form of
a synthesis between evolution and de-
velopment (evo-devo). Lately, it has also
focused on integrating aspects of ecol-
ogy in the emerging eco-evo-devo par-
adigm.’s Although they have put across
numerous critiques on the Neo-Darwin-
ian paradigm, their adherents continue
to seek integration with it, through revi-
sion and expansion.

Scholars of the Reticulate Evolu-
tion school have instead argued that
the mechanisms and processes they
study are inherently non-selectionist.
At most, these mechanisms provide the
evolutionary novelty that selection can
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work upon in a later phase of evolu-
tion. Scholars in this field have therefore
called out for a new biology, that is able
to better deal with the numerous ways
whereby evolution occurs. Such views
do not deny the importance of natural
selection, they are merely asking proper
recognition and independence of their
specific research school.

These scholars, as well as adherents
from all different evolution schools, are
finding homes in the Third Way of Evo-
lution movement that recognizes the im-
portant contributions made by the var-
ious distinctive evolution schools, with
Biological Relativity being the glue that
holds them together® The Third Way
therefore does not compete with a plea
for an Extended Evolutionary Synthesis,
and in fact is currently fostering collabo-
ration on important topics of teleonomy;,
cognition, and sociocultural evolution
that as of yet remain unintegrated in
general evolutionary thinking.7

At present, no school thus holds a
privileged position over the other, and
all have provided valid means whereby
to study the pluralistic nature of evolu-
tion.
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