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ABSTRACT

Is it possible to teach biology without mentioning evolution? The answer is yes,
but it is not possible for students to understand biology without the evolutionary
context on which the meaning and intellectual value of biological concepts
depend. Meaningful learning of evolution requires (1) that the students
incorporate new knowledge into a cognitive structure linked with higher-order
concepts; (2) a well-organized knowledge structure; and (3) a positive
emotional attachment and identification (affective commitment) to the subject
by the learner. Concept maps are useful tools in meaningful learning. We
present a concept map that organizes concepts of history of life and the
processes that generate it, and the hierarchical relationships among them.
Biological evolution is a compelling account of life on Earth and of human
origins. It constitutes a unifying explanatory framework that can generate a
powetful affective commitment to the subject. The concept map provided here
is tied to the Next Generation Science Standards (NGSS).

Key Words: Evolution; concept maps; tree of life; evolutionary processes; biology
teaching.
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Is it possible to teach biology without
mentioning evolution? The answer, unfor-
tunately, is yes; it happens all the time, for
reasons ranging from ideological opposi-
tion to teachers’ discomfort with the
content. It is not possible, however, for
students to understand biology without
the evolutionary context on which the
meaning and intellectual value of biologi-
cal concepts depend (Dobzhansky, 1973;
McInerney, 2009). On the other hand,
many introductory biology textbooks include evolution but pres-
ent the information in a conceptually segregated manner (Nehm
et al., 2009).
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Meaningful learning, as described by Ausubel et al. (1978) and
Novak (2002), requires the following elements:

(1) The incorporation of new knowledge into a cognitive
structure linked with higher-order, more inclusive concepts.

(2) A well-organized and relevant knowledge structure.

(3) A positive emotional attachment and identification (affective
commitment) to the subject by the learner. This affective
commitment is necessary because learners’ feelings enhance
their capacity to make sense out of their experiences.

Therefore, meaningful learning in biology is possible only with evo-
lution as a framework, because it is the only framework that organ-
izes all of our observations and experiments about the living world
into a cohesive, conceptual whole. On the other hand, biological
evolution is a great and stirring account of life on Earth and of
human origins within it. Therefore, evolution is not only a unifying
and explanatory element but constitutes, in itself,
a powerful affective commitment and identifica-
tion to the subject.

Concept maps are excellent, meaningful
vehicles for learners to organize and visualize
ideas or concepts and hierarchical relationships
among them (requirements 1 and 2 above). They
help learners clarify their thinking and organize
and prioritize new information (Novak, 2010).
In this article, we present in summary form a con-
cept map (comprising three figures) that shows
the central concepts of evolutionary biology and
their relationships to one another in an organized,
relevant knowledge structure.

This article is not an educational experiment
or a replacement for a textbook. It is an educa-
tional tool for teachers and learners, to be used
as an introductory road map to the main concepts of evolutionary
biology and the relationship among them. Existing concept maps in

biology, some of which include evolutionary biology, reside in
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websites (e.g., https//www.lucidchart.com/pages/examples/concept-
map/, https//prezi.com/ssbyu2lvllsp/biology-concept-maps/) and in
the literature (e.g., National Academy of Sciences, 1998; Almond
etal., 2015; Kongetal., 2017). Most of them, however, are too general
or focus only on one topic of evolution, such as evolutionary trees or
natural selection, or do not include the most recent advances in evo-
lutionary research, such as genetic engineering. In addition, many of
those concept maps were constructed by educators and not by
researchers in evolution who also teach or have taught at the high
school or university level. Therefore, we propose here a way to visu-
alize main ideas about evolution in the context of the whole set of
ideas, avoiding fragmented learning of each concept independently.
In addition, the concept map presented here is updated with recent
scientific advances in the discipline. We expect that the content of
our concept map represents, in summary form, current knowledge
in evolutionary biology, including the scientific controversies (e.g.,
the role of phenotypic plasticity in generating genetic changes) that
will help students see the state of the art and the dynamics of the
discipline. Also, these controversies may trigger valuable discussions
in the classroom, fomenting the critical thinking of the learners.

The graphical structure will allow learners to follow the sequential
{low of the patterns (history oflife) and the processes that generate the
patterns, as it happens in nature. We propose that the content and the
graphical structure of the concept map can promote meaningful learn-
ing of evolutionary biology, because such learning occurs when rela-
tionships between concepts become more explicit, more precise,
and better integrated with prior knowledge in biology (see below).

The narrative complements the map and serves as a kind of
glossary with selected references. Superscript numerals relate the
narrative to the most comprehensive ideas of the map.

This article is intended for precollege students and teachers. Pre-
college students might use the concept map to retrieve, review, or
learn about evolution. Teachers could use the map for direct instruc-
tion, as a curriculum organizer, or even as an assessment tool.

O The Scope of Evolution

The problematic expansion of bacterial resistance to antibiotics and
of weeds’ resistance to herbicides, the morphological and molecular
similarities between different groups of organisms, the unity of all
living things reflected in nucleic acids, the extraordinary and aston-
ishing biodiversity on Earth, the past written in fossils, and the
position of Homo sapiens in the history of life are isolated facts that
one can understand and relate to each other only in the light of bio-
logical evolution (Dobzhansky, 1973).

Biological evolution' consists in the change of the hereditary char-
acteristics of groups of organisms in the course of multiple generations
(Futuyma & Kirkpatrick, 2017). In a long-term perspective, evolution
is the descent with modification of different lineages from a common
ancestor. From a short-term perspective, it is the adaptation of popu-
lations to environmental challenges and changes. Therefore, evolution
has two components: the ancestor-descendant relationship of the dif-
ferent lineages (history of life) and the processes that produced them.

For some time, there has been controversy about the importance
to evolutionary theory of four factors: nongenetic inheritance (inclu-
sive inheritance), phenotypic plasticity, developmental processes,
and niche construction. For some biologists, these factors have the
potential to change our view of evolution (Laland et al., 2014, 2015;

Noble, 2015). A different group of biologists has argued that these
factors already have been accounted for in modern evolutionary
theory and have not yet demonstrated that their inclusion merits
major changes in our current evolutionary framework (Wray
et al., 2014; Charlesworth et al., 2017; Futuyma, 2017). We
include these four factors in our concept map, using cautious
wording about their importance, but showing that they already
are part of evolutionary theory.

O Validation of the Concept Map

We validated the concept map in three ways. First, we examined rele-
vant literature on evolution (e.g., Darwin, 1859; Dobzhansky, 1973;
Coyne, 2009; Futuyma & Kirkpatrick, 2017) and phylogenetics
(e.g., Felsenstein, 2004; Baum & Smith, 2012). All the authors of
this article are researchers and have published papers in high-impact
journals, such as Nature, Proceedings of the National Academy of
Sciences, and Science, on the theory and practice of biodiversity
(e.g., Sala, 2001, 2003, 2016; Crisci, 2006, 2008), biogeography
(e.g., Crisci et al., 2003; Crisci & Katinas, 2009; Apodaca et al.,
2015b), ecology (e.g., Huxman et al., 2004; Jobbagy & Sala, 2014;
Gherardi & Sala, 2015; Sala, 2016), evolution (e.g., Crisci, 1981,
1982; Barreda et al., 2010; Katinas et al., 2013), phylogenetics
(e.g., Crisci & Stuessy, 1980; Katinas & Crisci, 2000; Apodaca
et al.,, 2015a), and teaching about evolution (e.g., Mclnerney,
1989, 2009; Crisci et al., 1993, 2014; National Academy of
Sciences, 1998; Andrews et al., 2002; Crisci & Katinas, 2011).

Second, we consulted experts in evolution (e.g., Douglas Futuyma
and Edgardo Ortiz-Jaureguizar) and used our own expertise as high
school and university teachers (in some cases more than 40 years of
teaching) in the following subjects: biodiversity, biogeography, biol-
ogy education, conservation, ecology, evolution, multivariate analysis,
phylogenetics, plant morphology, plant systematics, and taxonomy.
This collective expertise was very useful in the construction of the
concept map, allowing us to overcome the most common difficulties
(such as troubles in linking new knowledge with higher-order, more
inclusive concepts in cognitive structure) and answer fundamental
student questions.

Third, to validate the concept map, we aligned it with the Next
Generation Science Standards (NGSS), as explained below.

O Alignment of the Concept Map with
NGSS

The concept map is intended for use in middle school and high
school and is based on the statement that “scientific knowledge
assumes an order and consistency in natural systems” (NGSS Lead
States, 2013). The map also aligns with seven life-sciences core
ideas of the NGSS: interdependent relationships in ecosystems,
inheritance and variation of traits, biodiversity, natural selection,
adaptation, evidence of common ancestry, and fossils as evidence
of the history of life. Figure 1 shows grades and standards that
include those seven core ideas. The standards from first to fifth
grades represent the prior knowledge that anchors the concept
map. The map implicitly addresses crosscutting concepts such as
patterns, cause and effect, systems and systems models, and stabil-
ity and change.
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Figure 1. Life science core ideas of the NGSS that are addressed in the concept map.

O Central Concepts of Evolutionary
Biology

We built the concept map as follows:

(1) We identified three focus questions according to the current
knowledge in evolution (Futuyma & Kirkpatrick, 2017) and
the idea of meaningful learning (Ausubel et al., 1978;
Novak, 2002). We established as our first question, How
should students understand evolutionary biology to foster mean-
ingful learning? There is sound evidence that evolution has
occurred and occurs now in the history of life. Among that
evidence are the fossil record, the unity of life, observed evo-
lution, vestigial structures, studies of comparative anatomy,
and the spatial distribution of organisms. The evidence led
us to the following two questions: What is the history of life?
and What processes, in mutual influence with the interaction
among organisms and their environment, generated the history
of life? Most important, we wondered how students can
incorporate the answers to these three questions into well-
organized and relevant knowledge.

(2) Guided by these questions, we identified what we consider
the most pertinent concepts in evolution.

(3) We established a top-down hierarchical structure, giving the
concepts at the top a more inclusive category (e.g., evolution-
ary biology studies biological evolution, biological evolution

generates biodiversity, biological evolution is a consequence
of interactions and processes) and following a sequential flow
of events, as it happens in nature.

(4) Each concept appears only once in the concept map.
(5) We connected the concepts with a few linking words.

(6) Although some cross-links could be specified among several
concepts, for the purpose of clarity we established only the
most relevant cross-links to maintain the hierarchical structure.

(7) For learning purposes, an activity subsequent to the presen-
tation of this concept map could include identification of
cross-links among concepts to reveal a structure that is more
a net than a hierarchy.

How Should Students Understand Evolutionary
Biology to Foster Meaningful Learning?

Biological evolution generates biodiversity throughout the course of
life’s history (including the present) and as a consequence of pro-
cesses at the population level in interaction with the environment
(Figure 2).

What Is the History of Life?

The second question (Figure 3) is answered by reconstructing the
genealogy of life (= phylogeny)”. Charles Darwin was one of the
first naturalists to suggest, in his notebooks in 1837 (Notebook B,
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Figure 2. Concept map of evolutionary biology showing the two components of evolution: history of life and processes that

generated it.

now stored in Cambridge University Library), the image of a family
tree to represent the history of life. The only illustration in On the
Origin of Species (Darwin, 1859) is a hypothetical tree of life.

Life on Earth came from a common ancestor more than 3.5 billion
years ago; it then branched out over time, generating many new and
diverse species reflected in the phylogeny of life (Coyne, 2009). The
history of life has always been influenced by the history of the Earth’.
Fossils (remains or evidence of life >5000 years old) are traces of
that past and are a fundamental element for establishing the minimum
age of groups and the rates of evolution of each (Pascual & Ortiz-
Jaureguizar, 2007; Wyse Jackson, 2010). Fossils also reveal the
phenomenon of extinction (disappearance of all members of a group
of living beings), a fact common in the history of life (Lomolino
et al., 2010).

Currently, scientists reconstruct the history of life by using
phylogenetic methods, which are based on the character distribu-
tion of organisms and on applying homology” as evidence of com-
mon ancestry. Homologous characters are those that originated,
with or without modification, from the common ancestor of that
group (Hall, 1994). The most widely used techniques of phyloge-
netic reconstruction® are parsimony, maximum likelihood, and
Bayesian inference (Felsenstein, 2004; Baum & Smith, 2012).

Phylogenetic trees® are active hypotheses about order in nature
and, as such, are refined or amended through continued research
(e.g., the finding of new characters). The phylogenetic tree of the

different groups of organisms is assembled to build a hypothesis
about the tree of life (Hillis, 2010).

Furthermore, phylogenetic trees are the basis of classifica-
tions’ that have explanatory and predictive power because they
reflect the generative system responsible for the observed attrib-
utes of the organism: biological evolution (Crisci et al., 2014).
These classifications provide a reference system for the whole of
biology (Crisci, 2000).

What Processes, in Mutual Influence with the
Interaction among Organisms and Their
Environment, Generated the History of Life?

The first step in answering this third question is to investigate the
mechanisms of evolution (Figure 4).

The mechanisms at the population level® are subject to the inter-
action of organisms with their environment’ (Pianka, 2011). These
processes generate genetic change and are due mainly to three
well-settled mechanisms — mutation, genetic recombination, and
gene flow (Futuyma & Kirkpatrick, 2017); and two mechanisms
whose importance is still a matter of debate — nongenetic inheritance
and phenotypic plasticity.

Mutation' is the alteration of a gene whether or not it generates
a change in the characteristics of the organism (Hamilton, 2009).

Genetic recombination'" shuffles the genes of both parents during
sexual reproduction. It does not change the frequency of genes in the
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Figure 3. Part of the concept map showing the reconstruction of the history of life.

population, but it does produce new combinations of genes (Ridley,
2004). Gene mixing also occurs during crossing over in meiosis, prior
to sexual reproduction (Futuyma & Kirkpatrick, 2017).

Gene flow'” is the change in gene frequency in a population
resulting from new genes introduced by the arrival of individuals
from other populations (Templeton, 2006).

Nongenetic inheritance'” comprises changes in genetic informa-
tion that do not involve alteration of the DNA (or RNA) sequence of
a genome. At least three mechanisms contribute to nongenetic inher-
itance: (1) epigenetic inheritance, such as the DNA methylation that
often reduces or eliminates gene transcription (Zenk et al., 2017);
(2) parental effects that occur when the genotype or phenotype of
the parents directly influences the phenotype of their offspring;

and (3) cultural inheritance that is transmitted by behavior and
learning (Jablonka & Raz, 2009; Futuyma & Kirkpatrick, 2017).

Phenotypic plasticity'* is the capacity of a genotype (the set of
genes possessed by an individual organism) to generate any of
several phenotypes (the characteristics of an organism produced
by the interaction of its genes with the environment) depending
on the environment. Some evolutionary biologists hold that phe-
notypic plasticity can precede genetic changes (West-Eberhard,
2003; Laland et al., 2015).

These five basic processes generate heritable variation, which in
turn is subject to processes that may change the frequencies of genes
and phenotypes in populations. These processes include genetic
drift and natural selection.
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Genetic drift'” is represented by random, nonadaptive changes
in the frequency of two or more genotypes within a single popula-
tion because of fluctuations due to “errors of sampling” (random
processes; Graur & Li, 2000). An example is the so-called “bottle-
neck” process (Templeton, 2006; Futuyma & Kirkpatrick, 2017),
whereby a small number of individuals from a population migrate
and establish themselves as settlers (founders) of a new population.
Because the founders represent only a small sample of the original
population, the frequencies of genotypes in the new population
may differ by chance from those of the source population.

Natural selection'® reflects the fact that different phenotypes have
different survival and/or reproduction capacity in the environment in
which they are expressed. Differential survival generates differential
perpetuation of the respective genotypes. Adaptation to that charac-
teristic increases the survival and/or reproduction of the organism that
carries it, in a determined environment. Natural selection is the only
known mechanism that generates adaptations by acting on naturally
occurring variation, so one might say that an adaptation is a feature
that evolved by natural selection (Futuyma & Kirkpatrick, 2017).
Two phenomena could influence natural selection: developmental
processes and niche construction.

Developmental processes'”, based on features of the genome that
may be specific to a particular group of organisms, can influence the
range of traits on which natural selection can act (Laland et al., 2015).

Niche construction'® is the process whereby organisms actively
modily their environment and consequently modily their evolu-
tionary niches (Odling-Smee et al., 2003).

Natural selection and genetic drift generate and modify biodiver-
sity. That diversity is not a continuum, because a reduction of the
genetic interchange'® between populations (which usually generates
reproductive isolation) leads to speciation®” and to the formation of
new species (Coyne & Orr, 2004).

The definition of a s.pecies21 is very controversial (Crisci, 1981),
and it has been defined in many ways for plants, animals, and
microorganisms (Van Regenmortel, 1997). The most widely used,
but not uncontested, criterion is the biological concept of species:
a group of natural, genetically similar, interfertile populations that
are reproductively isolated from other such groups (Mayr, 1970).

Speciation, therefore, is responsible [or the discontinuities we
observe in the diversity of life — that is, the absence of a smooth con-
tinuum in life’s history. These discontinuities range from the species
level (microevolution) to higher-ranking taxa (macroevolution)
(Futuyma & Kirkpatrick, 2017). Macroevolutionary changes occur
with the appearance of characteristics that distinguish large groups®*,
such as mammals, insects, or flowering plants. They are changes that
occur on a geological timescale (Jablonski, 2007). Macroevolution
includes two schools of thought: gradualism and saltationism.

Gradualism*® proposes that macroevolution results from the
accumulation of small modifications throughout geological periods.
The only difference between macroevolution and microevolution
would then be the amount of time in which they elapse. Macroevo-
lution, in this view, is a simple extension in time of microevolution.

Saltationism?>”*, on the other hand, proposes that macroevolution
includes processes that operate only at macroevolutionary levels. For
example, large changes in chromosomes (macromutations) would
give rise to very different organisms, which would adapt to new ways
of life and generate differences between large groups.

One can resolve the binary distinction between gradualism
and saltationism with the [ollowing argument: The evolutionary
forces of microevolution work and are responsible for most of
the large groups we see today. In the long history of life, however,
there have been occasional occurrences of unique events that have
had great consequences (Grant, 1977). An example of the last
type is the evolutionary event by which a symbiotic bacterium
was transformed into mitochondria of the cells of most other liv-
ing beings (Margulis, 1998).

A special case of evolution is that produced by human
manipulation such as genetic engineering®’, also called genetic
modification or genome editing. It is the direct manipulation of
an organism’s genome using biotechnology to produce geneti-
cally modified organisms (Vanloqueren & Baret, 2009). To the
extent that those changes are transmitted to subsequent genera-
tions, the possibility exists to alter the evolutionary trajectory
of the species in question. That possibility is one of the vexing
challenges inherent in the now pervasive application of CRISPR-
based genetic editing (Dickinson & Goldstein, 2016; Winblad &
Lanner, 2017).

O Summary

A concept map of evolutionary biology is a way to promote mean-
ingful learning in biology. In this case, the concept map is an edu-
cational tool that generates a context of ideas around every main
concept of the subject in an introductory road map to biological
evolution.

Biological evolution is a great and stirring account of life on
Earth and of human origins within it. It speaks of our connected-
ness to the rest of life on Earth and invokes our stewardship of
our planet and its biodiversity. Biological evolution also can be
inspirational by exposing students to the wonders of nature, such
as flowers that attract pollinators by mimicking females, deep-sea
fish that can swallow prey larger than themselves, and snakes that
can strike mammalian prey in darkness by sensing their body heat.
Exposure to evolutionary theory concerns not merely the facts of
natural selection, common ancestry, homology, or speciation, but
also the amazing array of things that organisms do by virtue of their
adapted states (Douglas Futuyma, Stony Brook University, personal
communication, June 6, 2016).

But there is something else important about the study of evo-
lutionary theory: it causes us to engage with one of the most
impressive and far-reaching achievements of the human intellect,
and it is evolution itself that has provided us with the intellectual
capacity to apprehend our own history and our place in the
biosphere.
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