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Abstract:

Evolution is an interdisciplinary science. Evolutionary theory is routinely employed across the

overlapping domains of the natural, social, and computational sciences, as a high level

generalization of processes of change within complex adaptive systems. Despite this

interdisciplinary character of evolutionary science, evolution education remains almost

exclusively the purview of the biology classroom within general education curricula around

the world. This thesis engages conceptual clarification and educational design research to

map and explore the educational potential of teaching evolution as the interdisciplinary

science that it is. Beginning with a foray into student conceptions of the capacities for and

causes of cooperation in chimpanzees and human children, it is argued that research in

comparative psychology provides a fertile entry point for engaging the interdisciplinarity of

evolutionary sciences. A considered analysis of persistent challenges within traditional

approaches to biological evolution education then outlines core conceptual issues and

pedagogical strategies for an interdisciplinary approach. This conceptual work supports the

exploratory development of two novel directions in evolution education. First, in human

evolution, a new toolkit is presented to engage students in causal mapping of the many

processes and information streams that have shaped human origins. Second, an

interdisciplinary approach to community-based school improvement has been developed

that empowers youth to become drivers of valued change within their school community,

while challenging them to reflect on the evolutionary theoretical context for such cultural

change. Future directions in research are discussed within the context of the OpenEvo

learning hub, an online educational innovation and design research lab to drive continued

development in this space. Conclusions highlight the expansive potential and need for

cooperation across the science-to-learning chain if we are to leverage the educational

potential of this 21st century scientific synthesis.



Zusammenfassung:

Die Evolutionswissenschaften sind ein interdisziplinäres Feld, denn die Evolutionstheorie

wird zunehmend sowohl in den Naturwissenschaften und der Informatik als auch in den

Sozial- und Geisteswissenschaften als eine Grundlage für das Erforschen von

Veränderungsprozessen in komplexen adaptiven Systemen gesehen. Trotz diesem

interdisziplinären Character der Evolutionswissenschaften ist der Evolutionsunterricht nach

wie vor fast ausschließlich im Fach Biologie und dessen Lehrplänen zu finden. Diese

Dissertation beschäftigt sich damit, mithilfe von fachlicher Klärung und design-basierter

Forschung das Bildungspotential eines interdisziplinären Evolutionsunterrichts zu

beleuchten. Zunächst werden die im Rahmen einer Studie erhobenen Vorstellungen von

SchülerInnen und Studierenden zu den Fähigkeiten und Ursachen von Kooperation von

Menschen und Schimpansen vorgestellt, und es wird herausgestellt, dass die vergleichende

Psychologie fruchtbare Inhalte für die Behandlung einer stärker interdisziplinär

ausgerichteten Evolutionsforschung im Unterricht bietet. In einem weiteren Beitrag werden

die anhaltenden Herausforderungen bezüglich dem Verständnis und der Akzeptanz der

Evolutionstheorie im Rahmen des traditionellen biologischen Evolutionsunterrichts analysiert

und daran anknüpfende Potenziale und Strategien eines interdisziplinären

Evolutionsunterrichts identifiziert. Zwei konkrete Beispiele für die Unterrichtspraxis werden

im Anschluss vorgestellt. Zum einen wird aufgezeigt, dass Ursache-Wirkungs-Diagramme

innovative Lehr-/Lernmittel für den Evolutionsunterricht darstellen, welche es erlauben,

mehrere Prozesse und Informationsströme in der Evolution und Entwicklung menschlicher

Merkmale abzubilden. Zum anderen wird der Ansatz der community-based Schulentwicklung

vorgestellt, welcher SchülerInnen befähigt, an wertorientierten Änderungsprozessen ihrer

Schule mitzuwirken, und gleichzeitig über die theoretischen evolutionären Grundlagen dieser

kulturellen Veränderungsprozesse zu reflektieren. Abschließend werden zukünftige

Forschungsrichtungen im Rahmen des OpenEvo Learning Hub skizziert, einer online Lehr-

und Forschungsumgebung, um die in dieser Dissertation vorgeschlagenen Innovationen für

den Evolutionsunterricht kooperativ weiterzuentwickeln. Schlussfolgerungen betonen die

Notwendigkeit einer stärkeren Zusammenarbeit zwischen WissenschaftlerInnen und

Lehrenden, um das Bildungspotenzial der wissenschaftlichen Entwicklungen des 21.

Jahrhunderts, inbesondere die zunehmende Interdisziplinarität der

Evolutionswissenschaften, voll auszuschöpfen.

(German translation by Susan Hanisch)
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1 Introduction
Advancing evolutionary theory in the 21st century is a robustly interdisciplinary, if not

transdisciplinary scientific endeavor. From biology and anthropology, to medicine,

psychology, economics, sustainability science, computer science, and many more fields of

study, the core concepts of heritable variation and selective retention have been utilized by

scientists across academia to understand diversity across natural, social, and artificial

worlds. Evolution education, however, remains largely (if not exclusively) a disciplinary

endeavor of biology education. This means that educators are left with little guidance on

interpreting the broader interdisciplinary applications of modern evolutionary science

discourse. In fact, current representations of evolutionary concepts in evolution education

may prove challenging for the integration of current interdisciplinary perspectives on

evolution. For that reason, there is a need for biology education to take the lead in creating

supportive conditions for pedagogical innovations in this space. This thesis engages an

educational design research perspective on the systems, practices, and resources that could

support or hinder the emergence of teaching evolution as the interdisciplinary science that it

is.

In the following sections, I outline the educational design concept and research model that

has informed (and co-evolved with) my thesis. I then offer a reflective note on the scale of

the goals of this work, and provide a concise outline of the arguments put forth within the

chapters constituting this cumulative thesis.

1.1 Educational design concept and research model

At the beginning of my thesis in 2016, my collaborator (Susan Hanisch ) and I had developed1

a syllabus for a teacher education module focused on the behavioral dimensions of

sustainable development, from interdisciplinary evolution science perspectives (originally

titled Global Education for Sustainable Development or Global ESD, see www.GlobalESD.org

and Eirdosh & Hanisch 2019, the module is now run under the name Human Behavior &

Sustainable Development). This module was based on our own prior scientific learning and

1 Susan Hanisch has been my long-term collaborator in this work since prior to the start of my doctoral work, and while all of my
individual contributions to this thesis are explicated in detail in Appendix C, due to the interdependent nature of our
collaboration, I will use “we” and “our” when referring to our shared insights and perspectives within this work, even where I am
the sole author in this specific context.

1

http://www.globalesd.org


pedagogical intuitions, but we lacked a formal theoretical framework to support our design

choices, let alone to drive empirically warranted improvements to the syllabus.

It has only been through an intensive, iterative process of comparing the conceptualizations

and aims of our module, with the conceptualizations and aims in the evolution education

research and interdisciplinary education research literature, that we have been able to

advance the infrastructure for more disciplined design-focused inquiry (see Chapter 3) within

a coherent paradigm oriented towards teaching evolution as the interdisciplinary science

that it is.

It is beyond the scope here to engage a detailed discussion of the broader educational

design concept and research model emergent from this thesis, as this is discussed more

extensively in our Teacher’s Guide to Evolution, Behavior, and Sustainability Science (Hanisch

& Eirdosh 2020a), as well as on the Global ESD website (e.g. http://research.globalesd.org).

Here I wish only to highlight three guiding principles that have informed my choices in

advancing this research program design.

Networked co-design. Improving educational systems is a socially and technically complex

process, involving many diverse stakeholders and complex cultural patterns of change and

stasis. Educational research, in this context, has broadly been critiqued in terms of how

research insights are translated into real-world practice. Educational design research

(McKenney & Reeves 2018, Mintrop 2020) can be described as one response to these

critiques. Within this expansive tradition, concepts such as Networked Improvement

Communities (NICs, Bryk et al. 2015, LeMahieu et. al 2017), and Researcher-Practitioner

Partnerships (RPPs, Penuel 2019) have emerged to suggest the need for networked

co-design of innovations with school stakeholders as a driver of effective implementation,

evaluation, and improvement. In this context, a core commitment across this work has been

to engage a robust diversity of stakeholders, including scientists, teachers, and students

themselves, not simply as participants, but as co-designers of our educational design

concept.

Infrastructuring. Supporting educational communities in networked co-design is not a simple

task, especially in the uncharted landscape of interdisciplinary evolution education.

Therefore, a central aim of educational systems improvement in this space must be on

2
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creating infrastructure (i.e. infrastructuring; Penuel 2019), or creating the tools, resources,

processes, institutions, technologies, knowledge, and skills to drive effective

implementation, evaluation, and improvement of targeted innovations. In this context, the

extensive conceptual clarification, education design concept development, and digital

design-based research infrastructure that have emerged from this thesis represent a central

commitment towards capacity building through infrastructuring activities.

Long-form research. Finally, infrastructuring for networked co-design is likely to be important

for the sustainability of any given educational improvement project (Penuel 2019), critically

however, sustaining improvement efforts may have scientific merit beyond the valued

improvements themselves.

As co-director of the Max Planck Institute for Evolutionary Anthropology, Richard McElreath

(2018), describes:

“Human societies display long-form adaptation. Humans adapt behaviorally, and human

behavior requires years to acquire and generations to develop. Long-form behavioral

adaptations explain our species’ extraordinary diversity and its ecological success. At the

same time, the cognitive mechanisms and population dynamics that make longform

adaptation possible also make possible evolutionarily novel societies and forms of behavior

and technology. Humans have coexisted with these evolutionary novelties for long enough that

our genes are adapted to them.

The study of long-form adaptation will benefit from long-form research that is both

longitudinal and comparative, allowing it to inform theories of human evolution and the

dynamics of human societies. Normal human science lacks the necessary infrastructure.”

McElreath is framing this concept of long-form research in the context of the foundational

scientific aims of his own field of human behavioral ecology, yet the implications for applied

educational design research are at least as significant. Educational design is a model

long-form adaptive cultural trait, or at least, that is what societies often seem to (implicitly)

hope for. The variability of the adaptive value of education, however that may be defined for

any given individual or community, is the central outcome that networked improvement

approaches to educational design research seek to address over time. That is, for schooling

to be considered adaptive for cultural groups (or the planet as a whole), schools

3



definitionally need to consider the nested scales in space and time at which human

adaptations are evolving, from within individuals in the immediate moment (sensu Wilson &

Hayes 2018; Atkins et al 2019), to the evolving institutions that shape and sustain valued

innovations across school systems over generations.

Importantly, while the suggestion of using perspectives in cultural evolution science to

inform innovations in evolution education is unique (i.e. no substantive precedents for such

a view have been found), the implications of such a view are congruent with large swaths of

educational design research literature, while also adding uniquely interdisciplinary value to

the research landscape. Figure 1 represents our emergent model for educational design

research, adapted from the influential McKenney & Reeves (2018), with additional model

elements added to clarify our unique research commitments. The cumulative thesis articles

are mapped to the approximate area of focus within the model, with the recognition that

these are highly interdependent and nonlinear processes.

Fig. 1 The Global ESD educational design research model adapted from McKenney & Reeves (2018,

fig 3.3). Integrating the Global ESD design concept (Hanisch & Eirdosh 2020a) as a context for

contextual clarification, synthesis, and networked stakeholder co-design processes of elements within

a maturing solution system and theoretical framework for continued improvement of educational

innovations.

4



Specifically, we have integrated a dual pedagogical focus on conceptual understanding of

human evolution and behavior (in the tradition of Stern et al 2021), with active engagement in

school improvement and sustainable development as a high-level unifying thread to organize

otherwise diverse work. This process often begins with and/or requires the support of

additional contextual and conceptual clarifications. These foundations can then support

networked stakeholder co-design processes around specific pedagogical resources. As

these resources, tools, lessons, and processes mature, they can be further improved through

integration across resources within the ecosystem, and thorough evaluation of efficacy in

novel educational contexts.

The articles that have resulted from advancing this process offer an early proof of concept

for the potential of this educational design research model for interdisciplinary education

innovation grounded in evolutionary and behavioral sciences.

1.2 Notes on the scope of claims and methods within this
thesis

Perhaps the most common point of discussion on my thesis throughout this process is the

perceived ‘ambition’ of the aims, with some suggesting that ‘teaching evolution as an

interdisciplinary science’ is perhaps too large a goal, too vast a scope to be productively

pursued within the context of a doctoral thesis. For this reason, it is worth some space to

clarify and reflect on this scope and how my methods and scientific strategy relate to these

ambitions.

In no uncertain terms, a central argument in this thesis is that a prominent mainstream

educational conceptualization of evolution, as narrowly defined in gene-centric terms

(defining the concept of evolution exclusively in terms of changes in allele frequencies), is

inadequate for meeting the needs and aims of many students in the 21st century. As

described, in Chapter 2.3 (Hanisch & Eirdosh 2020d), we suggest that proponents of this

gene-centric view of evolution education are “climbing the wrong mountain” (see Figure 2

below) when it comes to the conceptualizations, aims, and potential of evolution science in

the general education context. This claim requires some further critical unpacking to help

contextualize the aims and strategic development of this thesis as a whole.

5



Fig.2 Is evolution education climbing the wrong mountain? (Source: Hanisch & Eirdosh 2020b) The

metaphor of a fitness landscape (commonly used in evolutionary biology and equally useful in cultural

evolution science) to illustrate how progress in evolution education research might be inherently

constrained to a lower-level potential that is defined by gene-focused conceptualizations of evolution,

compared to the higher-level global potential that might present itself by embracing a more

generalized, interdisciplinary conceptualization of evolution. Here, fitness peaks may correspond to

varying degrees of cultural acceptance or depth of transferable conceptual understanding of core

evolutionary theory. Figure adapted with permission from Jurgen Appelo:

https://www.flickr.com/photos/jurgenappelo/with/5201851938/

In the past ~year since this claim was published in Evolution Education and Outreach, we

have gotten a diversity of positive and critical feedback from our colleagues in evolution

education research and the evolution sciences on this metaphor of “climbing the wrong

mountain”. This diversity of responses itself offers an important window into the context in

which this thesis was developed. We have been told by some that it is a timely and

much-needed clarification of the conceptual landscape. Others have suggested that our

interdisciplinary approach is fine “for advanced students”, but suggest that students must

first climb the mountain of gene-centric evolution understanding. By still others (including

some reviewers), we have been told it may be a “straw-person argument”, that we are

“battling against windmills”, that our characterization of a gene-centric view of evolution is

simply “not what biologists actually believe”. In stark contrast to this, others (with equal

credentials) have suggested that our characterization of gene-centric evolution education is

accurate, but simply put, gene-centrism truly is the (only) proper mountain for evolution

educators to climb. At the most extreme, one well-intentioned evolution education advocate

has attempted to construe our critique of gene-centrism as akin to creationism. This short

portrayal of the diversity of reactions we have encountered highlights that the world of

evolution science and education is indeed conceptually diverse, perhaps more so than many

6

https://www.flickr.com/photos/jurgenappelo/with/5201851938/


in our field realize. That is a point I wish to emphasize here as a key context for

understanding the metaphor of “climbing the wrong mountain” and our related critique of

gene-centrism in the education context.

The aim of the wrong mountain metaphor is not to suggest that all or even most evolution

educators and evolution education researchers are deeply committed “gene-centrists”. Our

experience over the last decade of engagement in these discussions makes it clear that is

not the case (though the actual diversity of beliefs among evolution education experts is a

subject in need of more formal study). Rather, our aim in invoking this metaphor is to allow

all of us within the evolution education community to take a step back and look more

reflectively at the full conceptual landscape of evolutionary conceptualizations of the world

around us, and ask the big questions about the pedagogical and scientific value of how we

are helping younger generations understand the emergence and persistence of diversity in

populations of diverse agents.

As we have discussed extensively across the range of scientific outputs found in Appendix B,

the actual conceptual diversity of our field is significant and not always explicitly reflected

upon. This is true even within popular conceptual frameworks being used within research

contexts (see especially the discussion on UC Berkeley’s Understanding Evolution K-16

Conceptual Framework within the pre-print, Hanisch & Eirdosh 2020c). Hence, it is important

to reflect that when we have described evolution education as, broadly, “climbing the wrong

mountain”, the suggestion is not that the majority of our field stands perched at the peak of

optimal teaching for an exclusively gene-centric model of evolution and we all need to move

towards the peak of interdisciplinary approaches. Rather, we would suggest that the

overwhelming majority of our field reside somewhere within the valley between a truly

gene-centered and a more interdisciplinary, trait-centered model of evolution education. That

is, the overwhelming majority of colleagues that we interact with occupy a diverse middle

ground space of positions, sometimes with only limited metacognitive awareness of their

own stance within the broader scientific landscape. Some may lean more towards or be

more comfortable engaging with gene-centric perspectives while variously tolerating or even

espousing interest in more interdisciplinary conceptualizations. Others may be more strongly

interested in the interdisciplinary dimension, but lack the support to climb very high on the

emergent landscape, and so they remain unable to venture too far from the constraints of

this less than clear conceptual middle ground. To be clear, we do routinely encounter what

might be called ‘strong gene-centrists’, individuals who are certain that the only properly

7



scientific conception of evolution must be constrained to a change in allele frequencies, both

inside and outside of biology education (many a humanities scholar / educator as well will

argue for evolutionary thinking to remain constrained to “biology”).  Suffice it to say that my

experience in the field has suggested there is a powerful middle-ground contingent

interested in the conceptual clarification of more pluralistic perspectives.

Against this context, an admittedly ambitious higher-level goal of this thesis is to explicitly

support a more intentional process of cultural evolution (sensu Wilson & Hayes 2018; Atkins

et al. 2019) within the evolution education research community, and broader global

interdisciplinary education innovation communities. While it is beyond the scope of this

thesis to scientifically measure or model this cultural evolution (see Chapter 3), what has

been accomplished is the development of conceptual clarifications and infrastructure for

education design research aimed at empowering global innovators and researchers to

collectively drive our own pedagogical evolution into the future. That is, the tools and

frameworks produced in the course of this work now allow new interdisciplinary variants in

lesson or curriculum design to emerge and be transmitted, adapted, and selectively retained

within local classroom contexts around the world. That is, this thesis has taken some

needed first steps in supporting a more intentional cultural evolution of teaching and

learning about human evolution, behavior, cognition, and culture.

1.3 Overview of the cumulative thesis

This thesis begins with the everyday understanding of students and teachers regarding the

evolved capacities for humans to cooperate, and concludes with tools and research

infrastructure to help students and teachers evolve a direction in evolution education. In

between, an interdisciplinary synthesis and theoretical framework are developed that

suggests a need for new conversations about the scope and purpose of evolution education

in the general education curriculum.

First, we might ask: why should it matter if we teach evolution as an interdisciplinary science?

In Chapter 2.1 (Hanisch & Eirdosh 2021a), we offer a small classroom-based study on

student and teacher conceptions of cooperation and sustainable resource use dynamics

across chimpanzees and 6-year-old humans. We find that German students, and perhaps

even more so, German pre-service biology teachers, tend to view chimpanzees, and not

humans as the more ‘cooperative species’, a view in stark opposition to insights from

evolutionary anthropology. The reasons for these apparently common beliefs are complex,

8



and, perhaps more daunting, the educational remedies for supporting a more scientifically

adequate view are less than clear. Thus, in Chapter 2.2 (Eirdosh & Hanisch 2020) we ask the

question: can the science of Prosocial be a part of evolution education? By exploring an

emerging scientific community that is grounded in an interdisciplinary evolutionary model of

human cooperation, Prosocial, we suggest that current conceptualizations dominant in

evolution education and evolution education research may be less than adequate to engage

with modern interdisciplinary conceptualizations of evolutionary processes beyond genetic

change alone. This contribution also further contextualizes the community-based research

model documented in Chapter 2.5 (Eirdosh & Hanisch 2021, discussed below)

Having outlined some core challenges and conceptual issues, Chapter 2.3 (Hanisch &

Eirdosh 2020d) structures a roadmap for understanding the educational potential of

teaching evolution as an interdisciplinary science. After an extensive discussion of the core

challenges facing evolution educators and education researchers, this work suggests that, to

the degree that the evolution education community adopts a strongly gene-centric

conceptualization of evolutionary change (defining evolution solely in terms of change in

allele frequencies), this is the degree to which the community can be described as ‘climbing

the wrong mountain’, and that instead, the field should focus on a more transferable

conceptual clarification of evolution as a change in trait frequency within complex adaptive

systems (fig. 1). That is, we should be focusing on teaching conceptualizations of

evolutionary change congruent with modern interdisciplinary evolution science perspectives.

This work represents the theoretical foundation for this thesis.

To ground these higher-level theoretical arguments in classroom practice, I then offer two

classroom-based case studies. The first, Chapter 2.4 (Hanisch & Eirdosh 2020c), describes a

novel teaching tool for human evolution educators, that of causal mapping. The idea of box

and arrow causal maps, in general, is pervasive in education. What we have added is a

conceptual framework for helping students integrate evolutionary and developmental

processes across the full diversity of causal domains (e.g. genes, bodies, brains, behavior,

abiotic and social environments, etc.). This teaching tool demonstrates the viability of

engaging secondary school students and teachers in interdisciplinary conceptualizations of

evolutionary theory, while also providing a structure to navigate classic evolution

understanding challenges such as those related to the nature of teleological reasoning,

goal-directed behaviors, as well as population and selectionist thinking, in evolutionary

explanations.
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The final publication within this cumulative thesis, Chapter 2.5 (Eirdosh & Hanisch 2021),

offers a case study from exploratory work within our Community Science Lab in the

Department of Comparative Cultural Psychology at the Max Planck Institute for Evolutionary

Anthropology. Developed during the first Covid-19 lockdowns during the spring of 2020, the

Evolving Schools project was launched to simultaneously elevate student voice in school

improvement aims, while also driving reflection on scientific perspectives on the evolution of

teaching and learning. Exploratory findings from this case study suggest the suitability of

teaching and learning as a conceptual focus within evolution education. Evolutionary

anthropologists recognize the likely significant role of teaching and learning across hominin

evolutionary history (see Sterelny 2012). In this context, the concepts of teaching and

learning represent traits of interest for understanding gene-culture co-evolution, traits that

are definitionally close to the everyday lives of students. Our case study suggests that

secondary school students may hold a number of adequate evolutionary concepts in this

domain without instruction, and may also benefit from more explicit and critical reflection on

how they utilize evolutionary concepts in explaining the efficacy of schools and the nature of

school improvement.

I frame conclusions and future directions in this work through our emergent project,

OpenEvo, for supporting the evolution of an open, networked, and interdisciplinary evolution

education research community. This project represents the final practical outcome of the

knowledge synthesis represented by this thesis, and in this way offers a proof of concept for

the impact of this analysis as a whole on the development of needed structures for

supporting evolution education research in the 21st century.
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2 Cumulative articles

This chapter contains the five published articles constituting this cumulative thesis. 
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FEATURE ARTICLE Are Humans a Cooperative Species? 
Challenges & Opportunities for 
Teaching the Evolution of Human 
Prosociality

SUSAN HANISCH, DUSTIN EIRDOSH

AbstrAct

Evolutionary anthropologists commonly describe humans as a highly co-
operative species, based on our evolved socio-cognitive capacities. How-
ever, students and the general public may not necessarily share this view 
about our species. At the same time, fostering our ability to cooperate 
is considered a key foundation for achieving sustainable development, 
and students’ understanding of the conditions that enable or hinder coop-
eration is therefore an important learning goal in sustainability educa-
tion. In this article, we describe a small classroom activity that explored 
students’ and preservice biology teachers’ preconceptions about the hu-
man capacity to cooperate around shared resources in comparison to the 
capacity of our closest relative, the chimpanzee. Results indicate that 
students and teachers had limited knowledge about the evolved human 
capacity for cooperation around shared resources in small groups, most 
often viewing chimpanzees as more capable of cooperation and sustain-
able resource use. Based on the results of this classroom intervention, we 
highlight important learning opportunities for educators in biology on 
teaching human evolution and human behavior, particularly as related 
to current challenges of sustainable development.

Key Words: behavior; comparative research; 
cooperation; human evolution.

 c Introduction
Evolutionary anthropologists commonly 
describe humans as a highly cooperative 
species – whether it is in contributing to 
the group, sharing resources and infor-
mation, or helping others, humans across 
cultures seem to care about the well-being 
of others, about fairness of outcomes, and 
are willing to enforce norms of cooperation 
even with a cost to themselves (Henrich et 
al., 2006; Bowles & Gintis, 2011). There is 
also wide agreement in the evolutionary and developmental human 
sciences that our species-typical capacity to cooperate in groups 

around shared goals and resources runs deep within our hominid 
evolutionary history (Tomasello, 2009), and that such social ten-
dencies develop early in life (Warneken & Tomasello, 2009).

Importantly for current societal issues, cooperation is also con-
sidered a major prerequisite for achieving ecological, social, and 
economic sustainable development, while our ability to cooperate 
can be hindered by certain proximate conditions (e.g., Messner et 
al., 2013; Wilson et al., 2013). Thus, understanding the behaviors 
and conditions that allow humans to cooperate around the sustain-
able management of shared resources and other shared goals can 
be considered a foundation in education for sustainable develop-
ment, such as for developing cooperation competencies in students 
(UNESCO, 2017).

However, currently not much is known about whether stu-
dents, teachers, and everyday citizens have an adequate concep-
tual understanding of the cooperative abilities in our species and 
their proximate and ultimate causes. For example, da Silva Porto et 
al. (2015) investigated Brazilian undergraduate students’ concep-
tions about the causes of human social behavior on a nature-nur-

ture spectrum (i.e., from more evolutionary 
and genetic causes to more experience-based 
and cultural causes). The majority of stu-
dents considered human social behaviors to 
be mostly influenced by nurture and less by 
nature. The authors suggest that this may be 
due to the absence of human behavior as a 
theme in the biology curriculum of Brazilian 
high schools. Similarly, in the United States, 
the theme of human behavior is explicitly 
excluded from the Next Generation Science 
Standards (NGSS; National Research Council, 
2012; NGSS Lead States, 2013), while the 
evolutionary and biological causes of human 
behavior are explicitly excluded from the 
core of U.S. social studies standards (National 
Council for the Social Studies, 2013).

In the German context, human behavior is 
a theme in high school biology curricula, but it is unclear to what 
degree evolutionary causes of human social behavior are explored 

The American Biology Teacher, Vol. 83, No. 6, pp. 356–361, ISSN 0002-7685, electronic ISSN 1938-4211. © 2021 by The Regents of the University of California. All rights reserved. 
Please direct all requests for permission to photocopy or reproduce article content through the University of California Press’s Reprints and Permissions web page, https://www.
ucpress.edu/journals/reprints-permissions. DOI: https://doi.org/10.1525/abt.2021.83.6.356. 

“Students were less 
likely to explain 

human social behavior 
with reference to 

evolutionary causes 
and more likely 
with reference to 

developmental and 
cultural causes.”
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in classrooms, particularly in comparison to the behavior of other 
species and in terms of implications for sustainable development.

Here, we present results of a classroom intervention that shed 
further light on German secondary students’ and preservice biol-
ogy teachers’ beliefs and causal explanations about the nature of 
cooperative behavior in humans compared to a nonhuman primate. 
Based on these results, we highlight important learning opportuni-
ties for educators in biology on the themes of human evolution, 
human behavior, and sustainability.

 c Methods
In order to elicit students’ conceptions regarding the nature and cau-
sality of human cooperative behavior, a series of studies (Koomen & 
Herrmann, 2018a, b) was chosen as a focal topic for a brief written 
assignment in classrooms. The studies investigated and compared 
behaviors of (1) pairs of six-year-old children and (2) pairs of semi-
wild adult chimpanzees when faced with a common-pool-resource 
problem (Figure 1). The experimental setup was designed to rep-
resent conditions of common-pool-resource dilemmas, including a 
limited renewable resource and shared access to the resource. Such 
dilemmas – between individual short-term interest to maximize 
resource use and collective long-term interest to sustain the shared 
resource – have been referred to as the “tragedy of the commons” 
since the publication of Garrett Hardin’s famous article of that name 
(Hardin, 1968). Such dilemmas are at the heart of many societal 
sustainability problems and are studied in ecology and evolutionary 
biology to understand cooperation dynamics across species (e.g., 
Rankin et al., 2007; Poteete et al., 2010). In these studies, chim-
panzee dyads tended to be less successful in using the resource for 
as long as possible; tended to share resources less equally, due to 
dominance-submission behaviors; and tended to perform worse 
with each trial, in comparison to children.

Besides the relevance to sustainability issues, the study series 
was chosen because a scientifically adequate prediction and inter-
pretation of results rests upon both ultimate and proximate expla-
nations of cooperative behavior of the two species.

Participant written assignments were conducted in classroom 
settings with a total of 180 students, spanning high school classes 
(grades 6–10) across four German schools as well as preservice 

biology teachers at the University of Leipzig. Classroom interventions 
were implemented by the authors and by two preservice biology 
teachers whose results we include here (Herr, 2018; Regner, 2018).

The experiment series was explained to participant groups 
with the help of a short presentation (5–10 minutes), emphasizing 
important conditions of the experiments and the common-pool-
resource device, and the questions the researchers were interested 
in. The participants were then given the opportunity to ask a few 
questions they might have (e.g., regarding other conditions of the 
experiment they would like clarification on). Common questions 
concerned the age of the chimpanzees (including relative maturity 
compared with children), whether children or chimpanzee pairs 
knew each other before the experiment, or whether children of the 
same or different sexes were paired together.

Then the assignment sheet was handed out and participants 
were given 5–10 minutes to answer the following questions:

• Which of the two species do you think was more 
successful in using the resource sustainably? (Children / 
Chimpanzees)

• Why do you think this species was more successful?

• Why do you think the other species was less successful?

Participants were given an opportunity for discussion with their 
neighbors, since the activity was not meant as an assessment tool 
but as an interesting conversation starter for the theme of human 
evolution. Consequently, students’ answers do not necessarily rep-
resent individual conceptions, but may nonetheless reflect a gen-
eral pattern of variation within and across participant groups. After 
assignment sheets were collected, answers were discussed in the 
group and the actual results of the experiment were presented to 
the group.

Collected assignment sheets were transcribed and analyzed by 
the two authors using a theory-based thematic analysis followed 
by an inductive-deductive coding process (Table 1). Explanations 
included various causal factors ranging from evolutionary to devel-
opmental and proximate causes, thus covering important classes 
of causes explored in behavioral biology (Mayr, 1961; Tinbergen, 
1963). Explanations also often included some essentialist state-
ments about the nature of the two species.

Since there were qualitative differences in the kinds of expla-
nations given for the two species, partly different categories were 

A B

Figure 1. Experimental setup of the experiments with (A) children and (B) chimpanzees.
Image sources: (A) MPI-EVA Media inspired by Koomen & Herrmann (2018a); (B) Koomen & Herrmann (2018b).
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formed for each species. For the chimpanzees, many explanations 
described essential qualities or mentioned evolutionary causes or 
survival needs in nature. It was often not clear whether participants 
referred to the experience or characteristics of the specific individu-
als participating in the experiments or of the species in general (e.g., 
“They have to share in nature”). Therefore, we placed any such gen-
eral and ambiguous explanations into an overall “cooperative by 
nature” category. Other explanations clustered around the notion 
that chimpanzees will understand the problem better or the fact 
that they already know each other.

In regard to human children, explanations referenced some 
essential qualities of humans and/or children, developmental factors 
such as age, education, and experience, their ability to understand, 
and their ability to communicate. For each species, a category of 
“other explanations” included a range of factors, such as the matu-
rity of chimpanzees, the role of hierarchy, shyness of the children, or 
factors of the proximate situation of the experiment.

 c Results
The majority of participants predicted that chimpanzees would be 
more successful at cooperating in this experiment (Table 2). Among 
the explanations for why chimpanzees would be more successful 
(Table 3), the most dominant conception was a notion that chim-
panzees would be more cooperative or sustainable, due to their 
evolved instinct, need to survive, or need to live and share food in 
groups and/or to their experience with limited resources in nature. 
A relatively large number of students explained that chimpanzees 
would understand the situation better. A range of responses also 
demonstrated anthropomorphic reasoning, ascribing human-like 

traits to the chimpanzees, which evolutionary anthropologists 
would generally agree are more pronounced in humans (and 
already present in six-year-olds) than in chimpanzees – such as 
self-regulation, a sense of community, and the ability to negoti-
ate for equal outcomes, to think about the future, to coordinate 
actions. A few participants accurately predicted that the success of 
chimp dyads would be due to dominance strategies and unequal 
resource distribution.

Table 1. Types of causes by causal class that were used to analyze answers in an inductive-deductive 
approach, with example participant quotes for each code.

Category Example Quotes

Explanations for why chimpanzees will be more successful

Cooperative or sustainable by nature “By nature, chimpanzees are not ‘selfish,’ meaning they can easily divide 
scarce resources. They also learned this in the wild (or inherited from their 
ancestors).”

Intelligence/understanding “I think the chimpanzees will understand the bigger picture better.”

Knowing the partner “Chimpanzees will be more successful because they come from the same 
group.”

Other (e.g., hierarchy, maturity, experience) “The chimps are grown-ups.”
“They live in a hierarchy so the higher-ranking will control it.”

Explanations for why children will be more successful

By cooperative nature “Cooperation is already more pronounced in Homo sapiens.”

By understanding “They can understand the new situation faster.”

By education, culture, experience “They have learned the principle of sharing at home.”

By ability to communicate “Because they can communicate.”

Other (e.g., more self-regulation, shyness) “They can regulate themselves better than the chimps.”
“They will be shy.”

Table 2. Quantitative results of participant 
predictions about the outcomes of the experiments 
by participant group.

Participant 
Group n

Species Predicted to Be More 
Successful in the Cooperation 
Task

Children (%) Chimpanzees (%)

Grade 6a 17 35 65

Grade 10b 103 23 77

Preservice 
biology 
teachers

60 20 80

Total
(average %)

180 (23) (77)

a Data from Regner (2018).
b Includes (n = 76) data points from Herr (2018).
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Among participants who predicted that children would be the 
better cooperators in this task, explanations tended toward causes 
consisting of rational understanding, learning and cultural experi-
ence, and ability to communicate (Table 4). We found two explana-
tions among preservice biology teachers mentioning a pronounced 
cooperation in the Homo line; thus, these were the only two concep-
tions from the participant pool that can be considered most in line 
with scientific conceptions.

There were some stark differences in the distribution of expla-
nations across the age groups, which may have been influenced by 
the kinds of conditions of the experiment that were illuminated by 
student questions in each group (such as whether partners knew 
each other).

Further information about qualitative results and example stu-
dent quotes can be found in the Supplemental Material with the 
online version of this article.

 c Discussion
Two results of our classroom intervention are noteworthy: quan-
titatively, the majority of students considered chimpanzees to be 
more cooperative than six-year-old children, and qualitatively, there 
was a difference in the kinds of explanations that were offered for 

the behaviors of the two species. Results of our investigation com-
port with results obtained by da Silva Porto et al. (2015), namely 
that students were less likely to explain human social behavior with 
reference to evolutionary causes and more likely with reference to 
developmental and cultural causes.

Future studies may want to investigate the prevalence of dif-
ferent participant conceptions in a more controlled fashion, since 
our study did not aim to do this and was designed as a classroom 
activity that encouraged discussion among participants. It would 
also be interesting to investigate the predictions and explanations 
about this experiment of students and teachers in the United States 
and other cultures.

Why Are the Explanations of Chimpanzee & Human 
Behavior Qualitatively Different?

Research on how people tend to explain human behavior shows 
that people do not seem to invoke evolutionary or broader his-
torical causes when explaining human behavior. For example, in 
their framework of the factors that people refer to when explaining 
human behavior, Böhm and Pfister (2015) consider that dispositions 
“are assumed to mark the end of a causal search, to be particularly 
satisfactory explanations, and to serve as ultimate explanations that 
do not raise any further questions.”

Table 3. Distribution of types of qualitative answers among participants who rated chimpanzees as more 
successful, with a total of 124 explanations. Note that percentages per participant group do not add up to 
100% because several types of answers were sometimes given per participant.

Types of Explanations for Why Chimpanzees Would Be More Successful:
n (%)

Nature Understanding Knowing the Partner Other

Grade 6 a 4 (40) 4 (40) 0 2 (20)

Grade 10 b 58 (78) 18 (23) 12 (16) 13 (18)

Preservice biology teachers 32 (80) 4 (10) 0 6 (15)

Total (average %) 94 (76) 26 (21) 12 (10) 21 (17)
a Data from Regner (2018).
b Includes (n = 76) data points from Herr (2018).

Table 4. Distribution of types of qualitative answers among participants who rated children as more 
successful, with a total of 40 explanations. Note that percentages per participant group do not add up to 
100% because several types of answers were sometimes given per participant.

Participant Group

Types of Explanations for Why Children Would Be More Successful:
n (%)

Nature
Understanding, 
“Smartness”

Education, 
Experience

Ability to 
Communicate Other

Grade 6 a 0 4 (67) 2 (33) 0 0

Grade 10 b 0 15 (65) 5 (22) 6 (26) 3 (13)

Preservice biology teachers 2 (18) 3 (27) 1 (9) 6 (55) 3 (27)

Total (average %) 2 (5) 22 (55) 8 (20) 12 (30) 6 (15)
a Data from Regner (2018).
b Includes (n = 76) data points from Herr (2018).
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Of course, in biology, dispositions are hardly considered “ulti-
mate explanations” that end a causal search; if anything, they can 
mark the beginning of a causal search into the deeper evolution-
ary histories and functions of the behavioral dispositions of living 
things. When predicting or explaining the differences or similari-
ties between human and animal behavior, such deeper evolutionary 
causes are required. However, it appears that students (and teach-
ers) need support to reason adequately about evolutionary causes of 
animal social behavior, and particularly to also include evolutionary 
factors in the explanation of human social behavior.

Why Do Students & Teachers Tend to Think That 
Chimpanzees Are More Cooperative?

One class of factors that might help answer this question is what 
we have come to call “invisible cooperation” – even though coop-
eration pervades our everyday lives, it may be taken for granted to 
such a degree that people do not regard these human characteris-
tics as something that requires an (evolutionary) explanation or as 
something that distinguishes us from other primates. Furthermore, 
everyday feats of human cooperation are not what we commonly 
observe in the media and daily news, which rather emphasize con-
flict and violence in our societies. Additionally, our current chal-
lenges of sustainable development may lead to a cultural conception 
that the causes of such issues lie in our human nature – after all, we 
do not commonly hear about chimpanzees polluting their environ-
ments or overusing their resources. In fact, however, chimpanzees 
have been observed to overhunt a monkey species to near extinction 
(Lwanga et al., 2011), and chimpanzees have been observed to show 
rates of violence and aggression two to three orders of magnitude 
higher than in human hunter-gatherer groups (Wrangham et al., 
2006). Further, economic models of humans may have pervaded 
cultural conceptions of humans as selfish, profit-maximizing crea-
tures (Homo economicus), contributing to the invisibility of everyday 
human cooperation.

Education may be another plausible cause of these observed 
patterns. For example, a content analysis of 23 German high school 
biology textbooks (S. Hanisch & D. Eirdosh, in review) indicates 
that the role of cooperation in the evolution of our species may be 
little emphasized, compared to other factors such as large brains 
and individual intelligence. Furthermore, in sections on behav-
ioral ecology and cooperation, we find that humans are hardly ever 
mentioned as an example of a cooperative species. Comparative 
behavioral experiments are also rarely featured as methods used by 
scientists to explore the origins of human behavior.

Similarly, as we highlighted in the introductory section, in the 
NGSS, human behavioral sciences are explicitly excluded and are 
considered to be covered more by the social studies disciplines. At 
the same time, the themes of relationships in ecosystems and animal 
group behavior in the NGSS may not be transferred to the under-
standing of human behavior, while the theme of evolution does 
not reference the role of cooperation and interdependence (NGSS 
Lead States, 2013). Conversely, the social studies disciplines may 
not treat human behavior from a biological perspective, especially 
in comparison to other species and in regard to exploring the evo-
lutionary causes of human behavior. We argue that this ambiguity 
regarding where human social behavior is situated (or not situated) 
in the curriculum may create a kind of conceptual blind spot in stu-
dents and (biology) teachers when it comes to understanding and 
explaining human social behavior.

Our conceptions about human nature have a strong influence 
on our attitudes and behaviors toward ourselves and other humans 

in social life. For example, a view that humans are predominantly 
selfish has been shown to lead to less cooperative behavior (Frank 
et al., 1993). Thus, our finding that a majority of high school stu-
dents and teachers seem to have a quite negative conception about 
human nature could be considered a rather alarming phenomenon. 
Overall, a cultural narrative of humans as selfish or greedy may have 
influenced participants’ intuitive notions about what it means to be 
human, based on the aspects of human nature that are emphasized 
in the media, in economics, in biology and other disciplines, and in 
narratives about the causes of our current sustainability challenges.

Learning Opportunities for Evolution & 
Sustainability Education

Our findings demonstrate that students need support to con-
struct a scientifically adequate understanding of human social 
behaviors and their evolutionary, cultural, and developmental ori-
gins. Here, we offer suggestions for U.S. biology teachers regarding 
how they might provide students this support, particularly within 
the topics and core ideas of the NGSS.

(1) Disciplinary Core Idea LS2.D: Social Interactions and Group 
Behavior (NGSS Lead States, 2013) provides students an opportunity 
to compare human and other animal social behaviors, their func-
tions and evolutionary origins, toward a critical understanding of the 
claims that humans are a highly cooperative species and that coopera-
tive social behavior pervades our lives. The classroom intervention 
presented here, and similar cross-species cooperation experiments, 
can offer productive teaching tools around this set of core ideas.

(2) Link the topics of natural selection and evolution with the core 
idea of Social Interactions and Group Behavior in order to provide 
students with the opportunity to explore the conditions that favor 
the natural selection of group behavior. In a unit on human evolu-
tion, emphasize the role of cooperation and prosociality in the evolu-
tion of our species’ behavior and cognition (e.g., cooperative hunting, 
cooperative foraging, resource sharing, moral cognition, teaching and 
social learning; e.g., Burkart et al., 2009; Hayes & Sanford, 2014).

(3) Link the themes of cooperation and group behavior to the 
NGSS theme of Human Sustainability and to themes in social stud-
ies. The social dilemma of the “tragedy of the commons,” inherent in 
the experimental design of this lesson, is a central model that high-
lights the challenges of cooperation toward sustainable development. 
From natural resource use and climate change to cooperative learn-
ing and peer groups at school, cooperation dilemmas pervade the 
many challenges that students will experience within their lifetimes. 
The lesson presented here can serve as an introductory activity for 
students to explore this challenge and the conditions and behaviors 
required to overcome it (Wilson et al., 2013; Atkins et al., 2019).

To support educators in these directions, we have begun to 
advance a range of open-education resources that integrate the 
themes of human evolution, behavior, and sustainability (http://
teaching-materials.globalesd.org).

 c Conclusions
Our results suggest that insights into the nature of human social 
behavior and its evolution that have been gained in recent decades 
have not been sufficiently translated into educational practice and/
or cultural knowledge, at least among the German populations of 
students and biology teachers investigated in this study. This gap in 
understanding could have deleterious effects on how students per-
ceive and act in social situations throughout their lives, and on how 
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effectively they may act toward collaboratively solving sustainability 
problems on local to global scales.

Overall, the behavioral sciences offer a wide range of cross-
species, developmental, and cross-cultural experiments and obser-
vations that can serve as engaging content that allows students to 
construct more accurate and helpful narratives about the capac-
ity and conditions for humans to cooperate around sustainable 
resource use and many other shared goals. We invite readers to 
implement the lesson presented in this article in their classrooms 
toward these ends.

 c Supplemental Material
The following resources are available with the online version of this 
article:

• “Chimpanzees or Children – Who Is Better at Sharing 
Resources?” Information and materials.

• “Are Humans a Cooperative Species? Challenges and 
Opportunities for Teaching the Evolution of Human 
Prosociality.” Twenty-two data tables from our study.
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BOOK REVIEW

Can the science of Prosocial be a part 
of evolution education?
Dustin Eirdosh* and Susan Hanisch

Abstract 

We provide a brief overview of Prosocial: Using Evolutionary Science to Build Productive, Equitable, and Collabora-
tive Groups by Paul Atkins, David Sloan Wilson, and Steven Hayes. The book offers a range of promising content for 
evolution education, and yet also highlights core conceptual challenges in modern evolution science discourse that 
educators and researchers aiming to improve evolution education may find beneficial to strategically engage with as 
a scientific community. We discuss these challenges and opportunities with a view towards implications for evolution 
education research and practice.
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Introduction
Evolutionary anthropologists often describe humans as 
an ultra-social primate, a highly cooperative species with 
elaborated capacities to work together at scales of social 
organization beyond our direct genetic relatives. Despite 
this scientific perspective, we face the practical real-
ity that many of the modern world’s greatest challenges, 
from climate change to sustaining global democracies, 
are the result of a failure to cooperate across multiple 
levels of societal organization. The book Prosocial: Using 
Evolutionary Science to Build Productive, Equitable, 
and Collaborative Groups by Atkins et  al. (2019) offers 
a unique mix of evolutionary theory combined with 
practical tools for strengthening cooperation in groups, 
offering a perspective that may have relevance to the 
teaching of evolution in general education. This review 
provides a brief overview of the content of this recent 
work, and frames some considerations of the challenges 
and opportunities it presents to the evolution education 
community.

A note on terminology used in this review: the term 
“prosocial” refers to a highly general concept in the 

evolution and human behavioral sciences. In this review 
the capitalized term Prosocial refers to the conceptual 
framework and applied research processes outlined the 
the book of the same name. This is to say, Prosocial is 
more than a book, it is also an applied research program 
and research community that builds on foundational per-
spectives from evolutionary theory. The Prosocial book is 
merely the latest form of communication to emerge from 
these efforts, and for these reasons we will use the term 
Prosocial somewhat interchangeably to refer to both the 
content of the book and conceptual framework it seeks to 
communicate.

The Prosocial book is divided into two parts. Part one 
offers a conceptual clarification of how evolutionary 
theory relates to the everyday cooperation dynamics that 
modern humans live within. Part two then provides more 
detailed insights into a set of practical tools and princi-
ples for the analysis and influence of cooperation within 
modern human groups. The aim of this review, more than 
providing a short summary of the content, is to reflect on 
the potential relevance of the conceptualization of evolu-
tion science for evolution education. Thus, the following 
content summaries are intended only to contextualize the 
broader review.
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Part 1: Concepts and principles
The first part of the book provides a very readable over-
view of the historical and conceptual issues that underpin 
the Prosocial methods. As will be discussed further in the 
concluding section of this review, the theoretical basis of 
Prosocial offers some unique challenges and opportuni-
ties for the evolution education community. The sum-
mary here will provide a roadmap to the relevant issues 
discussed further below in the section on relevance to 
evolution education.

Multilevel and multidimensional evolution
The authors have adopted and articulated a very specific 
conception of evolution that may require some transla-
tion and reflection for many in the field of evolution 
education. Drawing on diverse yet interrelated fields of 
evolutionary anthropology, organizational psychology, 
and contextual behavioral sciences, Prosocial integrates 
current theoretical developments in both biological evo-
lution and cultural evolution. This is framed as a multi-
level and multidimensional approach to evolutionary 
analysis (Atkins et al. 2019, p. 10).

By multilevel, the authors mean that evolutionary pro-
cesses occur at multiple scales of biological and socio-
cultural organization, from the genome to multi-group 
populations. This perspective suggests that evolutionary 
analyses must therefore include tools for identifying and 
weighing which levels are most relevant within a par-
ticular context. This perspective is mostly derived from 
David Sloan Wilson’s work advancing Multilevel Selec-
tion Theory as a particular accounting scheme for pre-
vious conceptions of group selection, kin selection, and 
related approaches that aim, among others, to explain 
the existence of altruistic or prosocial behaviors in the 
biological world (Atkins et  al. 2019, p. 12). Evolution 
educators familiar with the group selection controversy 
may find this book lacking an extensively detailed discus-
sion of the conceptual issues underlying such on-going 
discourse. However, the authors do include an accurate 
if concise narrative of the history of such thinking from 
Darwin through today’s formalized models, and use 
research examples to accessibly illustrate this otherwise 
complex theoretical construct of key importance to evo-
lutionary theory.

Where multilevel evolution expands our conception of 
selection, the authors argue that a multidimensional per-
spective can expand our notions of inheritance. Often in 
evolution education we make a sharp dichotomy between 
gene and environment, with heritable genetic informa-
tion being selected by environmental conditions. This is 
not inaccurate, but only incomplete (Atkins et al. 2019, p. 
16). Building on work from evolutionary biologists within 
the broader discourse on the Extended Evolutionary 

Synthesis (c.f. Jabłonka and Lamb 2006; Uller and Laland 
2019), the authors argue that well-rounded evolutionary 
analyses should account for the interactions among mul-
tiple streams of inheritance; genetic and epigenetic, as 
well as individual and cultural learning. The authors take 
aim at more traditional gene-centric models of evolu-
tionary change in which evolutionary change is reduced 
to change in gene frequency, rather than trait frequency. 
This is a potentially contentious stance for the evolution 
education community which we take up in the conclud-
ing section of this review.

Homo economicus and the tragedy of the commons
Shifting from foundational biological sciences into more 
interdisciplinary thinking about socio-economic organi-
zation of human societies, the authors bring in several 
core concepts that are equally contentious in mainstream 
social science discourse and yet are likely to be of central 
importance for teachers and students wishing to develop 
a coherent conception of how our understanding of the 
human condition relates to how we shape our societies 
and cultures.

In chapter two, the story of Elinor Ostrom, the first 
woman to win the Nobel Prize in economics, is presented 
with the broader history of the Tragedy of the Commons 
and economic models of human behavior. Through 
cross-cultural studies and a multiple methods approach 
(see Poteete et al. 2010), Ostrom and colleagues demon-
strated that humans do have the capacity for sustainable, 
democratic governance of shared natural resources (i.e. 
common-pool resources), but only under certain condi-
tions. Ostrom’s model revealed eight Core Design Princi-
ples (see Fig.  1) for which groups that are successful in 
managing shared resources tend to have developed effec-
tive mechanisms for their implementation.

The authors reflect on Ostrom’s work in comparison 
with the out of date economic model of human behavior 
often called Homo economicus, describing the rational 
economic man, as if he were a species in his own right 
(Atkins et al. 2019, p. 26). Homo economicus is self-inter-
ested and calculates his behavior around this self-inter-
est, whereas Homo sapiens, it is pointed out, acts much 
more like the actors within the common-pool resource 
contexts that Ostrom studied. The implications of these 
two models of human behavior is significant in current 
human science discourse, and may be equally signifi-
cant for the aims and concepts framed under evolution 
education.

Evolution and behavioral sciences
This part of the book concludes with a deeper dive into 
core concepts linking evolution and behavioral sci-
ences. For educators or academics who may think of 
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“behaviorism” as an outdated science focused on coer-
cive manipulation of rats in cages, the section offers a 
novel and more nuanced view into current thinking in 
the behavioral sciences. Far from coercive, the authors 
frame the emerging perspectives from the ‘third wave’ of 
behavioral science as a view of humans firmly grounded 
in evolutionary anthropology and focused on our spe-
cies’ elaborated capacity for enlarging the scale of social 

cooperation through psychological flexibility in rela-
tion to identified values, at both the individual and small 
group levels of organization.

Part 2: Prosocial methods
This section builds on the theoretical perspectives from 
part one and offers more detailed insights and practical 
tools to engage real-world groups in reflective analysis 

Fig. 1 Core Design Principles for the Cooperation of Groups ( adapted from Atkins et al. 2019)
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and collaborative design of the social dynamics in their 
own groups.

Tools for psychological flexibility
The section begins by going into depth on the practical 
use of the Prosocial Matrix (Fig. 2), a tool for individu-
als and groups to notice and reflect on values and the 
behavioral variations that move us toward or away from 
these identified values. Importantly, this tool is grounded 
in foundational perspectives on the evolutionary ori-
gins of organismal behavior (see LeDoux 2019 for a cur-
rent discussion from a congruent perspective), as well as 
the evolution of humans as a species with an elaborated 
capacity for symbolic verbal behaviors (Polk et al 2016). 
As the authors describe, “All animals will move toward 
food, warmth, and other experiences that sustain life and 
away from experiences of danger and pain that threaten 
life. Humans are no different in that respect, except that 
language and cognition make these toward and away pro-
cesses much more complex” (Atkins et  al. 2019, p. 74). 
The Prosocial Matrix is a tool that helps individuals and 
groups to reflect on their everyday experience in light 
of that complexity. The Prosocial Matrix is a tool that is 
in use in social-emotional learning programs in schools 
around the world, yet students are unlikely to get aca-
demic instruction on the evolution science that under-
pins this tool for cultivating psychological flexibility. 

As will be discussed in the final section of this review, 
whether evolution educators will agree on exactly how 
evolution science provides a scientific foundation for the 
Prosocial Matrix remains a very open question.

Evolving effective core design principles
Having outlined the basic toolkit for cultivating psycho-
logical flexibility, the authors take a deeper dive into each 
of the eight Core Design Principles generalized from the 
work of Elinor Ostrom. These sections include a wealth 
of interdisciplinary research in the human sciences that 
inform the relationship between the human universal 
aspects of the core design principles, and the expected 
cultural diversity found in communities around the 
world. This relationship between what may be universal 
to humans, and where healthy diversity can be expected 
in human behavior, cognition, and culture, is key to 
understanding the evolution of humans as an ultra-social 
primate. In this way, the explorations of each princi-
ple provide a well-rounded overview of key aspects of 
human behavior, cognition, and culture that have been 
important drivers over our phylogenetic history and are 
equally relevant for our everyday lives in modern society.

A better world is possible?
Some in the evolution education world may bristle at 
the notion of using evolutionary theory to strengthen 

Fig. 2 The Prosocial Matrix is a practical tool for the cultivation of psychological flexibility, and is grounded in foundational perspectives on the 
evolutionary origins of organismal behavior at the most general level, and the evolutionary dynamics of humans as a species with elaborated 
symbolic verbal behavior more specifically
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cooperation within and between communities, yet many 
may still appreciate the concluding call to action from the 
authors for moving towards “the more beautiful world 
our hearts know is possible” (Eisenstein 2013). Here, 
the authors sketch the future of the Prosocial research 
program and invite the readers to take an active role in 
using the science and practices outlined in the book 
to strengthen the communities we care most about. 
Whether evolution science ultimately can contribute 
making the world a better place is the question we argue 
evolution education should better engage with.

Considerations for evolution educators 
and education researchers
As Leigh Jr. (2019) points out in his review of David Sloan 
Wilson’s other recent book, This View of Life: Complet-
ing the Darwinian Revolution, some of Wilson’s language 
and claims regarding the causes and future of human 
cooperation may strike some readers as unhelpful or 
even incorrect. Leigh’s criticisms are well founded, and 
indeed Wilson has a strong contingent of both support-
ers and detractors across evolutionary biology and the 
human sciences. Our point here is not to take sides for 
or against Wilson’s view of evolution, simply to advocate 
that the existence of controversy at the level of respected 
scientific communities should not block the potential for 
productive discourse around the core conceptual claims 
as they pertain to evolution education. A full treatment 
of the educational implications of Prosocial is beyond the 
scope of this short review. Instead, we wish to highlight 
two questions we see as central to the value this work 
could offer educators and researchers in our field.

We argue that Prosocial opens questions that are cur-
rently under-addressed within evolution education dis-
course, and that working to engage current scientific 
discourse in these areas could strengthen the capacity to 
teach evolution as an interdisciplinary science relevant to 
the lives of students and school communities more glob-
ally. Specifically, engaging Prosocial within the evolution 
classroom requires addressing questions about the multi-
level and multidimensional models of evolution utilized 
in this research program. Secondly, evolution education 
requires further clarification as to the appropriateness 
and the role of human behavior as subject matter within 
the evolution curriculum. Here, we do not intend to pro-
vide answers, rather only to frame questions for further 
exploration.

What is at the center of evolutionary analysis?
The multilevel and multidimensional view of evolution 
offered within Prosocial reflects a particular line of think-
ing steeped in historical debates about causation in biol-
ogy and the relationship between biology, cognition, and 

culture in the causes of human behavior. Again, it is far 
beyond the scope of this article to resolve or even explore 
with any depth the nuances of this discourse, rather we 
aim to offer a frame for the potential value of deeper dis-
cussion within the evolution education community on 
these issues.

Prosocial frames a clear contrast between gene-cen-
tered individualistic views of evolution and the multilevel 
multidimensional model adopted by the authors. While 
these models remain the subject of debate among the 
evolution and human sciences, they are not fringe theo-
ries, and their relative prominence at the level of scien-
tific discourse (c.f. Jabłonka and Lamb 2006; Uller and 
Laland 2019) compared with evolution education dis-
course (c.f. Deniz and Borgerding 2018) is worth noting. 
Put simply, these concepts reflect a significant scientific 
discourse in evolutionary biology and anthropology that 
is barely, if at all, engaged within the evolution education 
community.

The implications of this disconnect are not merely 
theoretical, but also practical. While it could seem rea-
sonable to believe we should ‘start with the basics’ and 
therefore, “teach genetics first” (Mead et al. 2017), in fact 
the evidence is less than clear on this (c.f. Buchan et al. 
2019), especially given the curriculum level directive to 
teach evolution early and often (c.f. Kelemen et al 2014; 
EvoKids 2015), and the science behind Prosocial may sug-
gest other logical possibilities. Prosocial has been used 
in school professional development efforts in Australia, 
including among primary school educators adapting the 
core design principles into democratic classroom man-
agement tools for students. Such early work suggests the 
appropriateness of engaging students in reflecting on the 
behavioral and cultural variation that pervades their eve-
ryday lives, and provides a logical developmental path-
way for conceptual understanding of more complex and 
evolutionary causal models of such everyday experiences. 
Our own efforts in international teacher development 
and curriculum design have offered early suggestions for 
Design-Based Implementation Research in this direc-
tion (Hanisch and Eirdosh 2019), but far more work is 
needed. Engaging the details of both conceptual clarifica-
tion and teaching materials development will first require 
more clarity within the evolution education community 
on the role of human behavior as subject matter within 
the evolution curriculum.

Is human behavior a practical focus for evolution 
education?
Human behaviors, especially the kinds of social behav-
iors explored within Prosocial, are at the center of our 
everyday experience as humans, and have been key 
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drivers of evolutionary change over our phylogenetic 
history. How students develop an understanding of 
the diversity of the human condition and our relative 
capacities of open-ended flexible adaptation to novel 
conditions is likely to be influential on their broader 
views of social organization and public policies affect-
ing the sustainability of our species and the planet as 
we know it. The relevance of engaging students in 
scientific perspectives on human behavior is not so 
much in doubt, as much as there is simply a dearth of 
well-designed teaching tools or communities of prac-
tice focused on doing so within the context of evolu-
tion education (c.f. Eirdosh and Hanisch 2019; Hanisch 
and Eirdosh 2019). This is, in part, due to the complex 
historical, and current, sociology of scientific under-
standings or beliefs about the theoretical space for 
integrating evolutionary biology and human behavior 
(Wilson 2015). Prosocial situates itself within a very 
specific part of this theoretical space, as a knowledge 
synthesis project bridging evolutionary anthropol-
ogy and multiple fields of applied behavioral sciences 
(Atkins et  al. 2019). For some, this direction may 
appear highly problematic given the history of so-called 
“social darwinism” and popular conceptions of behav-
ioral science as a tool of top-down or coercive control. 
In contrast, Prosocial is oriented around a reflection on 
human values from the individual to global levels and 
focuses on resolving potential conflicts between indi-
vidual and collective interest at each level of organiza-
tion. As Leigh Jr. (2019) points out, readers may view 
Wilson’s core metaphor of a “multicellular society” as 
implying that individuals should become mere cogs 
in a larger machine, yet Prosocial makes clear that the 
intended transfer from this metaphor is the relative 
scope of lower level autonomy and higher level coordi-
nation around multiple spheres of shared interests. It 
is precisely this apparent conflict, between autonomy 
and coordination, individual and collective interests, 
that Prosocial provides tools for resolving and reflect-
ing upon within a coherent body of evolutionary the-
ory that is informed by current perspectives across the 
human sciences. For example, the notion that coopera-
tion necessarily must come at the expense of individual 
interests and autonomy can be seen to imply a zero-sum 
mindset, rather than an understanding that social inter-
actions can be, and for humans often are, non-zero-sum 
in nature (see e.g. Wright 2000), whereby the fate and 
interests of individuals in a group are aligned rather 
than opposed to each other. Against this view, the Wil-
sonian metaphor of a ‘multicellular society’ is about the 
need and potential to resolve these dialectical tensions 

rather than a suggestion to make individual interests 
wholly subservient to the society.

Conclusion
We suggest that while legitimate theoretical differences 
exist between gene-centered individualistic accounts of 
evolutionary change and the multilevel multidimensional 
accounts of Prosocial, the relevance to students’ every-
day lives and potential for productive clarification of core 
concepts in the evolution science curriculum indicate 
a strong potential for valuable engagement with these 
models of social change.

Prosocial is not a panacea for all the world’s problems, 
but it does offer a range of practical tools grounded in 
a uniquely structured theoretical framework that aims 
to bridge current discourse in evolutionary biology 
and interdisciplinary human sciences. For this aim, the 
authors have done a laudable job at clearly communicat-
ing both the theory and practice of this applied research 
program. If and how the evolution education community 
can engage this work remains a very open question, yet 
we suggest there may be significant opportunity in doing 
so.
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Educational potential of teaching evolution 
as an interdisciplinary science
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Abstract 

Evolution education continues to struggle with a range of persistent challenges spanning aspects of conceptual 
understanding, acceptance, and perceived relevance of evolutionary theory by students in general education. This 
article argues that a gene-centered conceptualization of evolution may inherently limit the degree to which these 
challenges can be effectively addressed, and may even precisely contribute to and exacerbate these challenges. 
Against that background, we also argue that a trait-centered, generalized, and interdisciplinary conceptualization 
of evolution may hold significant learning potential for advancing progress in addressing some of these persistent 
challenges facing evolution education. We outline a number of testable hypotheses about the educational value of 
teaching evolutionary theory from this more generalized and interdisciplinary conception.
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Introduction
Evolutionary theory is continuously advancing and devel-
oping. New theoretical considerations based on new 
methods and empirical findings are being added over the 
years and decades into a more nuanced understanding of 
how evolution operates across the biological world and 
beyond.

Since Darwin’s time, and especially in recent decades, 
scholars beyond traditionally biological fields have used 
concepts from evolutionary theory to explain observable 
variation and change of characteristics in populations–
from economics, archeology, anthropology, sustainability 
science, linguistics, history, psychology, and computer 
science, to name just a few (see discussion in Hanisch and 
Eirdosh 2020a). While the history of extending evolution 
into the human domain is rife with scientific and ethical 
questions, many of these modern interdisciplinary devel-
opments in turn, have significantly helped to advance 

conceptual understanding of evolutionary theory, for 
example through the development of evolutionary game 
theory and agent-based modelling methods (Gintis 2009; 
McElreath and Boyd 2007; Rice 2004).

What all of these developments indicate is that evolu-
tion has become conceptualized more broadly as a theory 
of change that helps understand the variation and distri-
bution of heritable traits of various kinds, rather than 
being restricted to rather gene-focused conceptualiza-
tions stemming from the so-called Modern Synthesis 
(MS).

What do these developments mean for how we teach 
evolution science, in biology, but also in other subject 
areas? Might these developments provide opportunities 
for advancing the understanding, acceptance or relevance 
of evolution, or might they in fact pose greater challenges 
for conceptual clarity in the future? Must these develop-
ments be actively incorporated to “keep up” with current 
science, or can these developments be safely put aside for 
various reasons?

These big picture questions frame the focus of our pro-
ject, Teaching evolution as an interdisciplinary science, 
with the aim to encourage in the evolution education 
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community (and other education communities) a wider 
discussion of these issues and propose a research pro-
gram that explicitly explores these areas of educational 
potential.

In this article, we provide some perspectives and 
considerations in order to advance this aim, not least 
because, in our own educational initiatives, we have 
begun to actively incorporate aspects of evolutionary 
science from these broader and interdisciplinary per-
spectives. Importantly, our motivation to consider these 
broader conceptualizations of evolution for education is 
not merely driven by a concern for teaching current sci-
entific discourse and nature of science. We argue that 
an understanding of evolution as it emerges from these 
interdisciplinary developments may help overcome some 
of the enduring learning difficulties in evolution educa-
tion, and may provide more opportunities for interdisci-
plinary connections, both across biological subdisciplines 
as well as across the social sciences and humanities more 
broadly.

A general clarification of current evolutionary sci-
ence is beyond the scope of this article. In Hanisch and 
Eirdosh (2020a), we provide such an overview of cur-
rent evolutionary science discourse and a conceptual 
clarification of core concepts in evolutionary theory that 
highlights the generalization of concepts beyond gene-
focused conceptualizations and beyond the domain of 
biology, as well as the broadening of evolutionary and 
developmental dynamics as more complex than com-
monly taught. We hypothesize that these generalizations 
of evolutionary concepts–while challenging the currently 
dominating gene-centered approaches to evolution edu-
cation and assessment–may hold significant educational 
potential.

In Hanisch and Eirdosh (2020b), we discuss examples 
from evolution education discourse and materials that 
highlight how gene-focused conceptualizations prevail 
in standards, materials, and assessment tools, which may 
lead to inconsistencies, problematic representations of 
concepts, and problematic assessment items.

This article is structured as follows. In the following 
section, we summarize the persistent challenges of evo-
lution understanding and acceptance that continue to 
prevail in evolution education. We then highlight areas 
of progress that have been made in terms of alleviating 
these challenges, as well as knowledge gaps and emerg-
ing opportunities for furthering this progress by employ-
ing an interdisciplinary, trait-centered conceptualization 
ofevolutionary theory. In the remainder of the article, we 
address each area of challenge in more detail, first regard-
ing persistent barriers to evolution understanding, and 
then regarding persistent barriers to evolution accept-
ance, and provide hypotheses for how a generalized 

conception of evolutionary theory might help in fur-
ther alleviating each area of challenge. In the conclud-
ing section, we point out existing and emerging teaching 
approaches designed to test our hypotheses, which we 
plan to explore in our design-based research project 
Teaching evolution as an interdisciplinary science.

Persistent challenges in evolution education
The evolution education community continues to be 
confronted with persistent challenges to evolution 
understanding and acceptance. One area of challenges 
pertains to the difficulty of understanding evolutionary 
concepts and principles due to conflicts with students’ 
intuitive conceptions as well as the prevalence of com-
mon misconceptions and cognitive biases (Gregroy 2009; 
Pobiner 2016; Rosengren et al. 2012; Sinatra et al. 2008). 
Intuitive conceptions thought to hinder evolution under-
standing include the notion that individuals can adapt, 
that traits can be acquired during the lifetime and then 
transmitted to offspring and that natural selection is an 
event rather than a distributed process (Gregory 2009). 
Cognitive biases include essentialist views of organisms 
or groups of organisms such that variation between and 
within organisms that is important for natural selection 
is overlooked (e.g. Gelman 2003; Shtulman and Schulz 
2008), teleological notions of causality that invoke a pur-
pose, need, function, or goal (e.g. Barnes et al. 2017; Kele-
men 2012), and similar intentionalist notions of causality 
that invoke an intentional agent (Gregory 2009; Varella 
2018). Furthermore, due to some of these misconcep-
tions and biases, the distributed, deep-time, multi-causal, 
multilevel nature of evolution and its emergent outcomes 
is difficult for students to understand (Chi et  al. 2012; 
Cooper 2016; Jacobson 2001; Petrosino et  al. 2015; Xu 
and Chi 2016).

Another area of challenge has to do with evolution 
acceptance due to emotional and motivational hurdles. 
One of those hurdles appears to be based on the per-
ceived negative implications of evolutionary theory to 
personal life and society (e.g. Brem et al. 2003). For exam-
ple, the notions of competition, extinction, and violence 
in nature might provoke in students a form of “existential 
anxiety” (Legare et  al. 2018). Furthermore, a significant 
challenge is presented by the fact that evolutionary expla-
nations of life, including the origins of humans, can con-
flict with religious beliefs and other factors of personal 
identity (e.g. Barnes et al. 2017; Bertka et al. 2019).

Note that there are complex interactions between 
challenges of understanding and acceptance, since emo-
tional factors often cannot be separated from conceptual 
learning, and learning is understood by many scholars to 
involve affective and motivational aspects (Pugh 2011; 
Sinatra 2005). This is why evolution education has been 
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particularly concerned with the apparent problem that 
understanding of evolution does not appear to coincide 
with acceptance, or motivation, or perceived relevance of 
evolution to students (Dunk et al. 2019; Pobiner 2016).

For example, Brem et  al. (2003) investigated the per-
ceived personal and social consequences of evolution-
ary theory among US undergraduate students in five 
potential areas of impact. Among other things, students 
(n = 135) were asked to rate to what degree they found 
evolutionary theory makes it harder or easier to jus-
tify selfishness or racial and ethnic discrimination, or 
whether evolutionary theory increases a sense of puropse 
and self-determination. Overwhelmingly, students held 
quite negative attitudes towards evolution regarding 
these notions. Furthermore, knowledge about evolution 
did not differ significantly between students across nine 
identified belief groups (from strong creationist to non-
theistic evolutionist), and the extent of negative percep-
tions was strikingly similar across these belief groups. 
Authors conclude: “While we would hope that knowing 
more about evolution would lead to a richer understand-
ing of complicated issues, these results suggest that the 
more a person knows about evolution, the more negative 
they become.” (Brem et al. 2003, 194).

In the following section, we summarize some existing 
approaches and the progress that has been made to date 
towards addressing these persistent challenges. We then 
highlight knowledge gaps and emerging findings regard-
ing the educational potential of an interdisciplinary evo-
lutionary theory.

In the remainder of the article, we address each of these 
areas of difficulty and highlight how emerging interdisci-
plinary conceptions and applications of evolutionary the-
ory might help make further progress on alleviating these 
challenges to effective evolution education.

Previous approaches and progress in resolving 
persistent challenges
While the challenges mentioned above continue to per-
sist, it is important to emphasize that progress has also 
been made in the development of instructional strategies 
for addressing these.

For example, it has been shown that the mechanism of 
natural selection can be successfully taught to children 
as young as 5 years old through storybooks and activities 
(Brown et  al. 2020; Emmons et  al. 2016; Emmons et  al. 
2018; Kelemen et al. 2014; Shtulman et al. 2016). Brown 
et  al. (2020) showed that while 7–9  year old students 
had predominant teleological explanations of the origins 
of traits, these could be significantly reduced by a short 
intervention in classroom settings. Importantly, in this 
context achieving an understanding of natural selection 
does not require an understanding of genetic variation 

and genetic inheritance (which presumably would be too 
abstract for young children). In contrast, other authors 
have argued that to increase understanding of evolution, 
teachers should “teach genetics prior to teaching evolu-
tion” (Mead et al. 2017).

Bruckermann et  al. (2020) reviewed research into 
young children’s understanding of important concepts of 
evolutionary theory, namely variation, inheritance, and 
natural selection, and effective interventions to use these 
conceptions as stepping stones, or conversely, to over-
come them in order to develop a scientific understanding 
of evolution. Authors highlight that there might be com-
plex interactions between children’s intuitive understand-
ings and biases that can hinder or foster understanding 
of natural selection. For example, educators might build 
on children’s teleological notion that organisms respond 
to needs, as it can help them appreciate trait variation 
between organisms, or educators might build on chil-
dren’s early developing understanding of inheritance and 
essentialist biases to introduce rudimentary concepts of 
genetic inheritance.

Harms and Reiss (2019) summarize the successful 
teaching strategies for achieving student understanding 
and for addressing student attitudes towards evolution-
ary theory based on the chapters of their edited book. 
Pedagogical approaches that have been found to be effec-
tive in science education more broadly, have also been 
found to promote understanding and acceptance of evo-
lution, including inquiry-based learning, use of models, 
games, and simulations, and using metacognitive strate-
gies for students to explore their own conceptual change 
and understanding.

Several authors also found or proposed that the use of 
human examples, or examples that are closer to student 
everyday experience, can increase motivation and the 
perceived relevance of evolution (e.g. Pobiner et al. 2018; 
Nettle 2010), in turn affecting conceptual understanding.

Pugh et al. (2010) and Heddy and Sinatra (2013) built 
on the notion of transformative experience and its role in 
fostering conceptual change in their interventions with 
high school and undergraduate students. In these stud-
ies, instructional strategies that model or encourage the 
active use of concepts in everyday experience have been 
found to foster conceptual understanding and positive 
emotional affect in relation toevolution.

Deniz and Borgerding (2018) present the state of evo-
lution education around the globe, including the degree 
of evolution acceptance across a range of countries. Evo-
lution acceptance across countries ranges widely from 
about 80% in New Zealand, to about 60%–70% in coun-
tries like the UK and German-speaking countries, 50% 
in countries like US, Greece, and Ecuador, and 17% in 
Malaysia. Religion thus continues to present one of the 
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most significant hurdles to the widespread teaching of 
evolutionary principles to the general public. To over-
come this hurdle in the US context, Bertka et al. (2019) 
developed a teaching resource that was designed to help 
teachers and students to integrate religious beliefs with 
science in a more flexible and open fashion, in part by 
acknowledging and emphasizing that religious belief and 
science can coexist and be integrated. The interventions 
were rated positively by teachers and students across a 
range of religiosity.

Plutzer et al. (2020) found that between 2007 and 2019 
the amount of time devoted to the teaching of human 
evolution and of evolutionary processes in the US has 
increased from an average of 4.1 to 7.7  h and 9.8 to 
12.4 h, respectively. The percentage of teachers who con-
vey evolutionary theory as established scientific fact also 
increased, and the percentage of teachers that consider 
evolution as a unifying theme in the biology classroom 
remained high and increased slightly to almost 70%. 
Identified factors that appear to be responsible for these 
improvements in the teaching of evolution are the adop-
tion of the Next Generation Science Standards in the 
US as well as improvements in teacher and professional 
development.

Advancing progress by teaching evolution 
as a pluralistic and interdisciplinary science
Despite progress, there still exist significant knowledge 
gaps that might point to untapped potential for the evo-
lution education world. Ziadie and Andrews (2018) con-
ducted a review of research in evolution education to 
identify gaps in collective pedagogical content knowl-
edge across themes in evolutionary theory. The authors 
found that, compared to the wealth of publications deal-
ing with student thinking, assessment, and instructional 
strategies around the mechanism of natural selection, 
there are knowledge gaps regarding evolution of behav-
ior and evolutionary developmental biology (no studies 
for high school level), coevolution, and sexual selection, 
particularly a lack of assessment tools for these concepts. 
Legare et  al. (2018) point out that “[c]urrent methods 
for assessing students’ understanding of evolution are 
grounded in the evolution of non-human animals and 
non-mentalistic traits. (…) social scientists may well need 
their own assessment tools—tools capable of gauging 
students’ understanding of the evolved nature of human 
cognition and human behavior.” (p. 34). In this article, we 
argue that including more strongly the evolved nature of 
human cognition and behavior in evolution education 
may provide opportunities for tapping into student eve-
ryday experience and to increase students’ perceived rel-
evance of evolution, however, as Legare et al. (2018) note, 

this may require new approaches to assessing (and even 
defining) evolution understanding.

Nonetheless, some notable efforts exist to integrate 
a range of more complex notions and interdisciplinary 
examples of evolutionary change into high school and 
undergraduate evolution education. Thompson (2010) 
notes that the concept of coevolution should be more 
strongly emphasised in biology education. Thanukos 
(2010) highlights the educational potential provided by 
examples of coevolution in terms of student interest, 
the fact that examples of coevolution “can be used to 
illustrate key aspects of natural selection that students 
frequently miss” (p. 71), and the ability to integrate evolu-
tion concepts in the topic of ecology (thereby addressing 
the problem that evolution is still often covered as a sepa-
rate topic in the curriculum, rather than as a theory that 
underlies and informs all other topics in biology, Nehm 
et al. 2009).

Love (2013) argued for an approach to evolution edu-
cation that integrates the role of developmental processes 
and ecological interactions. Hiatt et  al. (2013) surveyed 
US high school and university student conceptions of 
the developmental aspects of evolution (evo-devo), and 
found that students had difficulty integrating develop-
ment and evolution. This may similarly stem from the 
aforementioned lack of integration of evolution with 
other topics in the high school biology curriculum 
(Nehm et al. 2009). Jamieson and Radick (2017) adapted 
a genetics course to tackle the issue of genetic determin-
ism presumably stemming from an emphasis on Mende-
lian genetics, by putting a stronger emphasis on complex 
causes of phenotypes. Apodaca et  al. (2019) included 
concepts like nongenetic inheritance, phenotypic plas-
ticity, and niche construction in their concept map of 
evolutionary theory for biology education. However, 
as we note above, there is currently a lack of knowledge 
on student thinking and preconceptions, instructional 
strategies, and assessment tools available for teachers to 
explore these concepts in the classroom, particularly at 
the high school level (Ziadie and Andrews, 2018).

Araújo (2020) emphasizes the diversity and com-
plexity in current evolutionary theory that should be 
embraced in order to more strongly establish the cen-
trality of evolutionary theory in biology education, and 
criticizes the preponderance of gene-focused notions 
of evolution in education: “[E]evolution at both basic 
and higher education levels is strongly based on the 
original evolutionary synthesis [i.e. Modern Synthesis], 
with a focus on population genetics, and this is one of 
the reasons for the failure in establishing the central-
ity of evolution in biology teaching. Given the diversity 
and complexity of contemporary evolution theory, a 
more pluralistic perspective to evolutionary teaching 
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is required. I propose that a causally pluralistic evolu-
tionary worldview, which expands the range of causal 
factors contributing to evolutionary change, is essential 
when it comes to establishing the centrality of evolu-
tion in biology teaching.” Araújo (2020, 1).

Wilson et al. (2019) explore and document the role of 
evolutionary theory in informing higher education cur-
ricula across a range of disciplines and topics. O’Brien 
et  al. (2009), O’Brien and Gallup (2011), O’Brien and 
Wilson (2010), and Wilson (2005) present an interdisci-
plinary undergraduate evolution course (“Evolution for 
Everyone”) that expands beyond the biological domain 
into the human sciences, includes topics such as cultural 
evolution, and applies evolutionary concepts to areas 
such economics and politics. As the authors lament, “evo-
lution is still taught primarily as a subject in the biological 
sciences, rather than a theory that can help to unify the 
human-related disciplines.” (O’Brien et al. 2009, 445), and 
“[t]here appear to be two walls of resistance, one denying 
the theory [of evolution] altogether and the other deny-
ing its relevance to human affairs.” (Wilson 2005, 1001). 
O’Brien et  al. (2009) found in a pre-post study that the 
course increased understanding and acceptance of evo-
lution as well as perceived relevance to human-related 
disciplines and to everyday life. Wilson (2005) found 
a pronounced increase in student views about the rel-
evance of evolution to human behavior, across religious 
and political background, as well as across a wide range 
of prior exposure to evolution. It would be interesting 
to know to what degree these outcomes of their course 
compare to more biology and gene-focused evolution 
courses, however, as Wilson (2005) notes, it is difficult to 
establish what an appropriate control would be.

Pugh et  al. (2014) highlighted how the concept of 
natural selection is applied to various domains outside 
biology, such as economics, psychology, cognition and 
learning, and investigated high school students’ ability to 
equally transfer the concept from biological examples to 
culture. The authors call for instructional approaches that 
make transfer an explicit goal and that help students to 
develop flexible representations of the concept of natu-
ral selection across domains. However, we are not aware 
of instructional strategies and their assessment for high 
school level that explicitly target this transfer of evolu-
tionary concepts beyond the domain of biology.

In this article, we build on these emerging calls and 
approaches in evolution education towards a more gener-
alized, interdisciplinary treatment of evolutionary theory 
across grade levels in general education. We propose that-
this approach has the potential to furtheradvance progress 
towards addressing the persistent challenges of evolution 
understanding and acceptance. To our knowledge, there 
is a dearth of empirical research or assessment tools to 

investigate this potential (see also the review by Ziadie & 
Andrews, 2018).

In fact, we argue that the teaching of evolution through 
a gene-centered conception might also inherently contrib-
ute to and exacerbate the persistent challenges in evolution 
education, thus constraining progress in addressing some 
of the challenges.

As we highlight further below, one set of reasons is that 
many intuitive understandings, such as the notion that 
individuals can adapt or that culture evolves, are consid-
ered misconceptions, or at best outside of the domain, 
under a gene-focused conceptualization of evolution. By 
contrast, under a more trait-centered, interdisciplinary 
conceptualization of evolution (see Hanisch and Eirdosh, 
2020a), such notions might rather be considered scientifi-
cally adequate and integrated parts of explaining complex 
developmental and evolutionary dynamics. This might in 
turn serve as a stepping stone towards extending these con-
cepts to the domain of genetic evolution.

Another set of reasons relates to the fact that a gene-cen-
tered conception of evolution limits the available examples 
of evolved and evolving phenomena that can be discussed 
in the classroom, thereby limiting the opportunities for 
far transfer and for fostering motivation and perceived 
relevance.

A gene-centered conception of evolution also tends 
to de-emphasize the complex, reciprocal and multilevel 
nature of causality in development and evolution, thereby 
limiting the degree to which evolution education can foster 
systems thinking.

Finally, a gene-centered conception of evolution may 
de-emphasize the active role of organisms in shaping evo-
lutionary trajectories, thereby limiting the degree to which 
students’ knowledge and experience of goal-directed 
behaviors can become an integrated part of evolutionary 
explanations (see Hanisch and Eirdosh 2020c).

These elements of a gene-focused conceptualization of 
evolution and contrasting framing within a trait-centered 
conceptualization (Fig.  1) are sometimes, but not always, 
antithetical to each other. More often than not, adopting a 
trait-centered approach requires only a nuanced difference 
in emphasis or enrichment of gene-centered approaches.

Figure 2 as well as Tables 1 and 3 provide an overview of 
our hypotheses regarding the potential to further advance 
progress in evolution education, which we expand upon in 
more detail in the following sections.

Addressing challenges of evolution understanding
Table  1 summarizes some of the persistent challenges 
in evolution education related to evolution understand-
ing. We hypothesize that these challenges may be in part 
overcome in the following ways:
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Fig. 1 Elements of a gene-centered evolution education compared with contrasting elements of a trait-centered approach

Fig. 2 Hypothesized pathways for addressing persistent challenges of evolution understanding and acceptance through greater emphasis of 
elements that are afforded by a trait-centered, interdisciplinary conceptualization of evolution. Lines in the figure highlight these pathways and 
hypotheses that are addressed in more detail in the text
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• Addressing misconceptions due to intuitive concepts 
by encouraging explicit transfer of learning from 
intuitive or observable phenomena to novel or more 
abstract phenomena, and explicit integration of intui-
tive understandings under a general conceptualiza-
tion of evolution

• Addressing essentialism and genetic determinism 
by emphasising phenotypic variation and complex 
developmental reconstruction of phenotypes, includ-
ing cultural phenotypes, as well as the notion of self 
as population or complex system

• Addressing teleological reasoning and Lamarckian 
inheritance by encouraging the explicit integration of 
behaviors as shaping selection pressure in evolution-
ary change, as well as student understanding of vari-
ous mechanisms of inheritance into explanations of 
evolutionary change

• Addressing challenges related to complexity and 
systems thinking by emphasising complex causality 
in explanations of evolutionary and developmental 
change, exploring observable cultural evolutionary 
dynamics, and enhancing the notion of self as popu-
lation or complex system.

Addressing misconceptions due to intuitive 
concepts through transfer of learning
Humans have an elaborated capacity for social cogni-
tion, inuitively noticing and interpreting the behavioral 
variation that pervades their everyday lives (Hermann 
et  al. 2007; Heyes 2018). Evolution education has long 
recognized that students’ intuitive concepts may pose 
challenges to scientifically adequate understanding of 
evolution science (see Shtulman 2017). Here we hypoth-
esize that a trait-centered, generalized, and interdiscipli-
nary conceptualization of evolution could help address 
this persistent challenge through fostering increased 
transfer of learning across relevant knowledge domains 
towards deeper conceptual understanding (sensu Stern 
et al. 2017).

Foundational to education science is the idea that all 
learning requires the transfer of prior learning to novel 
or more abstract phenomena (Kirschner and Hendrick 
2020; Aubusson et al. 2006; Gentner et al. 2001; Haskell 
2000). The role of analogical relations between prior 
concepts and novel experience in learning has led some 
cognitive scientists to argue that analogy is the “core of 
cognition” (Hofstadter 2001, 499). Despite the central-
ity of analogical transfer of learning to education, there 
remains a diversity of views as to how educators should 
practically engage this insight.

Kinchin (2000) contrasts a “systems view” of conceptual 
change with a “misconceptions” view. According to the 

misconceptions view, students’ existing ideas “interfere 
with learning expert concepts” and teaching “must help 
pupils replace their misconceptions”, whereas according 
to the systems view, “Pupils’ prior conceptions provide the 
only starting point for instruction” and “Teaching should 
help the student to appropriately extend their prior 
knowledge.” (Kinchin 2000, 180, emphasis original). Simi-
larly in evolution education, it has been recognized that 
intuitive student conceptions may provide bridges, rather 
than barriers, which would allow students to transfer 
their understanding towards a more complex conceptual 
understanding (Evans and Rosengren 2018).

Opfer et  al. (2012) also present considerations for 
designing evolution understanding assessment tools 
based on the cognitive foundations of learning and 
understanding, such as the role of core concepts that 
allow experts to organize and retrieve large stores of 
information, the role of causal relationships in expert 
explanations of phenomena, and the tendency of experts 
to increasingly generalize and abstract concepts and 
principles such that they can apply them across a range of 
different phenomena and even domains (i.e. far transfer, 
Barnett and Ceci 2002).

Pedagogical approaches for developing increasingly 
generalized and abstract representations of concepts that 
promote transfer of learning include the use of analogies 
and case comparisons (Alfieri et  al. 2013) and the con-
struction of analogy maps, whereby source and target 
phenomena can be compared by underlying common 
principles, processes, and other “deep” characteristics, 
thus developing the skill to transfer understanding to 
novel phenomena that may, on the surface, appear very 
different or involve different substrates and context-
specific mechanisms (Gentner et  al. 2004; Glynn 2008; 
Harrison and Treagust 2006). Goldstone and Wilensky 
(2003) provide evidence about the potential of computer 
simulations of various concreteness and abstraction to 
promote increasing generalization and transfer of prin-
ciples of complex adaptive systems. Evolution educators 
have pointed out the need to assess student understand-
ing of evolutionary concepts across a range of context 
examples, such as covering familiar and unfamiliar 
traits as well as a range of taxa (Nehm et al. 2010, 2012; 
Opfer et  al.2 012). Emmons et  al. (2018) investigated 6 
and8  year old children’s ability to transfer the concept 
of natural selection between scenarios involving similar 
traits (which they classify as near transfer) and dissimi-
lar traits (which they classify as far transfer) and after a 
1 month delay with the help of story books and guided 
classroom discussions. Kindergartners were able to 
transfer to similar scenarios but had trouble transferring 
to a more dissimilar context, while 8 year olds were able 
to transfer near and far to the same degree.
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Barnett and Ceci (2002) highlight how definitions of 
near and far transfer vary widely across studies, and pro-
pose a taxonomy of far transfer. According to Barnett 
and Ceci (2002), transfer can be considered near or far 
along several dimensions: the similarity in knowledge 
domain (e.g. biology vs. economics), modality (e.g. text 
vs. images), and physical, temporal, functional and social 
context.

For example, according to the classification by Barnett 
and Ceci (2002), exploring and fostering students’ ability 
to apply the logic of natural selection to different traits 
or species would be an instance of near transfer because 
it is in the same knowledge domain of biology, but might 
be considered far transfer if the context is presented in 
a different modality (e.g. text and pictures) or presented 
weeks or years later, or if it is set in a different context 
than the classroom or academic setting. As such, the dif-
ferent aspects of transfer studied by Emmons et al. (2018) 
highlighted above, while able to detect an important shift 
between 6- and 8-year olds’ ability to transfer to increas-
ingly dissimilar contexts and after a 1  month time lag, 
may all still be considered near transfer on a number of 
dimensions, particularly the domain (all examples are 
animals) and the physical and functional context (all test-
ing was done in the school and was an academic activ-
ity). Assessment tools for natural selection for secondary 
and undergraduate students, while often using a range 
of context examples, similarly do not seem to capitalize 
on maximizing far transfer in the dimensions of domain 
(examples are within the domain of biology, and often 
more restricted still, involve animal morphological and 
physiological traits) and functional contexts (academic 
vs. applied to everyday life) (e.g. Anderson et  al. 2002; 
Kalinowski et al. 2016; Nehm et al. 2012).

We argue that a trait-centered interdisciplinary evo-
lutionary theory can further advance evolution under-
standing based on the role of far transfer in conceptual 
understanding.

On the one hand, transfer of evolutionary concepts and 
methods has been foundational to the application of evo-
lutionary theory to other domains beyond biology (e.g. 
Lake and Venti 2009; Levinson and Gray 2012; MacCal-
lum et al. 2012; Prentiss et al. 2011; Sweller and Sweller 
2006). For example, cultural evolution science stud-
ies the changes of cultural variation in populations (of 
humans but also other animals) over time, using concepts 
and methods that have originally beendeveloped within 
evolutionary biology, such as modelling of population 
dynamics and phylogenetic analysis as well as compara-
tive behavioral observations and experiments (Cultural 
Evolution Science 2020; Mesoudi, 2011). In this regard, 
variations of analogy maps and similar conceptual clarifi-
cations have been put forward by evolutionary scientists 
that compare processes and principles across different 
formulations or domains of evolutionary theory (e.g. 
Mesoudi 2011; Laland et  al. 2015; Sweller and Sweller 
2006). We draw on these in our conceptual clarification 
of evolution as an interdisciplinary science (Hanish and 
Eirdosh 2020a) as well as Table 2.

Thus, the application of evolutionary theory to the 
domain of culture arguably represents an opportunity 
to develop in students an even deeper and more abstract 
conceptual understanding of concepts of variation, inher-
itance/transmission, and selection (as well as other evo-
lutionary processes such as drift) as can be achieved by 
focusing on biological examples alone. In order to inves-
tigate this potential, Pugh et al. (2014) explored 9th and 
10th grade high school students’ ability to transfer the 
concept of natural selection to the domain of culture by 
asking “Not only do organisms change over time, but so 
do [TV programmes/shoes]. In what ways, if any, is this 
change similar to evolution of organisms through natural 
selection? In what ways, if any, is it different?” (p. 26). Stu-
dents’ ability to correctly transfer the concept of natural 
selection to TV shows and shoes was rather small–26% 
showed no transfer at all, and more than half of students 

Table 2 Analogy table comparing genetic evolution and cultural evolution as well as individual-level learning by general 
evolutionary concepts of variation, selection, and inheritance of traits. For an extended table and references, see Hanisch 
and Eirdosh (2020a, Table 1)

Concept, process, principle Genetic evolution Cultural evolution Learning

How is variation of traits caused? Mutation, recombination Creativity, innovations, recombina-
tion of ideas, mistakes, reactions 
to new environments

Creativity, innovations, social learning, 
recombination of ideas, mistakes, 
reactions to new environments

How does selection of traits occur? Higher chances of survival and 
reproduction compared to other 
trait variants

Higher chances of survival and 
reproduction (natural selection); 
higher appeal or attractiveness of 
the trait (cultural selection)

Success in achieving a goal

How are traits inherited, transmit-
ted, or retained?

Biological reproduction, mitosis/
meiosis

Social learning/imitation, teaching; 
technologies and infrastructure 
that endure

Reinforcement, encoding of neural 
connections in the brain
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only provided answers coded as surface level transfer 
such as using phrases like “TV shows adapt” without fur-
ther explication, while 28% showed some deep structure 
transfer that described the process of natural selection, 
using concepts like variation and survival of the fittest. 
These numbers dropped further at a 5-week follow up 
test. Importantly, students that showed higher levels of 
deep structure transfer also tended to show higher lev-
els of conceptual understanding of natural selection, 
whereas there was no correlation between conceptual 
understanding and surface-level transfer. However, in 
this study, students were not explicitly instructed about 
the goal of transfer, or about the exact way that natural 
selection can be transferred across domains. This may 
be one reason that the relation between student con-
ceptual understanding and ability for deep transfer was 
still rather small. Nonetheless, it seems promising that 
more than a quarter of students were able to transfer 
their understanding of biological natural selection to the 
domain of culture on a deeper level at all. Authors con-
clude that “We propose that for students to successfully 
transfer the concept of natural selection, they need to 
develop a particular set of cognitive structures related to 
the concept. Such cognitive structures include, but are 
not limited to, multiple representations of the concept 
(…), connections between the concept and multiple con-
texts and purposes (…), and conditional knowledge about 
how, when, where and how to apply the concept.” (p. 31). 
Instructional strategies suggested by Pugh et  al. (2014) 
include the exploration of various components of natural 
selection across multiple cases within and outside of biol-
ogy, use of analogies, and explicit framing of the purpose 
of learning as transferring and applying a concept genera-
tively to novel contexts.

Towards this aim, Table  2 provides an example anal-
ogy map we have used to engage pre-service educators 
from multiple subject areas in identifying and discussing 
the surficial difference and deeper structural similarities 
between genetic and cultural evolution in populations, 
as well as learning in individuals, along the three over-
arching concepts of variation, selection and inheritance/
transmission/retention that are involved in the process of 
natural selection (see Additional file  1 for a lesson plan 
on exploring cultural evolution further). Note that the 
transfer of evolutionary processes to learning at the level 
of the individual represents an opportunity to link to and 
appropriately expand students’ notion that individuals 
can adapt (see further below).

Another educational opportunity to promote concep-
tual understanding of evolution through far transfer may 
be due to the fact that concepts such as variation, inher-
itance, and selection as they are understood within cul-
tural evolution science (see Hanisch and Eirdosh 2020a; 

Table  2), could often be considered closer to students’ 
everyday experience and thus intuitive notions of these 
concepts, compared to the exclusively gene-centered 
understandings.

For example, regarding the ability to notice variation, 
Shtulman and Schulz (2008) found that more children 
and adults regarded behavioral traits as potentially and 
actually variable among individuals of a species com-
pared to external or internal anatomical traits.

Regarding intuitive notions of inheritance, studies have 
shown that human folk biological and folk sociological 
intuitions across cultures also appear to be in line with 
the conceptualization of trait transmission through mul-
tiple possible mechanisms. Moya et  al. (2015) assessed 
causal reasoning across cultures (US, Fiji, Peru) and ages 
(childhood to > 70  years) about transmission of differ-
ent kinds of traits, namely morphological traits vs. cul-
tural traits such as beliefs and skills, through “switched 
at birth” vignettes. Results showed that, while younger 
children tended to be biased towards thinking that all 
traits are inherited from biological parents, by mid-
dle childhood, subjects across cultures tended to reason 
that morphological traits are more likely to be inherited 
from biological parents before birth, and that beliefs 
(a type of cultural trait) are more likely to be inherited 
through social transmission from others in the social 
environment. Authors attribute this ability to differenti-
ate between mechanisms of transmission to a mix of folk 
biology and folk sociology in humans across cultures. 
Similar studies equally indicate that “young children have 
a theory of kinship that allows them to differentiate bio-
logical inheritance and cultural transmission” (Duncan 
et al. 2009, 664; Venville et al. 2005).

In this view, it could be hypothesized that engaging 
students in understanding the variability, transmission 
mechanisms, and context-specific functional conse-
quences of behavioral or cultural traits couldrepresent an 
important “stepping stone” (sensu Evans and Rosengren 
2018) towards understanding gene-centered concepts in 
biology, which are known to be difficult for students to 
grasp (Duncan et al. 2009).

Further still, student ideas of behavioral and cultural 
change might in fact be considered part of a scientifically 
adequate evolutionary account, particularly regarding 
cultural and gene-culture coevolutionary dynamics and 
the role of behavior-led adaptation and niche construc-
tion (e.g. Henrich 2016; Laland et al. 2011; Odling-Smee 
et al. 2003; Richerson and Boyd 2005). Opportunities for 
far transfer to different physical and functional contexts 
outside the classroom thus present themselves because 
students experience a wide range of cultural evolution-
ary phenomena in their everyday lives, which has impli-
cations for student motivation and perceived relevance 
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of evolution (see below). As Prentiss et  al. (2011) point 
out in their presentation of the evolution of skateboard 
designs by employing evolutionary concepts and meth-
ods, “our familiarity with changes in modern material 
culture provide an excellent opportunity for teachers to 
utilize material culture evolution to inform larger discus-
sions of evolution in general”. This view is in contrast to 
how some evolution education scholars appear to make 
a hard distinction between evolution as applied to cul-
ture and evolution as used in the domain of biology (e.g. 
van Dijk and Reydon, 2010; see Hanisch and Eirdosh 
2020b for a discussion), rather than integrating them 
into a higher level causal model of evolutionary change. 
In fact, cultural evolution is already part of the biology 
education curriculum in Germany, and in Hanisch and 
Eirdosh (2020b) we document how some German biol-
ogy textbooks (as well as primary school education mate-
rials, Graf and Schmidt-Salomon 2017), make explicit the 
analogical nature between genetic and cultural evolution, 
but in our view, do not provide sufficient guidance to 
students and teachers to think more carefully about the 
structural similarities and differences between biological 
and cultural evolution.

Stepping from more intuitive to less intuitive under-
standings requires carefully structured scaffolding 
towards generalized understanding of core concepts 
that can be flexibly and appropriately transferred into 
specific contexts (Stern et al. 2017; Vendetti et al. 2015). 
Thus, from the “conceptual ecologies” (Kinchin 2000) 
and teaching for conceptual understanding perspectives 
(Stern et  al. 2017), in order to help students to develop 
a deeper, transferable understanding of concepts like, 
for example, “inheritance”, we can encourage them to 
reflect a little deeper on, enrich and complexify their cur-
rent existing understanding of this concept by prompt-
ing them with specific reflection questions such as: How 
would you define it? What characterizes it? What are 
some examples of things that can be inherited or passed 
on between organisms? Through what ways or pro-
cesses can things be inherited or passed on to others? 
Who can inherit what from whom and to whom? With 
some prompting, students’ existing “conceptual ecolo-
gies” related to inheritance can be elaborated to a broad 
understanding that organisms inherit, pass on or trans-
mit various things and characteristics to other organisms 
through various mechanisms. With the explicit construc-
tion of analogy maps, the concept of inheritance can 
serve as an overarching causal process involved in evolu-
tionary change, and genetic inheritance can become one 
particular kind of inheritance, whereby the differences 
between other kinds of inheritance are compared in 
terms of the specific details of certain aspects and mech-
anisms, such as the kinds of things that are inherited (e.g. 

genes vs. behaviors vs. technologies vs. money), how they 
are inherited (e.g. biological reproduction vs. imitation 
vs. persistence vs. by social norms and laws), or to whom 
in a group they can be inherited (e.g. vertically between 
parents and offspring, or horizontally and obliquely).

Similar approaches for building on students’ existing, 
but often unreflected and rudimentary, knowledge of 
everyday terms are thinkable for almost all the concepts 
that are central to evolutionary theory (see Hanisch and 
Eirdosh 2020a), including “adaptation”, “natural selection” 
(see Pugh et al. 2014) and the term “evolution” itself. Such 
potential for transfer may also help foster connections 
across topics in the biology curriculum, as well as inter-
disciplinary connections across school subjects, and may 
have implications regarding motivational hurdles, e.g. by 
promoting relevance of evolution to student lives.

Addressing essentialism and genetic determinism
Essentialism is a cognitive bias whereby students tend to 
not see the variation among individuals of a population 
or species, often ascribing to them a certain unchangea-
ble essence (Gelman 2003; Pobiner 2016). Such essential-
ist biases stand in the way of a conceptual understanding 
of evolution by natural selection, which requires popula-
tion thinking and an appreciation of the role of variation 
(Shtulman 2006).

Genetic determinism is a cognitive bias or misconcep-
tion whereby students tend to expect that phenotypes are 
solely and directly determined by genes and not at all or 
barely influenced by other factors (Jamieson and Radick 
2017).

We argue that an emphasis on genetic variation as the 
primary (and sometimes only) form of variation that is 
relevant in evolutionary change and in the development 
of phenotypes may reinforce essentialism and genetic 
determinism by de-emphasizing the role of phenotypic 
variation.

Standards and textbooks tend to emphasize simple and 
direct genotype–phenotype relations, sometimes using 
genotype and phenotype seemingly interchangeably (e.g. 
University of California Museum of Paleontology, 2009; 
see Hanisch and Eirdosh 2020b for more examples and 
discussion). This may reinforce genetic determinism by 
de-emphasizing the role of developmental reconstruction 
(sensu Oyama et al. 2001; see Hanisch and Eirdosh 2020a, 
c) of phenotypes, whereby phenotypes develop by the 
integration of a variety of heritable resources and factors, 
including but not limited to genes. Oyama et  al. (2001) 
argue that conceptions of evolution and development that 
only regard genetic information as determining pheno-
type and as relevant in shaping evolutionary trajectories 
are merely an extension of earlier preformationist notions 
that held that organisms are in some way preformed in 
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the embryo, rather than more appropriate epigenetic 
notions that consider development as a process of com-
plex causality involving many sources of information. 
Similarly, an emphasis on a direct genotype–phenotype 
relation in the classroom can be regarded as problematic, 
since the notion of an immutable “essence” of organisms 
that is considered part of essentialist biases is simply 
replaced (and possibly even reinforced) by the concept 
of genes. Indeed, Ergazaki et  al. (2015) introduced the 
concept of “species-genes’’ and “body-trait-genes’’ to pro-
vide 5-year old children with a rudimentary biological 
explanation of the mechanism that explains species and 
trait-resemblance between parents and offspring. The 
intervention increased children’s understanding of bio-
logical inheritance and decreased their endorsement for 
the causal role of parents’ wishes and intentions in influ-
encing their offsprings’ species and body traits. However, 
the danger might be that an “essence-like idea of genes’’ 
(Eragazi et al. 2015, 3136) reinforces essentialist notions 
of an immutable essence of species and individuals. As 
Bruckermann et al. (2020) highlight, there may be com-
plex interactions and trade-offs between building on 
children’s intuitive notions of teleology and essentialism 
towards an understanding of evolution.

Genetic determinism may also be further reinforced 
if educators regard as deterministic the notion that one 
gene determines one trait, seaking to overcome such 
notions with an emphasis that many genes are involved 
in a phenotype, or that it is the proteins produced in the 
expression of these genes that lead to phenotypes (e.g. 
Duncan et al. 2009). Hanisch and Eirdosh (2020b) docu-
ment examples of problematic educational materials 
potentially reinforcing, explicitly or implicitly, notions of 
genetic determinism.

In contrast, Jamieson and Radick (2017) adapted an 
undergraduate genetics course to tackle the issue of 
genetic determinism presumably stemming from an 
emphasis onMendelian genetics. They sought to empha-
size the role of developmental factors such as behaviors 
and environment in the emergence of a focal phenotype 
by the use of causal maps, and to deemphasize language 
like “gene for”, replacing it with “gene(s) involved in”. The 
authors pointed out that the “simple-to-complex trajec-
tory, for all its abundant virtues, runs the risk of creating 
students who cling to the simple (…). Instead (…) our stu-
dents were introduced to the complexity of genetic influ-
ences in the first lecture.” (Jamieson and Radick 2017, 
1268). We argue that the approach of “leading with com-
plexity” (Fuentes 2020), can also be applied to evolution 
education and may help overcome a range of challenges 
of evolution understanding, as well as emotional and 
motivational hurdles (see below). Figure 3 visualizes the 
different notions of phenotype causation characteristic 

of a gene-centered and trait-focused understanding of 
evolution.

It has been argued that teaching about evolutionary 
concepts like variation through human examples can 
have positive impacts on student understanding, because 
variation in our species appears to be more salient to 
students (Nettle 2010). However, within a gene-focused 
conceptualization of evolution, the particularly striking 
behavioral and cultural variation in our species can not 
be integrated as relevant or appropriate forms of varia-
tion for gene-centered evolutionary explanations. Under 
the generalized notion of evolution within cultural evo-
lution science, however, cultural phenotypes can become 
valid phenomena whose change and distribution can be 
investigated through the mechanisms of variation, selec-
tion and transmission (as well as other processes; see the 
previous section, Table 2, Additional file 1, and Hanisch 
and Eirdosh, 2020a). Further still, such cultural varia-
tion can act as selection pressures driving evolutionary 
change at the genetic level, as is the case in the expand-
ing set of documented instances of culture driven gene-
culture co-evolution, such as the evolution of lactose 
tolerance and other adaptations to agricultural practices, 
behavioral adaptations to socio-cultural environments, 
immunity to pathogens, the evolution of language, and 
the concept of self-domestication (e.g. Chudek and Hen-
rich 2011; Hare et  al. 2012; Jablonka et  al. 2012; Laland 
et  al. 2010). While the social and constructed environ-
ment, combined with social learning, shape behavioral 
traits across a wide range of animals (Hoppitt and Laland 
2013; Odling-Smee et  al. 2003; Whiten and van Schaik 
2007), these dynamics are especially pronounced in our 
own species, where the socio-cultural environment has a 
prominent role in influencing our behavior and cognition 
throughout development.

Similarly, under a gene-focused conceptualization of 
evolution, students’ intuitive understanding that individ-
uals change and adapt throughout life in interaction with 
their environment is usually discouraged, being framed 
as an inaccurate use of the term adaptation (i.e. individu-
als don’t adapt, only populations do). This may reinforce 
essentialist and deterministic notions. Instead, under 
a generalized conceptualization of evolution, the con-
cept of the individual can be explicitly transferred to the 
concept of an (evolving) population, changing through 
the mechanisms of variation and selective retention in 
the case of learning and behavioral change (see Table 2; 
Hanisch and Eirdosh 2020a). As Shtulman (2006) high-
lights “science educators should be aware that their stu-
dents are likely to analogize the adaptation of species to 
the adaptation of individuals, (…). One strategy for rid-
ding students of such essence-based analogies would be 
to contrast them with population-based analogies” (p. 

41



Page 13 of 26Hanisch and Eirdosh  Evo Edu Outreach           (2020) 13:25  

186). Thus, the question is whether population-based 
analogies could appropriately be applied to the level of 
individuals, which could then be conceptualized to adapt 
and evolve by population-level evolutionary processes. In 
fact, this is what scientists across a range of disciplines 
have done, including in cancer research, psychology, and 
cognition, as well as in evolutionary biology towards 
explaining the evolution of multicellularity (e.g. Aktipis 
2016; Greaves 2018; Hayes and Sanford 2015; Rosen-
baum, 2014; Smith and Szathmáry 1995). Thus, evolu-
tionary processes are being recognized among many 
scientists to operate across multiple scales of time and 
levels of organization, allowing for an enrichment rather 
than correction of students’ intuitive conceptions of indi-
vidual-level adaptive change. However, as we highlighted 
above, this requires careful scaffolding and instructional 
design to help students transfer appropriately between 
the processes involved in the adaptation on the level of 
individuals and adaptation on the level of populations of 
individuals (see Table 2). Indeed, we recognize that many 
in the evolution education community remain reluctant 

to accept the conceptualization of individual organisms 
as evolving populations of cells and traits, however, at 
the level of evolutionary science this concept has a long 
history, remaining significant in current discourse. In 
light of the educational aim of teaching for conceptual 
clarity, we argue this learning potential should be on the 
research agenda for evolution education.

Addressing challenges of teleological reasoning 
and Lamarckian inheritance
Challenges of evolution understanding also revolve 
around a class of misconceptions that have been termed 
teleological thinking, and a similar class of misconcep-
tions that have been termed “Lamarckian” thinking.

Teleology is defined in different ways by educators, but 
often it is described as involving a reference to purpose, 
need or function in causal explanations of phenomena 
(e.g. Brown et al. 2020; Kelemen 2012). At the same time, 
students’ reference to need has also been considered to 
be an appropriate bridge or scaffolding towards an under-
standing of natural selection because of the recognition 

Fig. 3 Different representations of the causes of phenotypes. a Emphasis on linear and direct genotype–phenotype relations, sometimes with a 
footnote about the role of environment, that characterizes gene-focused notions about the causes of phenotypes. b Multi-causal and reciprocal 
interactions shaping intra individual phenotypic variation throughout development, as conceptualized in trait-centered and generalised evolution 
science. Note that in this case, various inheritance streams, beyond genetic inheritance, can become relevant in the reconstruction of phenotypes, 
and hence in the evolution of adaptations. Sources: Laland et al. (2011); Oyama et al. (2001); Jamieson and Radick (2017)
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of the role of trait function (Evans and Rosengren 2018; 
Legare et al. 2013). Similarly, it has been pointed out that 
student thinking about causality in biology may not be an 
invalid “teleological” notion but a valid account of proxi-
mate and ecological interactions, or an implicit under-
standing about the role of antecedent causes in bringing 
about functional traits (e.g. Gouvea and Simon 2018; 
Ojalehto et al. 2013; see Hanisch and Eirdosh 2020c, for 
an extended discussion).

Similar problems apply to Lamarckian thinking, 
where it has been pointed out that educators also define 
Lamarckian conceptions differently, and different student 
conceptions may be falsely categorized as “Lamarckian” 
(Kampourakis and Zogza 2007). Broadly, Lamarckian 
type reasoning in causal explanations of traits involve 
notions that the use or disuse of organs or body parts 
leads to heritable changes to organism morphology over 
generations (Kampourakis and Zogza 2007).

Prevalence of teleological reasoning in children when 
it comes to explaining changes in organism traits over 
time, can be overcome with short interventions that tar-
get population thinking (e.g. Brown et al. 2020; Emmon 
et al. 2016). Despite this, educators lament that teleologi-
cal language appears to prevail among older students and 
adults (e.g. Barnes et  al. 2017; Coley and Tanner 2015; 
Kelemen and Rosset 2009).

We argue that the challenges related to overcoming 
these misconceptions, as well as to interpreting student 
ideas as appropriate vs. inappropriate causal accounts, 
may stem from the issue that, in gene-centered conceptu-
alizations of evolution, proximate mechanisms (including 
behavioral variation, behavioral responses to perceived 
needs, learning, ecological relationships, developmental 
factors, and reciprocal causation) are de-emphasized in 
explanations of evolutionary change or of the origins of 
adaptations. Furthermore, the problem with seemingly 
Lamarckian-type inheritance or teleological conceptual-
izations may stem from the fact that inheritance streams 
beyond genetic inheritance–which people across ages 
and cultures appear to have an intuitive understanding 
of (see Moya et  al. 2015, and Venville et  al. 2005 cited 
above; Andrews et  al. 2011 cited below)–are not being 
sufficiently elaborated on in the classroom as part of evo-
lutionary explanations and, often, drivers of evolutionary 
change.

Misconceptions such as teleological reasoning or the 
notion that traits acquired during development can 
be passed on to offspring, may be difficult to overcome 
because it is difficult to “extinguish” or completely replace 
students’ everyday experience of behaviors and needs, 
their observations of goal-directed behaviors of animals, 
and their observations that–at least in the human realm–
we acquire and transmit many (cognitive, behavioral, 

and cultural) traits in our lifetime. As Legare and Shtul-
man (2018) and Chi et al. (2012) point out, different and 
sometimes seemingly logically inconsistent conceptual-
izations and schemas may often coexist and be activated 
for different purposes and in different contexts, including 
contexts for which these schemas may not be appropri-
ate. Legare and Shtulman (2018) propose that one way to 
reconcilecoexisting schemas that seem to be inconsist-
ent is to integrate them into a larger causal structure, and 
they call for research in science education around meth-
ods and factors that “promote the construction of inte-
grated, yet scientifically accurate, explanatory models”.

In this regard, it is interesting that in the study by 
Brown et  al. (2020), primary school students that held 
“explicit” teleological notions had higher factual biologi-
cal knowledge than students that held ambiguous mis-
conceptions. Thus, it seems that the more students learn 
about a diversity of biological facts throughout develop-
ment, they need opportunities and supports to integrate 
their valid conceptions about biology, including about 
behavioral biology and other proximate causes operating 
during development, with an account of how such proxi-
mate causes combine with genetic inheritance and natu-
ral selection to produce adaptations over phylogeny.

Gene-focused conceptualizations of evolution may, 
currently, not sufficiently support this integration. As 
Baedke et  al. (2020) point out, standard conceptualiza-
tions of evolutionary theory stemming from the MS 
present idealizations, abstracting out developmental 
processes and proximate interactions. Such idealization 
may help in understanding broader phylogenetic changes 
across a range of phenomena, but they may provide 
rather limited understanding if the interest is in a more 
concrete account of the role of developmental processes 
and other proximate mechanisms in explaining particu-
lar phenomena. As we also point out in Hanisch and Eir-
dosh (2020a), we suspect that such idealizations may also 
wrongfully lead educators to the conclusion that the (ide-
alized, abstracted) conceptualizations of evolution within 
the framework of the MS represent a more fundamental 
truth - such that processes operating in development 
have no causal role in evolutionary change, and student 
reasoning that references such processes is considered a 
misconception.

Conversely, generalized conceptions of evolution-
ary dynamics include and integrate explicitly the roles 
of developmental factors and proximate mechanisms in 
bringing about evolutionary change (e.g. Laland et  al. 
2015; see Hanisch and Eirdosh 2020a). This provides 
students with opportunities to link their understanding 
and experiences of proximate mechanisms with evolu-
tionary change. For example, student reasoning that ani-
mals respond to needs with behavior, can be productively 
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included in causal explanations of evolutionary change 
through an understanding of the role of behavior as 
selection pressure or by introducing the concept of niche 
construction (Mayr 1970; Odlings-Smee et  al. 2003). In 
Hanisch and Eirdosh (2020c), we present a causal map-
ping teaching tool that allows this integration of proxi-
mate and ultimate mechanisms when exploring the 
causation of behavioral, cognitive, socio-cultural, mor-
phological, and physiological traits during human evolu-
tion in secondary school classrooms.

Generalized conceptions of evolutionary dynamics also 
include and integrate a range of inheritance streams and 
mechanisms, beyond genetic inheritance (Jablonka and 
Lamb 2005). This is particularly relevant to the appar-
ent student misconception that acquired traits can be 
inherited. We argue that discussing the appropriate 
inheritance mechanisms on a trait by trait basis can help 
distinguish between correct and incorrect notions about 
the possible inheritance of acquired traits (see Table  2, 
Additional file 1). Particularly, novel behavioral traits may 
well be acquired by animals during their development in 
response to environmental conditions (called environ-
mental induction, Laland et al. 2015), and those behaviors 
may in turn be transmitted to offspring as well as others 
in the population through social learning. Conversely, 
morphological features that have a strong genetic basis 
can not be acquired during development and can only be 
passed on to offspring through genetic inheritance. Many 
phenotypic traits will develop through complex interac-
tions between various variation producing processes and 
inheritance mechanisms, including through epigenetic 
and ecological inheritance (see Hanisch and Eirdosh 
2020a).

Addressing challenges of systems thinking
Evolution educators lament that students have difficulty 
understanding the complexity and multilevel nature of 
evolutionary change (Chi et al. 2012; Cooper 2016; Jacob-
son 2001; Petrosino et  al. 2015). Elements of systems 
thinking include seeing multiple causes rather than sin-
gle causes, understanding that small causes can have big 
effects (through delays and non-linear rather than linear 
cause-effect relationships), understanding that system 
dynamics result from interactions between elements 
in the system rather than through central control, and 
explaining phenomena through emergence rather than 
through the additive effects of isolated parts (Jacobson 
2001; Perkins and Grotzer 2005).

The system concept is often a core concept in biology 
education standards (e.g. in the Next Generation Sci-
ence Standards, Achieve 2013). However, our hypothesis 
is that, while the concept of system may be emphasised 
in the topics of ecology or physiology in the biology 

curriculum, in the realm of evolution, an emphasis on 
genes, on a unidirectional account of selection (from 
the environment to the organism or to genes), on a cen-
tralized notion of “nature selects” (Gregory 2009), as 
well as on a linear and direct relation between genotype 
and phenotype may rather stand in the way of apply-
ing the concept of system and the complex causality in 
such systems, to evolution understanding (see Hanisch 
and Eirdosh 2020b for examples in evolution education 
standards and materials).

In contrast, generalized and trait-focused concep-
tualizations of evolution (and development) promote 
a decentralized view of evolving biological systems, 
informed by concepts and methods of systems biology 
and complexity science, by explicitly integrating com-
plex proximate and ecological interactions in evolution-
ary change. An integration of various interacting factors 
as causes of phenotypic reconstruction over the course of 
development, with genes being one type of cause involved 
in phenotypes, can foster an important aspect of systems 
thinking (i.e. multiple and reciprocal causality, see Fig. 3).

Furthermore, the ability to use examples of current 
observable cultural evolutionary change under a more 
generalized conception of evolution, can serve to high-
light complex systems dynamics observable in students’ 
lives, such as the role of feedback loops in fashion trends, 
the spread of innovations, and “viral” social mediatrends, 
thus providing opportunities for fostering far transfer of 
evolutionary dynamics between different domains.

An emphasis on the individual as the primary (and 
sometimes only) level on which selection occurs, as well 
as a rather simplified notion of population, abstract-
ing out more complex social group structures and social 
interdependencies, can also make it challenging for stu-
dents to understand the concept of multilevel selection, 
which is required to explain the evolution or emergence 
of new levels of biological organization in the first place 
(e.g. Smith and Szathmáry 1995), as well as altruistic and 
cooperative traits in humans and other organisms (e.g. 
Wilson 2015). This aspect also has implications for emo-
tional challenges stemming from an overemphasis on 
competition between (isolated) individuals (see below). 
A more generalized conception of evolution operating 
on various levels of biological organization also enables a 
transfer of the concept of population to the self, as a com-
plex and changing system (e.g. highlighting complex sys-
tems dynamics such as feedback involved in phenomena 
such as homeostasis and behavioral regulation).

Fostering a stronger incorporation of the concept of 
system in evolution education by integrating interac-
tions of many factors (environmental, social, organ-
ism traits, plus genes involved in…) beyond simplified 
gene-environment interactions, organism-environment 
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interactions, or simplified genotype–phenotype relations, 
in evolving biological systems, may be achieved through 
the use of causal maps (e.g. Hanisch and Eirdosh 2020c), 
computer simulations (e.g. Centola et al. 2000; Goldstone 
and Wilensky 2008); and other teaching tools targeting 
systems thinking. This system’s view on how evolution 
operates may also address other misconceptions such 
as teleological reasoning or genetic determinism (see 
above), as well as emotional and motivational hurdles.

Addressing challenges of evolution acceptance
The same elements of a trait-centered conception of evo-
lution that might help make progress in evolution under-
standing as we described in the previous section, might 
also provide opportunities for making progress in the 
area of evolution acceptance (Fig. 2).

Table 3 summarizes some of the persistent challenges 
in evolution education related to evolution acceptance, as 
mediated by emotional and motivational factors as well 
as perceived relevance of evolution to student lives. We 
hypothesize that such challenges may be partly overcome 
in the following ways:

• Addressing challenges related to perceived relevance 
of evolution through greater emphasis on observable 
cultural evolutionary dynamics of human behavior, 
cognition and culture which are greatly impacting 
students’ world and issues of sustainable develop-
ment, as well as through integrating student intuitive 
concepts about change

• Addressing emotional hurdles due to emphasis on 
competition through greater emphasis on the evolu-
tion of cooperative traits, in humans and other spe-
cies, the role of social interdependence impacting 
evolutionary trajectories across levels of organiza-
tion, and exploring the example of self as popula-
tion for how evolution can favor cooperation among 
interacting elements

• Addressing emotional hurdles due to emphasis on 
randomness and passiveness of organisms by greater 
emphasis on the causal role of goal-directed behavior 
in shaping evolution, and exploring theevolution and 
development of our everyday experience, including, 
sense of purpose, agency, belonging, intention, emo-
tions, explicit goals, and values

• Addressing emotional hurdles due to deterministic 
and essentialist views of humans by greater emphasis 
on complex developmental causes of human behav-
ior cognition, and culture, building on student intui-
tive concepts of adaptation, and relating to self as an 
evolving system or an evolving population

• Addressing challenges of evolution acceptance due to 
religious beliefs by focusing on historic and current 
cultural evolutionary dynamics that do not necessar-
ily conflict with religious beliefs about the past, and 
by exploring the evolution of religion and morality 
and other valued behavioral and cultural traits.

Addressing challenges related to perceived 
relevance of evolution
Kinchin (2000, 182) noted regarding challenges to con-
ceptual change, that “the context associated with the stu-
dent’s alternative framework may be perceived to have 
greater personal relevance than that associated with 
the scientifically accepted framework”, which will hin-
der conceptual change. This highlights how conceptual 
understanding is tightly interlinked with emotional and 
motivational factors.

To foster a stronger integration of evolution concepts 
into students’ everyday experience, Heddy and Sinatra 
(2013) and Pugh et al. (2010) employ a transformational 
approach developed by Pugh and Girod (2007), whereby 
educators model and make explicit how concepts cov-
ered in the classroom can relate to experiences outside 
the classroom, can expand one’s perceptions of the world, 
and relate to one’s values and personal interests. The 
authors find that these interventions increased concep-
tual understanding of evolution as well as positive emo-
tions related to evolutionary theory compared to other 
interventions that target conceptual change but do not 
focus on these motivational aspects of meaning-making 
and transfer.

Many biology educators have also pointed out that 
teaching evolution through human examples or through 
examples that students experience in their everyday lives, 
may increase the perceived relevance of evolution under-
standing to students’ lives and thus students’ motivation 
to learn about evolution (Besterman and Baggot la Velle 
2007; Nettle 2010; Pobiner 2016; Pobiner et  al. 2018; 
Werth 2009).

However, examples for how evolutionary science 
affects or can be encountered in students’ lives tend to 
focus on topics such as agricultural breeding, antibiotics 
resistance or evolutionary medicine–presumably because 
of the relevance of genetic variation in such examples, 
or broad ideas about how humans are related to the rest 
of life (e.g. Barnes et al. 2017; Heddy and Sinatra, 2013; 
Sinatra et al. 2008). Similarly, regarding the use of human 
examples, these tend to be constrained to those human 
traits that have a known and identifiable genetic basis, 
particularly morphological and physiological traits such 
as skin color, resistance to disease, lactose tolerance or 
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adaptations to high altitudes (e.g. Andrews et  al. 2011; 
Nettle 2010; Pobiner 2016).

In contrast, there seems to be a lack of educational 
materials and research concerning the (past, present, and 
future) evolution of human behavior, cognition and cul-
ture (Furrow and Hsu 2019; Legare et al. 2018; Ziadie and 
Andrews 2018). Yet, it is well known that in our species, 
genetic variation is rather small compared to the large 
amount of behavioral, cognitive and cultural variation. As 
Wilson (2005) laments, “One of the biggest tactical errors 
in teaching evolution is to avoid discussing humans or to 
restrict discussion to remote topics such as human ori-
gins.” (Wilson 2005, 1003).

One example of an educational intervention that does 
explicitly apply evolution to human behavior is an inter-
disciplinary undergraduate course “Evolution for every-
one” (O’Brien et  al. 2009; Wilson 2005). Wilson (2005) 
documented change in students’ answers to the question 
“How much has this class changed your views on evolu-
tion and its relevance to human behavior, on a scale from 
−10 (negative change) to +10 (positive change)?”, where 
the majority of students indicated a large shift in the pos-
itive direction. Qualitative answers included phrases like 
“I have always agreed with evolution but I did not know 
how much of everyday life was affected by it.” and “I came 
into the class not knowing a lot about evolution. I now 
have an entirely new outlook on how evolution can be 
applied to many aspects of life.” (p. 1001).

Thus, exploring the evolutionary origins of human 
behavioral, cognitive and cultural phenotypic diversity 
in evolution education would greatly expand the avail-
able examples of trait variation in our species, with the 
potential to greatly enhance students’ motivation to 
understand and apply evolutionary theory to many areas 
in their lives. Classroom discussion can then focus on the 
mechanisms that produce that variation, and that lead to 
the selective transmission or inheritance of traits, on a 
trait by trait basis (see Table 2, Additional file 1). In line 
with best practices for conceptual learning (see above, 
Stern et al. 2017), we hypothesize that repeated engage-
ment in such an approach across general education may, 
in turn, advance conceptual understanding of evolution.

Similarly, a fruitful discussion in the classroom that 
may spark students’ interest and motivation to learn 
about evolution, is about how humans might continue 
to evolve in the future. In educational discourse and 
textbooks (see Hanisch and Eirdosh 2020b), we find 
that such discussions tend to revolve around genetic 
changes alone. In contrast, looking at present and 
future human evolution from the perspective of cul-
tural evolution (including gene-culture coevolution) 
may be a more relevant lense on how humans will 

continue to evolve. Arguably cultural evolutionary 
change will impact students’ lives more dramatically 
and visibly compared to changes in gene frequencies. 
In this regard, the cultural evolution of sustainabil-
ity relevant traits (see e.g. Brooks et al. 2018), such as 
cooperation, moral reasoning, or public health issues, 
can make evolution education also relevant to sustain-
ability education (see also Eirdosh and Hanisch 2020).

For example, a classroom discussion in Andrews et al. 
(2011) revolved around whether humans are evolving to 
become more obese, a trait that was proposed by stu-
dents, presumably because they are aware of the spread 
of this trait in society. From the discussion (Andrews 
et al. 2011, supplemental materials), students are meant 
to learn that humans are not evolving to become fat-
ter because the trait does not have a purely genetic 
basis, and humans who are more fat do not have more 
offspring. However, the concepts of genetic variation, 
genetic inheritance, and natural selection by differ-
ential reproduction would not be sufficient to explain 
the spread of such a complex phenotypic trait. Instead, 
from the perspective of a more generalized evolutionary 
theory, an exploration of the distribution and spread of 
a trait such as obesity would be more constructive for 
evolution education by considering a variety of possible 
mechanisms of inheritance (including social learning 
and ecological inheritance), as well as a variety of possi-
ble mechanisms of differential spread, as in fact already 
hinted at by the students themselves (see Hanisch and 
Eirdosh 2020b, for a discussion). In this way, this explo-
ration may be more fruitfully related to issues of pub-
lic health in human populations, which can help make 
students more appreciative of the role of evolutionary 
thinking for addressing real world problems.

Arguably, the lack of educational materials on the 
evolution and development of human behavior and 
cognition may stem partly from the scientific and moral 
questionability of reducing such behavior and cognition 
to genetics alone. This is achallenge that seems irrecon-
cilable if phenotypes are conceived of as mostly being 
a direct result of genotypes (see Fig.  3). In contrast, a 
trait-centered conceptualization of evolution would 
allow the discussion of the evolution and development 
of such behavioral, cognitive and cultural traits because 
the causal factors that lead to such phenotypes explic-
itly include the social environment, social interactions, 
social learning and teaching, and other developmental 
factors. In fact, in the variation of many cultural phe-
notypes, genetic variation plays hardly any causal role 
at all (and is at best merely correlated due to common 
underlying causes such as historic migration patterns).
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Addressing emotional hurdles due to emphasis 
on competition
Popular conceptions of evolution as “survival of the fit-
test” imbue a sense that the theory is all, and perhaps 
only, about competition among individuals. Across 
assessment tools and educational standards (see Hanisch 
and Eirdosh 2020b), we find that the role of competi-
tion in evolution, as well as individuals as primary lev-
els on which selection occurs, are emphasised to such a 
degree, that it might make it challenging to conceive of 
how altruism and cooperation can evolve. In this regard, 
Centola et al. (2000, p.166) state that “many students who 
have been taught to think of individuals as discrete parts 
of an evolutionary system, have a difficult time under-
standing how cooperation, or altruistic behavior, could 
evolve. Because students’ intuitions about evolutionary 
theory have been based on a model of individual success 
that does not consider the complexity of natural systems, 
many have had a difficult time re-framing their under-
standing of evolution.” As highlighted above, Brem et al. 
(2003) found that students overwhelmingly considered 
that evolution justifies selfish behavior. Such notions, 
namely a lack of understanding about how evolution can 
favor cooperative, altruistic or prosocial behaviors in 
humans and other animals, may indeed affect the degree 
of evolution acceptance regardless of factors related to 
religious objections.

In contrast, trait-centered, generalized conceptual-
izations of evolution are concerned with how evolution 
operates across all levels of biological organization, and 
how social structure and social interdependence affect 
evolutionary dynamics (e.g. Aktipis 1016; Wilson 2015; 
see Hanisch and Eirdosh 2020a). Such concepts are nec-
essary to understand the evolution of higher biological 
levels of organizations from lower levels in the first place 
(e.g. from populations of cells to multicellular organ-
isms; termed major transitions, Smith and Szathmáry 
1995), and to understand the evolution of cooperative 
and prosocial behavior, particularly in the evolutionary 
history of our own species (e.g. Bowles and Gintis 2011; 
Tomasello 2009).

Centola et al. (2000) document how undergraduate stu-
dents from diverse disciplines were able to come to a new 
understanding about how altruistic behavior could evolve 
under specific environmental and social conditions by 
exploring a set of simple agent-based models, conclud-
ing that “students became increasingly sensitive to the 
difficulties of the ‘problem’ of altruism and were able to 
meaningfully speculate about the implications of these 
models for understanding the relevance of altruism and 
cooperation at a human scale.” (p. 173).

Wilson (2005) describes a small classroom activ-
ity based on a number of scenarios that quickly allows 

students to understand how cooperative social behavior 
that we commonly term “moral” could have evolved and 
be adaptive, but also how it can be undermined by self-
ish behavior and therefore be maladaptive. Wilson (2005) 
states that “When evolutionary theory is presented as a 
framework for understanding these patterns in all their 
complexity, including the good, the bad, the beautiful, 
and the ugly, it is perceived as a tool for understand-
ing that can be used for positive ends, rather than as a 
threat.” (p. 1005).

This understanding of the evolution of cooperation can 
also be expanded to understand the evolution of multi-
cellularity, thus applying multilevel selection to the indi-
vidual as a highly integrated population of cooperating 
elements (e.g. Bonner 2000; Kirk 2005; Pfeiffer and Bon-
hoeffer 2003).

Addressing emotional hurdles due to emphasis 
on randomness and passiveness of organisms
If evolutionarily relevant variation is primarily conceived 
of stemming from randomly occurring mutations or 
genetic recombination, this might create emotional and 
motivational hurdles related to the role (or lack thereof ) 
of one’s own actions and choices, as it leaves little room 
for students to view themselves as active agents of change 
in how our societies, even our species, might evolve in 
the future. That is, students may adopt a view that ‘my 
goals, choices, and behaviors ultimately do not matter 
in how humans will continue to evolve’. Additionally, a 
certain “existential anxiety” (Legare et al. 2018) may also 
be reinforced if organisms are largely being portrayed as 
passively at the mercy of a “selecting environment”, rather 
than as actively involved in changing their environment, 
through the concepts of niche selection and niche con-
struction. Such notions may underlie findings such as 
those by Brem et  al. (2003), that even among students 
who “understand” evolution and who have no religious 
objections to evolution, there are a number of negative 
attitudes regarding how evolution inhibits self-determi-
nation and sense of purpose.

Conversely, trait-centered, generalized conceptual-
izations of evolution include an explicit causal role of 
behavior as shaping selection pressures, and emphasize 
the role of niche construction, that is, organisms actively 
changing their environmental conditions, which in turn 
has downstream consequences on evolutionary trajec-
tories (Odling-Smee et  al. 2003). This is especially rele-
vant in human evolution (e.g. O´Brien and Laland 2012; 
Zeder 2016). Integrating and emphasising the role of our 
own behaviors and choices and of cultural evolutionary 
dynamics when reflecting on present and future human 
evolution may contribute to creating a more active stance 
and a higher motivation in students to understand how 
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their choices and actions can shape evolutionary dynam-
ics. That is, students may adopt a view that ‘my goals, 
choices, and behaviors matter in how humans will con-
tinue to evolve’.

Additionally, a gene-focused conceptualization of evo-
lution makes it difficult to explore the evolutionary and 
developmental origins of human behavioral and cogni-
tive traits experienced by students as part of their identity 
(sense of purpose, sense of belonging, sense of intention 
and control, emotions, language, music, explicit goals, 
values), presumably because such traits can not be eas-
ily explained by genetic variation and inheritance alone. 
Conversely, trait-centered, generalized conceptualiza-
tions of evolution allow the exploration of the evolution 
and development of our everyday experience, as emerg-
ing from complex interactions between genes, socio-cul-
tural environment, and interactions among phenotypic 
traits during development (see Fig. 3).

Addressing emotional hurdles due to deterministic 
and essentialist views of humans
Another set of challenges relates to social-emotional 
learning and students’ attitudes towards themselves and 
others. We argue that focusing on changes in gene-fre-
quency and simple genotype–phenotype relations may 
create a sense that one’s traits are rather “set in stone” 
from birth and downplays the role of experience, learn-
ing, social environment, behavioral flexibility and other 
factors operating during development. This challenge is 
therefore also related to the cognitive biases of essential-
ist thinking and genetic determinism (see above), applied 
to the self, as well as the problem that students’ intuitive 
understanding of individuals being able to adapt is con-
sidered a misconception (see above).

Instead, it may be valuable to drive students’ reflection 
on their experience of being able to change, vary their 
behaviors, try out and learn new things, and of being 
able to (consciously) influence which kinds of behaviors 
they should “retain” into their (significantly unconscious) 
behavioral repertoire (see Table  2). Such an approach 
may be particularly critical as these processes underpin 
important educational constructs of social-emotional 
learning, such as growth mindset(Haimovitz and Dweck 
2017) and psychological flexibility (Hayes et  al. 2012; 
Kashdan and Rottenberg 2010). In this regard, transfering 
the concepts of population and complex system to the self 
can create a more flexible attitude towards self and oth-
ers, as this mindset about the self is also considered a key 
process involved in mental health (Hayes et al. 2012; see 
Eirdosh and Hanisch 2020; Hanisch and Eirdosh 2020a).

Additionally, a more flexible attitude towards the self 
may also contribute to alleviating the problem of racist or 
ethnocentric thinking towards groups of other humans, 

a concern that is particularly relevant to how we teach 
about evolution (e.g. Kattmann 2010). This aspect high-
lights that teachers need guidance in how to prevent 
misinterpretations of evolution which embolden ethno-
centric thinking.

In this regard, current approaches to tackle racism 
within the biology curriculum tend to focus on address-
ing the invalid notion of “race” from a biological perspec-
tive based on the low genetic variation in our species. We 
argue that this approach may not be very effective and 
perhaps even problematic, because it does not tackle the 
causes of ethnocentric thinking itself. Logically, it seems 
to invite the inference that, if genetic variation across 
groups of humans were indeed larger, racism would 
therefore be justified.

Instead, we argue that a generalized notion of evo-
lution can help address racism in two ways. One way 
is through a focus on the traits that are common to all 
humans and on the complex developmental causality of 
human behavioral, cognitive and cultural phenotypes. In 
fact, cultural evolution models for the inheritance and 
spread of human behavioral, cognitive, cultural traits 
have precisely challenged the notion that certain traits 
(such as IQ, Cavalli-Sforza and Feldmann 1973) have a 
purely genetic basis–a notion which has been the basis of 
eugenic ideas about the superiority of certain ethnicities. 
Another way to address ethnocentrism within evolution 
education is to explore the evolutionary and develop-
mental origins of human ethnocentric tendencies as well 
as ways to overcome them. This can be achieved in the 
classroom by exploring a range of developmental and 
cross-cultural research that highlights the human ten-
dency to favor those who are similar to oneself in various, 
often superficial and arbitrary, traits (e.g. Hamlin et  al. 
2013). Furthermore, explaining the evolution of ethno-
centric behavior can benefit from concepts in multilevel 
selection since it involves accounting for inclusive fitness, 
and can be explored in the classroom with the help of 
agent-based computer simulations (Hammond and Axel-
rod 2006; Wilensky 2003).

Exploring this content can help students become more 
aware of such tendencies and their causes, and sub-
sequent discussions can focus on the implications for 
current society, and on various approaches and oppor-
tunities for overcoming such biases as individuals and as 
communities (see e.g., OpenMind Platform, Inc., 2020, 
for a successful evidence-based implementation of such 
an educational approach).

Addressing challenges with religious beliefs
Evolution education has a particular challenge regarding 
the acceptance of evolutionary theory due to perceived 
conflicts with individual beliefs about origins of life. As 
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we highlighted above, while progress has been made in 
terms of increasing acceptance of evolution by teach-
ers and the identification of effective approaches to help 
students and teachers reconcile evolutionary theory 
with their beliefs, there are still substantial challenges of 
acceptance, that in turn may hinder a conceptual under-
standing of evolutionary concepts.

We hypothesize that a generalized conception of evo-
lution that includes cultural evolution, may allow the 
teaching about microevolutionary processes and con-
cepts of variation, trait transmission and selection of his-
toric and currently observable phenomena (esp. cultural 
evolutionary phenomena) without (initially or funda-
mentally) challenging religious beliefs about the past, and 
integrating student intuitive ideas about change. Even 
if acceptance of macroevolutionary facts about the past 
may be difficult to achieve, we may still be able to develop 
in students, regardless of their beliefs, understanding 
about concepts in evolutionary change, and this under-
standing may in turn enable a more open stance towards 
transferring concepts of cultural evolution to biological 
evolution.

Further, as discussed across multiple sections above, 
the potential to engage students in understanding the 
cultural evolution of sustainability relevant traits, moral-
ity and prosociality, and valued goal-directed behaviors 
may speak to the virtues and values of religious commu-
nities, and reduce concerns that evolutionary theoriz-
ing implies a justification of unethical behaviors (see e.g. 
Brem et al. 2003; Wilson 2005).

Is evolution education climbing the wrong 
mountain?
Evolution education continues to struggle with the range 
of persistent challenges to understanding and acceptance 
as outlined in this article. While some progress is being 
made as we highlighted above, we argue that the con-
straints provided by a gene-centered conceptualization 
of evolution may inherently limit the degree to which the 
evolution education community might make progress on 
these specific aims.

Remaining exclusively committed to the idealized, 
gene-focused ways of evolution conceptualization in 
standards, instructional methods, and assessment tools 
constrains pedagogical variation in such a way that it 
may well prove to keep the evolution education commu-
nity stuck in a “local maximum” in the educational fitness 
landscape. While progress might be made on the way 
by tinkering with small variations of traditionally held 
conceptualizations, that same trajectory might end up 
removing the community more and more from reaching 
a more global peak, both for understanding and accept-
ance, that is potentially presented by an interdisciplinary 
evolution education (Fig. 4).

Enabling the evolution education community to reach 
its actual goals of wide-spread evolution understanding 
and acceptance in the classroom and in the wider pub-
lic may thus require a leap into uncertain terrain. Relative 
to the familiar paths of existing methods and conceptu-
alizations, this emerging landscape requires exploring 
new variations of educational approaches and new varia-
tions of research and assessment tools. But without such 
a leap, we are skeptical that the community will really be 
able to take advantage of the actual advances, in terms 
of conceptual clarity, nature of science lessons, applied 
value to students’ everyday life, and to shaping the future 

Fig. 4 The metaphor of a fitness landscape (commonly used in evolutionary biology and equally useful in cultural evolution science) to illustrate 
how progress in evolution education research might be inherently constrained to a lower-level potential that is defined by gene-focused 
conceptualizations of evolution, compared to the higher-level global potential that might present itself by embracing a more generalized, 
interdisciplinary conceptualization of evolution. Here, fitness peaks may correspond to varying degrees of cultural acceptance or depth of 
transferable conceptual understanding of core evolutionary theory. Figure adapted with permission from Jurgen Appelo: https ://www.flick r.com/
photo s/jurge nappe lo/with/52018 51938 /
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evolution of our species, that evolutionary science itself 
is providing in the 21st century.

Outlook
We have outlined a number of hypotheses for how teach-
ing evolution through a more generalized conception, 
informed by current discourse in interdisciplinary evolu-
tionary science, may help overcome a range of persistent 
challenges in evolution education. This applies to evolu-
tion education more broadly, but especially to the treat-
ment of human evolution, where many gains could be 
made, in terms of advancing an integrated and transfer-
able conceptual understanding of how evolution operates 
across domains and levels, and in terms of advancing the 
perceived relevance of evolutionary theory to students’ 
lives by incorporating the exploration of behavioral, cog-
nitive, and cultural traits.

We recognize that empirical investigations of the valid-
ity of our hypotheses are a large endeavour, for which 
cooperation among many educators and researchers will 
be needed. Towards this aim, we have advanced a range 
of teaching and assessment tools as well as scientific con-
tent to engage teachers and students in generalized con-
ceptualizations of evolution, with preliminary evidence 
of the learning potential in classrooms. Specifically, we 
have initiated and suggest the need for continued devel-
opment of:

• The use of causal maps to highlight and reflect on the 
role of proximate mechanisms and complex causal 
interactions between natural environment, social 
environment, behavior, body features, brains, genes, 
and culture in development and evolution. Prelimi-
nary evidence from 10th and 12th grade classroom 
interventions indicates that causal maps can serve 
as an effective tool for reflection and discussion of 
complex causes of human behavior and cognition 
(Hanisch and Eirdosh 2020c);

• The use of analogy maps to discuss and practice 
the transfer of concepts in evolution between dif-
ferent conceptualizations or different domains (e.g. 
genes vs. culture vs. individual learning; see Table 2 
and Additional file 1). With the help of such analogy 
maps, students’ existing understanding about evo-
lutionary concepts can be fruitfully expanded and 
deepened by transferring concepts from genetic evo-
lution to other domains, or vice versa;

• The use of computer simulations to advance trans-
ferable understandings of concepts and processes in 
evolution (see e.g., Centola et al. 2000; Goldstone and 
Wilensky, 2008);

• Stronger integration of behavioral, cognitive, and cul-
tural science perspectives, in addition to classic foci 

of genetics and archeology, in teaching about human 
evolution. Specifically, cross-species, cross-develop-
ment and cross-cultural behavioral experiments and 
observations provide a wealth of largely untapped 
potential for the development of educational con-
tent (see Global ESD, 2020). Engaging such content 
may help identify a number of misconceptions about 
human behavior (see e.g. Hanisch and Eirdosh, in 
press), and at the same time may provide transforma-
tive experiences (sensu Pugh 2011) in the evolution 
education classroom, by allowing students to make 
connections to their everyday experience, extend 
their understanding, and explore implications for 
sustainable development.

While highlighting these potential pathways to over-
coming persistent challenges in evolution education, we 
recognize that teaching evolution from a trait-centered, 
generalized, and interdisciplinary conceptualization 
may be met with skepticism and various objections. For 
example, the structure of school subjects and educa-
tional standards is currently such that it makes it difficult 
to explore the interdisciplinary nature of evolutionary 
theory in classrooms, particularly in relation to human 
sciences. In the US, the Next Generation Science Stand-
ards (Achieve 2013) explicitly exclude the human behav-
ioral sciences from their framework (National Research 
Council 2012), while the social studies state standards 
(National Council for the Social Studies 2013) do not 
include the biological study of human behavior as part of 
the disciplinary core concepts.

Our claim is only that the evolution education research 
and development community should be actively engaged 
in this timely discussion around the educational value of 
an interdisciplinary evolutionary science, towards shap-
ing the future curriculum. Overall, our project, Teaching 
evolution as an interdisciplinary science, aims to clarify 
the scientific landscape, learning potential, and chal-
lenges of moving in this direction. We feel there is a sig-
nificant case for much broader engagement across the 
evolution education and other disciplinary education 
communities about the issues identified here. The role of 
interdisciplinary evolutionary theory in helping our spe-
cies explore ways to adapt sustainably into the future is 
too important to not be taken seriously by educators. We 
encourage readers to join us in advancing this discussion.
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Abbreviation
MS: Modern synthesis.
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à���&��#������#������
?30@A2.0+Y?,A5B2.0+B+,bA2)*B5C6c�����
���%!$==���
� �=��
��I:=!���_�a��9a
���Ia�


HE�������
�
��#����
̂
������a�����L
R
�R #��>!���>��
�������������R
�
�����U�>�̂
H
������

H�����G%��%��!�����Gd!�%���!����&� !�E����������!%��������
()*+,-.+?50@01MB+,?30@A2.0+6ef�I��
9_g;9:<
���%!$==���
� �=��
���:=�
� ��
����
�_
��:


H����#�����
����g�
̂ ���������!G����!�!E� �&��#����� G"�����G
J++B@-0D2C*h*Xi0)WJ5B,*QM0D
45.*+5*-677jc���I;��I
���%!$==���
� �=��
����=�
�<9ga::��
���g
�9_<I
�


H������ ����R
�
��g_I�
̂ ��%����������# ��!�����������"���&�� 
S� 
̂����K
K
��%!���L�!
��
k*CB3.0)B+,*30@A2.0+�%%
�g�;9�:�
Z�[]�&��\���F��&� !��GH �!!


H�"��� �	
����:�
̂ ���%�����#��� !����������������������� ������#����&��#����$�"!�����!����%%� a
�#�����!
JQ*).5B+l0A)+B@0DmCM-.5B@J+2C)0P0@01M67fn�����;��<9
���%!$==���
� �=��
����=��%�
��g��


H�"��� �	
�	�� �!��G�H
�
�	� �>��R
�
�����!����
̂ 
����I�
F!����#����!�!�#���!�������
�&��#����������!�����̂ 
H
"�����G���!! ��!
?30@A2.0+Y?,A5B2.0+B+,bA2)*B5C677���
���%!$==���

� �=��
��I:=!���_�a��Ia��<<a<


����[����T
�]����T
L
�� �̂��%��̀ 
L
���% �!!�
̂ ���������&���%���$&� ��"����G�E����"����G����
%��!�����G
S�R
�
���!a��������T
T
���>���L�!
��oB+,V00W0D.+DB+2,*3*@0PQ*+2
R�" ����
F��&� !��GH �!!


����̂
����%!���K
K
��g_I�
k*CB3.0)B+,*30@A2.0+
Z�[]�&��$\���F��&� !��GH �!!

������
a�
����G���#��# G�̂ 
��gg9�
���������!��# !��� �#�������"� ���&������%��%%���$��[
%� !%����&�!E� ��������� 
p+2*)+B2.0+B@l0A)+B@0D45.*+5*?,A5B2.0+67j�9��9�<;9__
���%!$==���

� �=��
��I�=�g_��:gg9��:�9�_


���[��������	
̂ 
��������
R
����:�
R�%� ����[�E� !�E�����%��%� ���q#�����&����!��
E���������>��[���������� �����% ���!!�!���&��#������#������
l0A)+B@0Dr*-*B)5C.+45.*+5*(*B5C.+16
fs����<�;g9
���%!$==���
� �=��
����=���
���99


���&�����̂ 
K
��HE ���� ��
L
������
H�����G%��%��!�����GE���������! ��#  ��� �%�����%��������
��� ��#���% ����� !
m)05**,.+1-0D2C*hB2.0+B@J5B,*QM0D45.*+5*-67t8�g��9�:�;9�:�
���%!$==���

� �=��
��<�=%��!
�g��<9I��<


���%� ���
T
�R�����
K
�\�#���T
�
�����������
̂
���"��!����
�
�� �̂��%��̀
L
����9�
]#��
q#�� #%��!�% ����q#�� #%�����!����F�� ���!G�� ��
mu04b+*6n�<���<;��
���%!$==���

� �=��
��<�=��# ���
%���
����<_I


����!�����S�!���#����
����g�
�������!�������"��#��'���>���F% ����
���%$==�#��� ����!
!�

��#=�#��a��� ���� �!���!=[��>���a#% ����
̂���!!��������"� ���g


�����a�����L
R
������
̂��&� &��[�E����&��#����� G��#!�!������!�q#����!�E"���&��# ��%��!�����G

J+.QB@k*CB3.0A)6cf�_�����9;����
���%!$==���
� �=��
���:=�
��"���&
����
��
���


��"� �L
�����!����
�
��ggI�
v+2002C*)-N(C**30@A2.0+B+,P-M5C0@01M0DA+-*@D.-CV*CB3.0)
R�" ����
]� &� �F��&� !��GH �!!


���>����
�
�����������
̂
��H���U� �]
����<�
R��%��U��������� ��� �����!������� �����E�#��
"�%�����!
m)05**,.+1-0D2C*hB2.0+B@J5B,*QM0D45.*+5*-67tw��������:_;���:g
���%!$==���

� �=��
��<�=%��!
�<���:<��9


��� ��T
�x�  � ��̀ 
������>� ��T
����<�
����!E� �������������%�#��#��� !��������!������ G
S�
O*-.1+.+1@*--0+-B+,B--*--Q*+2-D0),**P@*B)+.+1
���#!�����>!$R� [��


����F
������
F�� ���!G�� ��$��!�� G����������&��#�����!��������!��������G����!�E�#��
q#�� #%�����!
(C*bP*+h*A)0@01Ml0A)+B@6w����<I;Ig
���%!$==���
� �=��
��<9=�I<9��_
�����9����<I


���%!���T
Z
������
x�# ���� ��%����!�"�#����&��#����
?30@A2.0+Y?,A5B2.0+B+,bA2)*B5C6s����<;��

���%!$==���
� �=��
���<=!���_�a��ga����a�


���"� ����Z
��g:��
����!��������!�E�������G
y*.2-5C).D2Dz)(.*)P-M5C0@01.*6et�9��9��;9��

���%!$==���
� �=��
����=�
�9�ga����
�g:�
�"���:�
�


{|}~|��|�����|~|��|������������������������{|}~|�������}�|����

86



���������	��
��������������������������������������������� �!��"�#�������$��������������%
�"�������&'����������������"�&'��"�&����������'"������#"������"���(����)���'
�$������&��*+,-.+/0.12345,+,26788��9�:��""��;<<�������<�������<�&���:=�>�

?�@�'��A�������"������B�����B�����: ������)���"�������'������&��&��"���������&�"��'���
�&���&����&"����C1D3E1.D5,1.+F,GE1.+,HIJ531J3KLGJ.D5,17MN�� ���:>9��O:��""��;<<�������<�����P�
<�:OP�P��>�����QP>>O�

?��''�	�R�S�����P �������'��(���)�'�"�����"��"������(&��'���&'"�����&���"��"�����������T�
���'��(���)�'�"����UE,1D53EV51WV6J0,+,267X�
S� ��9����""��;<<�������<���>>P�<���(�����P���P>��

B��"��R������ �S'�����"��������"����'�;����%����&���"������������"����"�YZ��#'������&���
�)�'�"����(&��&��"��[03F,GE1.+,HKHH3JD5\3[3.J05127X�� �>P9Q>�

B��"��R������ �R)������"����"�''���������������&�"������'����)�'�"����(���&"����K\,+GD5,1]
KLGJ.D5,1.1L̂ GDE3.J07_�� ��:�9�OQ��""��;<<�������<������=<����Q�%���%�:�=%(�

B��"%A�������	�������P �A)�'�"�����"��'���"����)�'�����"'��&�''���'��(���)�&�)����
WE,J33L512V,HD03̀ .D5,1.+aJ.L3b6,HIJ531J3V,HD03c15D3LID.D3V,Hab3E5J.7X_��Q �P:�=9P:���
�""��;<<�������<�����=><�����Q��Q�P:�=�

B��"���R���A��'�d������ ����������&��%&����"�)���&�����"��)�'�"����(��������W05+,V,e05J.+
[E.1V.JD5,1V,HD03f,6.+I,J53D64]45,+,25J.+IJ531J3V7gNh��Q�� �����9������""��;<<�������<������P
<��"����������:�

B�'����d�������Q �i,3V.+DEG5Vb3j5VDk/G+DGE372313V7.1LD03l3+H.E3,H,D03EV�!�#m)��n'�o��)����"(
������

B����"������=O �[3+3,+,25J.+3je+.1.D5,1V].13D5,+,25J.+.1.+6V5V,H2,.+V.1LHG1JD5,1V�o��)����"(��
S'������������

p��d���S���	���m�����O �q��������������"""����"����d�#��������&��'����"�&�����"��'
��'�&"����c15\3EV.+F,GE1.+,HKLGJ.D5,1.+f3V3.EJ07r�Q ����=9������""��;<<�������<����>�P�
<�s������O��:�Q���

@�����	�R�����O �d����"�&"��������'�(�"�������&��&���"��&"���"����(�K\,+GD5,1.E6KJ,+,267
g8�� �>�Q9>:P��""��;<<�������<������=<���OP�%��Q%�P��%P�

@�����	�R���R����#����S�����P �	�)����)�'�"������&"������#��;�(�"��"�&�'(�����'�"��"���
"�����"��(�����&�''�&"�)�Z��#'�������"�&�����/4Kt5H3IJ531J3VKLGJ.D5,17uh�� ��""��;<<����
���<�����P=<&����=%�P%�����

@����R�����������������P ����"���"��"�����������"�'��'��(���"������������������'��(
���&"���v����"�&'������"�����IJ531J3KLGJ.D5,17wM�O=�9O�=��""��;<<�������<�������<���S� ���P%�>=
p����P�� P�;Ox>SO=�;;R�d%�SA>x>A>���S
y�%A�

z{|}~���������� ��������!"������������"�'#�"������"�s������&"���'&'��������'����������
���"�"�"���'���'�"�����

�������������������

87



2.5 Contribution 5

Evolving Schools in a 
Post-pandemic Context

Eirdosh, D., & Hanisch, S. (2021). Evolving Schools in a Post-pandemic Context. In COVID-19: 

Paving the Way for a More Sustainable World (pp. 465-480). Springer, Cham. 

http://dx.doi.org/10.1007%2F978-3-030-69284-1_24 

88

http://dx.doi.org/10.1007%2F978-3-030-69284-1_24


FORMULAR 1

Manuskript Nr. 5

Titel des Manuskriptes: Evolving Schools in a Post-pandemic Context

Autoren: Dustin Eirdosh and Susan Hanisch

Bibliographische Informationen

Eirdosh, D., & Hanisch, S. (2021). Evolving Schools in a Post-pandemic Context. In W. Leal

Filho (Ed.), COVID-19: Paving the Way for a More Sustainable World (pp. 465–480). Springer

International Publishing. https://doi.org/10.1007/978-3-030-69284-1_24

Der Kandidat / Die Kandidatin ist (bitte ankreuzen)

☑ Erstautor/-in, □ Ko-Erstautor/-in, □ Korresp. Autor/-in, □ Koautor/-in.

Status: Published

Anteile (in %) der Autoren / der Autorinnen an der Publikation (anzugeben ab 20%)

Autor/-in Konzeptionel
l

Datenanalyse Experimentel
l

Verfassen
des
Manuskripte
s

Bereitstellun
g von
Material

Eirdosh 80% 80% 100% 80% 100%
Hanisch 20% 20% 0% 20% 0%

89

https://doi.org/10.1007/978-3-030-69284-1_24


����������	���
�����
���������
�����

��
�������
	�����
������
�	

��
�������� !"#$%&'("�)!*�'+,�-.!,�"+*���/+'("+0."�(0+0�,'"!*'//1
'("!))�"!'0�/1'"'&00�'*�!(2'("/�',(!(2&,�*�++�+0�)�,�"!+0,!3.0�"4"!2!0'/4
'("��)�#3'+�"/�',(!(2+0,'0�2!�+5�,'(!("�6(!0�&�,!�"�50!)�7��!++!0.'0!�(
&,� !"�+'(.(&,�*�"�(0�"�&&�,0.(!015�,+0."�(0+'("0�'*��,+',�.("0��8�,/"
0�,�9�*0�(0��&.,&�+�'(""�+!2(�5+*���/+&�+0�:;<=#$%4&',0!*./',/1�(0��
>!("+�5+*���/"�+!2(�/�)�(0+0�'0)'13�+0)��00��(��"+�5'//+0."�(0+'("
0�'*��,+!(0��5.0.,�7?�5�,�0��&'("�)!*�)�,2�"40����)).(!01@*!�(*�A'3
'00��B'CD/'(*><(+0!0.0�5�,E �/.0!�(',1F(0�,�&�/�21�'"3��("� �/�&!(2'
+0."�(0#/�"�55�,040��E �/ !(2@*���/+&,�G�*045�,�C&/�,!(20��� �,1"'1*��&�,#
'0!�("1(')!*+�50�'*�!(2'("/�',(!(28!0�!(0��!,�8(+*���/*�)).(!0!�+7��!+
*�'&0�,�55�,+'(!//.+0,'0! �*'+�+0."1�50�!+&,�G�*0'+'(� �/'&&,�'*�0�+0."�(0
&',0!*!&'0!�(!(+*���/!)&,� �)�(0�55�,0+7?1!( �/ !(2'+)'//2,�.&�5+0."�(0+
'("0�'*��,+!(,�9�*0!(2�(0��!,�C&�,!�(*��5*�'(2!(2+*���/!(2&,'*0!*�+".,!(2
0���:;<=#$%&'("�)!*4'+8�//'+!(�C&/�,!(2+*!�(0!6*&�,+&�*0! �+�(�.)'(
/�',(!(2'("*��&�,'0!�(4'(�80���,�0!*'/5�.("'0!�(5�,0��&,'*0!*'/�)&�8�,#
)�(0�5+0."�(0+'("0�'*��,+!+5,')�"8!0�!(0��'!)+�5E".*'0!�(5�,@.+0'!('3/�
=� �/�&)�(07

=7E!,"�+�HIJK@7L'(!+*�
B'CD/'(*><(+0!0.0�5�,E �/.0!�(',1F(0�,�&�/�214=�&',0)�(0�5��)&','0! ��./0.,'/
D+1*��/�214A�!&M!24N�,)'(1
�#)'!/O".+0!(7�!,"�+�P� '7)&27"�
QRAO�00&OSS88872/�3'/�+"7�,2

N/�3'/E@=4E/>!(+D',>4Q@F

@7L'(!+*�
�#)'!/O+.+'(7�'(!+*�P.(!#/�!&M!27"�
QRAO�00&OSS88872/�3'/�+"7�,2

@7L'(!+*�
Q(! �,+!01�5A�!&M!24=�&',0)�(0�5D,!)',1@*���/@*!�(*�E".*'0!�(4A�!&M!24N�,)'(1

T���F.0��,H+J4.("�,�C*/.+! �/!*�(+�0�@&,!(2�,U'0.,�@8!0M�,/'("FNVWV$
X7A�'/Y!/��H�"7J4Z[\]̂_̀abcdefghijkldmnopdqopkrstidfgduvklopvw4
X�,/"@.+0'!('3!/!01@�,!�+4�00&+OSS"�!7�,2S$W7$WWxS%xy#z#WzW#{%Vy|#$}V|

|{~

90



��� �������	
��������	�


� ������������

����
����������������	����������� ���!�
�"�������������#��#���� ��#������$
�%��������!
#%��	�	�	&����	'())*)))$���	���*���
�
�������	�!	#�

"�
� �������&������	��+��$��������%������	�!$���	&�������
��,������$()-(.�
/���	����*����
���������������%���
#%��	�	�"�#�	#	�������������� �����
���&�� �#����	�������	�!�
�������������
�������*���������	
�&��
������
�	��%��
��%���������#��"�,0#����	()-1.�2����� ����
�	�����3�*!��%��
	�
�������	���%��+�"�$���!���#���!
#%����$,4���$���5���
()-�64��$
()-76	��0���-.�
���	�
���	������&������&���$�
�����������
�	"�����
�%�����#��������

�� ���&%���	���������	��
�������	�!��%&#�	��$��#������*���
�	"���8#	��	
� ������������$9:�	�����#�$��	��#�	���	�
����%&�� �%���,5�$+�����()--6
4��$()-7.�;��
�
���	���!�
�<� ��9-=&����%��*�
�	>#�	����"���%�����
�
%���#����������������
�����!!���� �%������?������������	�
���	
#�����	*
�� ����#	!��%	*
� �	
����	&�����
�����#�����������>#������	*�
��
�������	
����&&���#�����	�!��������������*���� ����"������>#�	����	����������
�
&#�&�	��!	�
�����������#��������	��!�
/����	��
�	"��+���#����%���	�
�	����%�����%&��3>#�	�����!
����#��9

������	����
�����#������	�����������	
�#��"�	��������
�������
�������	
���!������
�		�����,	���3��������	�#		���	��@�����&()-�6A�@�
��#�����
()-1.�/	��#������	$	��%	���#���
���������%�#�������	&#�&������$�!!��9
�� �	��#����	���
�%$�����
�������	���#�
�"$�
�	&����%��*���#������������
��&����� ���#�
����$%�$
����	%#�
���#��	� ���������
�����	���%�+���
&����		�	����$�� ���� ���!�	�
���B	������C����������	$	��%���#�����	����
�%%������	��#����	��%����
������%�����	�����9�%�����������	�!	�#����	
���
�&��	���%�%���*#�����$��%�����$#�����������������	*�
�����#������
�� �����	������� �	�	���+������� ������
�	%�%���������	���������D���

E�FG�/	�
�%������%������!�
�� ��#�����!����
������!��%����#�������,?%���!��%�
�
	�#�����������!���
�� �� ����
���	&��8���.

91



����������	���
�����
�������������� ���

�����������������
��������	�������������

�
��
���	����������
�������
������	�������������
�
�������������
�	�������
 �
�����!�"����
������
��	����
��������
�������
�	�����������

�����

�
��	�������	�
�����������������#�������	�
�	�����
���
������������������������������	���������������
���������������
�����

������������
�$�	����	����������������	����
����������
���%����
���������������
�	���
�!�	�����
��	�
�	������������������

�
	�&'()'*+,-./(()0���1���
��������������2(334+*56-.*7+.789:������
 �
���������	�
��
�	���
����1��"�����	��	����������;�����������

��
�
��
�����������������
������
���	�
��
�	����������������
�����
��	�<�
�������	
��	�
����������������!��!
������������
����������������������� �
���%����	�
��
�	�����������	�
�!�	�����
�����������
����������	������������������
���������
��	�
�
��	�
	�����������������
������
	��

���������
���������
����	�"����	��
�����������
������
�������������������������
��������������
������

�����	���������������
��������������	�	����
�����
�
=�"������	�"��������������	�	��������"�
�
�������������������	�

���������������>�"����������������	�����������&?4.95*(+@(A-4059*+B
9:)7C7'7)(D37+5���1��EF��"����GH����F��"����G����I���	�J�������!
 �
�����������������K�	����������>���;���F�������=�	�������������
�
�������
�
���������������������!������������	�����������	���
���1��
��	�
��������������
����
��	��	����������������>�"������L	�

���!������
�"������������������
����
���	��������M75N(AO7?P3DA('7B
37+52(334+*5*70EQ �
HR��!����STUUI�
���������������������
�����
����������
��������������������������	����	�������������
��������
���
�����������#��������
���
	��	���		����	������������
�����������
����"����
����
������
�������������������������	�
�
�	�������������
	��

���������
���������
��������������

V WXYYZ[\]̂_̀\a[̀abcdeXfaghaiagXjYa[]

k����"�	������
�	�������������������������������	�
"������������
������������
�
�����
�����������
�����������������������
����������

���
������
�G�
���	�
�����������������
�	��������
�����<����
������

��	����"�	�������	��	��������������������������������
���
���� �
�������
�	����"�	������
�����������������

���������
�"1������
�
���	�����	�
����������������
������	�����
����������������
��	�����
�������
���������
���
��������
�	��������
�
L������

	��	������������	���	����"�	������
��������
���������	���

����

	�����������������������������	��������������������G�
����
R�
�� �����������$�
����	EGR $�l�
	�������STUmI���1���F��"����G
E�����
	���k���
�	STUnHk���
�	��������
	STUnI��	��	���
��������

92



��� ������	
��������
��

���
���	����������������� �!�����"#$%$&$#�'($��)���*������������

�	����
���	

�+	,-��	./���+�	�.��
-
����/�,��0
�����
�
1��2,	/�,�����
���	�����	���
�3��,��	4��������		,
��	����


��-��-��,�,�5��
�	
-��	����-���	�
��5/�����������
���,���0���
�����+�
.
0�����
/�
��	�������,���+�,0
�������4	�3�����
��������,�
6

7� 8	�-
	�-5�9���+�	�

8	�-
	����
����
���+��0��0�:�������	4�-5�/���+�	�
��,�+��
�	�-5�3�,,;/�����
-
����/,���+�,	�5��)��.��	
	���,��0.�		����;
��	.
�
�	4/�,	���.��-
�.�-��	
��0��������+��0.,��������������.
�5����0���	5��

�	.
�
�	44����

.���
�����+���<��.=�:�/�,��0.
�,4;
�	��	,.�	�,
��+�,-�
.���,��.���+���	*�>���!��?��@�(��"$@�&���!
@$#'!!���$��!�$#��$��������$�!�����@$���!$!��"��#�?���#���!���$��#
'@$��($��A

B� �:�,	��C	5�,�:C�-
�,��0
�:�,	������=���	���5�0��-
�
���	
�D-���
	4�-5�/���+�	���
	����	5�,�:��-
�,��,���	
���
��-5��+	,-��	./���+�	�.��
	���,;
��	,	����,
0
��5
6�	3�	�55�����������,���:����,4���	�
.�
3�,,�

���+��-�,��+�,	�5�����+	,-��	��0��
�	�0.4-���	�
��-
�
	4�-5�
/���+�	�EF�0�	���
�5�����
5
��������
	4/���+�	��:�
��	5�����
�		�����	

�/�,����
EF����	
�D-���
�	/���+�	�
��+�4	����+��-�,
��
������+��	5��.����
�	��;���5������,	�;���5E��+��
���������		,


-���
��-
�,5��
����0	445������
��,����=�����	���
�D-�
��	
�
�G'#����?��('#$G���!�#��H@$#'!!���$��!���$�!��������$#��$���!�#������!
���@$$($�?$��$��@�(��"$@�&���!A

I� 1����4	�1��
4��
�
-��
�-���
�����
4��-���
�����
�		+�,���	5��.�+��0��0
�:�����������,�+����	/,�5
	4
-
����/,���+�,	�5�����	

5-,���,�

��,�
���	��:�
	4�,	/�,
	����0.3��������,�	4��,	���
.��,	�05��
.
��	������������		,
�J$��@��?�������!�$��$K���$!�@$��$����&$$G'#�������
����&$�!$@�(��"$@�&���!�������$G�!A
����BL7M3���+�/����+�,	��������/�
�	4�������5������,
�������
���	-�����������+�,	�5����	���5
���������;��
��������	,,�/	����	

����,;3	�,��,�

�		5�	��:�
.3�������
��-����	�,��
���	�����1��
�
�,�

�		55������,
��	+���-
�/,��������	����,,0�4	�5������	����

�	������
�-���
�-���
������-5�/���+�	��
�������
���,���0
���5�.�	3�+��.���0,����,04�,,3����������,5	45	���������	�,�,�

�		5
,��������		������
�-���
�������,;3	�,��

-�
	4
-
����/,�
��+�,	�5���NBL7O.���	-��	-�3	�<3������������5��	4C	5������+�
C-,�-��,P
0��	,	�0�����Q�:P,��<N
���-��4	��+	,-��	��0R���	�	,	�0.
3�,�-�������S�((����H ��$��$T�"�
��:�,	���	�0����	����	./�	��,0.
�����
�-���
���������
�-���
��������=-��������		������	
�0�5��
�������+���������+��0��0,�+�
��3�����5����,	��,�	�,	/�,

93



����������	���
�����
�������������� ���


�
����������

��
�����������	������������������ !�"�������	�
���!��������!�������	������	����!��	����	�������������
�
��������
��#$%���
�	�����!��
	&'(�)*	�������!�����!��	����������������
+�������������,	����������
����!�������

��������������*,	���
����,�!�����������,���
���������
��	��!���

�
��!������������!&'(�*���������!
����
�!��������-	�!���
�����
	���

�������!�����
�	����������������+��,�	��	�
��
���*��!(�.	��!,��/���

���
������������!���
������������
���������
��	������	����!��!�

���������!�*�!�

�����!��*��������
�����*���
�
��������������
������	�	�
������!������
,�!�
������������!
��	��!�����012345678109:91;�����������
�	����!��

�!���*��!���$�����
��������
������/���)������������
��!�����
����!
���	������!�����������
��	�
������
����������	����!�������<1868=24>?81>3!�
��!�	�!��!��$@/��
����
&'(�)*,��������
����
������!
������	�:A;81587=8>>;=:2B;4=:28C
�!�������������������D�������!���*�����!E
!��*�
������!����!����
,�!/��!����!
������	�=81;3;62FCG12C=2G>;6�

������,�	��������
�!��������!������!�

����!
������
��������
��
������!����H����
$E
!��(��-I���������&'('IJ��
������&'(K)�L���!�����	�
	���
!������!���,�!/*
����
�����������!
����������
	�!
�!�������
���
����!���

�/�	����!��!������
!���!����	���!��
������M������	�
012345678109:91;�����������
�	����!��

�J	���
���
�/�	����!

��	�012345678109:91;��������
���
���� �
��!
�
	��#����
�
���������
����!�!
��!
�
�������
*	�
��������
�!�����������
!����������!������������!�������
��������
��	
�!��	�
����������
�!�N��
����
���	�����
����!�!
��	��������$
����
*���	�!
*
�����!��
)��
�	�!��!��
����M����!��������,
��
����
���
��	�

�����
��+�/�,�
�*����
�/�	����!
������������!�������	��������
������
�!����
����M����
���
,	��		��
����!������������
L���
��

������
��
,�	��!
����!�
��!�	�!
*,������M���	�������

����!	�!�����!����!�
��!�	,�	��	�012345678109:91;�������*������
	�	������!���H��
!���!���	��������������	������������!	�!
�����!��	�
���,�	
����M����������������������������
��*,���
�
�����!����!	�!	�188:=496;6��	���������
����J	���0123456781
09:91;�
�
��
����������������������	����*��!
����
,�!�/���
������!��	���
��
�����	���!��
���
�	����
���*������!������
�����
����
	���!!��
�	����!�����
�!�������,�!���	��,�		�
/��,��������
/���
���������/��	��!����	�������
	��,�������!��
������	��!��������
�@����
	�
���/�!����*���,�	�
�������*,�
��������
	�����	�
�
�������!
������	������!�����������
,�	��

�	���
	��
����
�O	�
����!!����	�M!
,��/��P��!��!�&'&'*N�
�!��!
���������Q�,��/�!��/*��	�����,
����
����������	��!M���
����
�����N��
�!����!��/*�
,����
����,��!��������	���������

���
�!,�	��	��������	�
���!�������
��
�	�������!��

94



��� ������	
��������
��

� ��������������������  !��"#�������$%�&��"

�'��()��
*+,--./�-�.�)�-0	11'�)23�/
-

�	
4	'�)-�1�-5-6	7-�
�76�8	�)�-9:;<:=>?@AB;;<C7�	D-�)4�
�1-�
	8/	)�(	�(�--7-��)	)�-
-5	6')�	
��-�-7-�
7-�)�5-
	)-����(46-���(4���'1��		7-��)�	4�
,-66
�
)	-6-5�)-
)'�-)5	��-,�)��
��		6�17�	5-1-)��
�'

�	
/2-17	,-��(
)�-1)	'
-1	�-��5��-�1-)�	�
8�	1)�-E�	
	���6F	�6��-
-����7�	(��1�
F-,-�-�/6-)	��5-	-��'('��67�	D-�)
-

�	�))�-G�HE6��.I
)�)')-�

1��JG����7��	�)	)�-8'66
�')�	,	8
��		6
��	'��
)�)')-�6�)-G�����F-
7�-
-)�-�-�/��-8	5-�5�-,	8)�-7�	D-�)�
76�-�4�
'11��2	8)�-���66-(-

8��-��'��(�176-1-)�)�	,�)��)�-7��-1���	)-H)4����(�6�(�)
8�	1)�-
�	66�/	��)�5-7�	D-�)�-7	�)7�	�'�-�8�	1)��
,	�.�

KLM NOPQRSTUVROVWRX

Y�-�-)��6��1	8)�-�5	65�(���		6
7�	D-�),�
)	�-5-6	7�1	�-68	��')�-)��

)'�-)-(�(-1-)�)�-�17�	5-1-)	8
��		6�'6)'�-)��	'(�7�	D-�)J/�
-�
�	�-7)'�66-���(�/	'))�-
��-�-	86-���(���'6)'�-�Y��)�
4,-
	'(�))	
-17	,-�	'�
)'�-)
)	-6-5�)-)�-��5	��-�
���5-�
�)�-�'6)'��6-5	6')�		8
)�-��
��		64,��6-'
�()�-
--17	,-�1-)7�	�-

-
)	���5-����-1��6-���(
�)�-
��-�-
	8-5	6')�	��2�)��	7	6	(2�)
-68�
F-�-5-6	7-�)��
��-�/�	��62,�)��)�-Z6	/�6����-
�(�	�-7)4��
7-��8J

���662/'�6��(	)�--1-�(�(7-��(	(���6.	,6-�(-
2)�-
�
	��'���(�)�-
[-6�	8A;>A\]̂_̀<<\̀a>=>?b0	7-��c�6�)d�
e�fgh�)-�-)�6�e�f�i�Y	,���

)�-
-��1
4,-/-(�/2
)�'�)'��(�	5-������(�-
-����j'-
)�	��
-5-��6

)'�-)8���(j'-
)�	
�F�)��)��
���-�)�	,-)�-���8)-�
	1-
)'�-)�-���(

)	-(�(-��-6�/	��)-
)'�-)�	�-7)�	
��-6�)�	)	
��-)�[�7-�
7-�)�5-
�)�-
-5	6')�		8)-����(��6-���(4��	')6�-��E�	D-�)Jk�
-�3-���(7�	)	�	6
���7)-�8�	1�)-�-)�6�be�f�47�l�i�

KLm nRoRpOSqrsRoTWPto

Y�-9:;<:=>?@AB;;<C7�	D-�)�
�	�-7)'�6�d-��
�-�'��)�	7�	D-�)��1�()	
-17	,-�
)'�-)
�
�	11'�)2
��-)�
)
4���

'��4��
/--
)�'�)'�-���	'�
�('���(j'-
)�	8	�-�'��)	�
��7�	D-�)�		����)�	7��)-�
4�
,-66�

-5-��6

)'�-)8���(j'-
)�	
bY�/6-fi�

95



����������	���
�����
�������������� ���

�������	��

��������
���
� �����	�!������"#$%&'()*+,&-.&+#/0/1! �����2� 	�
����������	���
! �3��

4���������
��� 5	���� ����!����������	�������
���
����������
����
��
��������
������!� 
!�����
�����	���6��� ����6���
�	���
���� �7

�����2��������
���
 5	������!���
��
�	���
����
	��� ��� ����	�!� !�
����
������8�2	�� ��� ������!� �����
9�
!:�� ���	�!��������

� ����
��� ���
�	��������
;7

5	������!���
������
���
��
����
	��� ��� ����	�
���� 
�8�2��� ����	�� ��
2� 	���
����2
�	�����  �����7

���	���������������!���
�2
����
��	�
��

��
��2� �
����������!����8�����
�����
��

���
7

<=< >?@ABCDE@FAGHIJKLMKBFNOP?LLMCQR

S���!� ����� �T�����
	����U����� ��� ������ �	�����2	�! �3������
VW$XW0/1Y'Z$$X,:�	������!�2���������
�
�����[������� 
�8�2[�8
�� �


�� ���

�����T���
��!����
�
[����
[�	��!�!��� ���� �:\�U�����86��������
����� ���
�8 �2� ��	����
��	�2 ������8�2����
[�	���!�!������6� �� �
���� ���86��	����
��	�2 ������8�2	� ��U���� ������2 ��
���!�!������:\�
��������� 8��	 �!����86	������!����]�����2��������	�
U������� ���]��
���������	����
�	����!���
8
��
	����U��	� �������  ����
 �����
�2U�	���� ��6��������6������� �� ��
̂
����U��_̀a���
�	����� ��
	_b_b
2� �����U� �����
��

���c:
a�[���� 
�
�����

�����!����]���������6���	�[
�����

 ����	�
�

���� 
������!����]����
�! ��������!�������
2� 
�	�����
��� �����
��� ��
�� 
���:\�����6��
�����8	�
��� ��� 
���
!�����[	��	[�[�����������

���� �d�������������:
4����	��� e	� ���
����
	����8�	��
����T�����
 �������������

���
������6[�� �2���2�� !��� ������	�2 �����
��!��	�
� ���������
2� 	�� ����
�2���� �
�	������6����22� ��	 ����22� ����  ����!� 
!���
���
:5�
���� �]�	�
�!� 
!�����
U���[6	�[��� 	�2���
���� ���������
U�2����[�	��	�����������	���
̂_b_bc! �3�� �!� :

<=f g?hEEiEhCjEPABKECLFJKLMkABLF@FlJlkP@ABLF

"&#,m&'(0W&noY(p-&/(,,Z$pX-X&+#/X0q&$p#+/'&,($#,&W$XW&-($X&+#/

a����
	���U������	��������� ����2 �����	�	� 2� �������
�28�� 
6	� ��
2� �[�� ����������8���!������ �������� ���[�8
:r8
��8���	�[
�����

����	��� ���	� � ���������
�����������	��������� ����[���������
�28��!� ���
!��
�2	�[���� ���������
	����U���
�����:s� ����!��6

96



��� ������	
��������
��

����������	������	��������	�� �	����	��� 
���	

�	���
	!��� ��
"������"
����� ���

#	��� "��	��

"
��������

$�� ����	�� �	 #	�� ���%&�����	���
��	�� �	'������(

#�� ������	�� �	

)�� �
 �������� 
�����	!����
�
*

+	���� �	
	!
	����
�
��
��	
�
 ��

+	���� �	
	!
�	��� 
"�� ��
�	���
"��&�����	�

�����������

+	���� �	
	!
���������
����	��

�,������
�!	��� �	

�	-�
����� �		!
 ��� 
���
��*

+� � �	"
���	�&�� �	

.�
 �/�
"
���	�&�� �		!���	�
������" ����%�����	�
������"���� �	
 	
�-����	�� 
"
���� ��� �"
	����
������

.�
 �/�
"
���	�&�� �		!
����
" ����%�����	�
������"���� �	
 	
�-����	�� 
"
���� ��� �"
&� -��%��	��
	����
������

�	-�	�

���� �		!
 ��� 
	����

�����������
	!

���������
����	��� �	

����� ����  � �	"
��	 �	��
 ��� �"
���� �	 	���	�
������"���� ����
�	
�0����


�����������
	!

���������
����	��� �	'1234526
786893:;1(<���� ��
��-���"������	�
�  ��� ����

	! ��
 ��� '94634526
786893:;1(

�	-��� ��� 

����� ��" ��
��  ��"
	��� ����*

=�	�	�����
����	��� �	"
�� 	
�
>���	
�


��	���� 	
�	�% ������	��!	�
�� ���� ������

�	����
������>��� � �	"
 ������< ���	�	���

���!��
 ��� ��� �� 
�����

? ��
�	 �, "
��		�
�������
����	����,��	������	
�
 ��
	!�����������
	����
��������	��

�
�@	 ��������-������������A� ���	��
	!����� �	�
�-�	��"��
!	�
����A�
��		�
���� ������"-���&��� 	 ��/�&	�  ��
	�����	�� �	
 �� -���!��	�
	������ �������� ���
 ��
	! ��
�
�
 ��
 �� -�������	
 


 ��� 

�	������������ ��!��� ��� 	����-� � �� 		�
	! ����� ����
��	���� �	!����!��
���	� ��
"�� ��� ��&��� �
 �����	���� 	����%
� 
�����������

B857C893:D8EFG829H8577H;46IH86C734I81378D;6D83H8:5J:1I7

����
����&�� ��������������!�	�����	 ���!	������	
	!����
"
 ����!	��-������� ���������� �� 	������-� � �� 		�
	! ����� ���-�
���&	�� 	��	-����" ��	������ ������	�� �	 ��-	��� �� -������ 	���
�
���
 ��������!!��� !�	� ��-	��� �� 	�����
 	�
������" ����!	��-����
�- 		�
��/	-������&	� �	- 	����&�
 � 	���K
-	����=����
� ��
 		�
	!�	���
	��� ��
�������	����,����
���	��� 
-�-	���	 ����
��	� �����	����	�� �	�����
 "� �
 ���	��	! ������
 	�
��	��� ������
���� ���
 	��	����-
�����
	! �	��� -� �� �����
	!
 ��� 
�

97



����������	���
�����
�������������� ���

����������� !"�#$�%���&'#($)��*�'+���$�'��'(���&���'+%�$#�,��'%�-���*

.	�/��/��
0��
�1��/
0�����
234	��/���//��567���	�/����
17��8
���97�����
�������/�
�	���
	��/���:�8�6������11�����1�/���
7���
;
<�
����1�	��
������0�/
0������/	��	�/5
7���
	��
����
5=�		�	��0
�1���	�/
���
�����

5
	�7��7���/
���	�����7����/8
�������1���/�������
6���0�=�/���������	��/�=�
�	���
8
���6���
��:�8�6������11�����
��	��/�=�����7����
;

>?@ ABCDEFGCHIJKLMCNOCLEPQPRDEFIFHFS

<��/��/�
/7�7/�	�����
������5=����0��	��/�:���T�
��U��/����V�TUW
0/�����1/��	��'%����#,((�,�%�%X�00/���	�1��/����;V4Y2�50;ZY[
��.�6��
�W;.	�
�����0/�����
�����//�����01�/0/�:��������0���=	�������/����
6�
0/�����
�����	���1�/�����07��7���/
������;�7�	���00/���	���
�

\]̂_̀a�������0/�:���6�
�����/����0/�����1�/	���������
�	���
0/�:��

�TU0/����� ��������
�	���
0/�:��0���

2;�/�:����7��	 bc�
�7

0/�:�����

b������
7���
��
7���/��������
0�/
0�����
��	�����7����1���	������
���/����
bd�e������/������0
��������07��
/������
	�0
��	�/������


4;f��0
7���
0�����97�/8���67���
6��g�/�7��g��=�����

b������
7���
��0��//�e��������
	���������8
�
��	��/���/0/�����
�1
	�
7���/������
b<����18�/��
�1��/�����5��
��/�����5�/
���/�
1�/17/	�/����
�����������	��/
0��/


b��������7��8
����������
������V
W

�;h����/
7�����97�/80/���

�
���
�7���
7���/�e�����

b�700�/
7���
��	�������0������
��0����������1	��/����7��8
������
����
������


�;�700�/
7���
�
	�8���
/7�
	��	�97���80/��7�
	/�7�	�/��97����
/���
���

bi
�����7��8�������U�6=��g�8

�

���
�������
7���
��0��//�e�����
���/76/���6�
������8
�
�1	��/���/����
/�
��/�	0/��7�
���j���0/�:��/�0�/

k;l/����m�
7���
�0/�
���/076��
		��/
j���0/��7�
��/����=�/���7������

b�700�/
7���
��	�076����������
����7��80/�
�������1	���������
��	���
/�0�/

n;�/������00�/7����
1�//�e�������	�
0/���



bo����/�e�����
�

���
b��������1�/0/�:�������7������	�
1����=���
�	���8��/

b����6/����

98



��� �������	
��������	�


�����	������������������		������������������������������
�	����������
������������������������������������������	�	��������������	����	��	��������
 �������	!"#$%�

&'( )*+,,-./-0123*2.3*-456+7-589*66,:7+;3+326.
)6.3-<3

=��������������������
����>��������
	�		�����
������?#@	����������A������
��������		�
���	���������%�	������������������������
������	���	��������
��B������C��
������D���
�����
�������������>���������	��������������
�	��
���%��		������������������E����C��>��������
F�����������
�	����	��������������������C���������E�����	���������?

	
�����
�
�����
�������������������������	�
����F
�	����
��
���������	��
C����������	����������
�����	���	�������������	��������C���C��	���
�
D��G����E=�	�������C�����	������	�����������������������������������		
��H�������������
�������
���������I������������	������������	������
�����		�C�����������������
����>����I��
���
�J�	������������E	��	�
���
	
����������	������	��������	����J����	���		��	�C��
�����
�������������?
���������
���������	���������C���	���������������������E����������������
�
��������
�����������������������	����		����
��	������������
��	������
��������	
����C�	�C�	���������F���
��	�����
����������	����������	������
	���		����
��	�	�
���������������	�������	���H������������������
��
��
�����	��������	
�����	�����
�		���		��������	�������������������
���������
������������������������
����
������������C����������C���	����
����������
F������������
�������������������	����	��C��
�	���E�����������		����

���������������������	�������������	����
K��	����	������>��������		�	
�
������	����������������������H��������	�����������������		��	������	
�	������������	�����������	����������	��������	�
I������������	�����J����	����
K��	����	L

#� I
�����	����������������	�����������C���	���
����������������
��?
�����������������������	�	���	M

!� I
�����	����������������	�C����
���		�C����������������	�������������
�
������������������������������������������	�	���	M

F
������		���������������������E������
�������
�������C����������	�
������
����>������
�#"�
��������		������
��
�NO!@%	������	�����������
���������������
��
�������	�������	�	����=F����		���	������	����������
���	���
�����	�������������������=��
�	������������C���������P��F�C�
�����	�	�������		��	������������������QK��	���������	C�	�����
�����������	�	
���
����		��	���������	�������
���	�	��������
�������	������������C�	��
��	�������������
�����	���������������������	���		��	��	���������E�����
F
�	����
��	��	�	������	����������	����������������������

99



����������	���
�����
�������������� ���

������	��������	�
�
���������
��
�����������������	�������

�����������
�	���
��	����	��	�
�����

 ���������	�!������"����#���
����������� 
	���������$�����������������	����%��������������������
���������������������������������
��������	��
��������
�����������
����������������
������	�
�����	��
 ��	�����������������������
 
���$������	��
	�����$�����
���
�
��	�
����	��
�	������������	�
������
�	������%�������������������
�����
����$��������������
�����
������������
��
����
&������
%���
�
	� ���

���� 	�������

����
&�����$���������������$��������������������
���������
������
���������������� 
�������� ����	���������
��
������
�����
����
��	�

������������	�������
��
��

��������$���$��	�������������
'����
	�
�	������������%������ �����������
�����������	()*++,


����
	����	��	������������	�
�	���$���
���%
�	��������������
�����
�����������
�����������	��	�
�����!���������%��������$	�

���"���

-./ 01234564789:;1556<=2>5?@

A	���	������������"������
����
��	����"������������������$
����
������ 	����������
��� ������$�
 
���������
���	��	���	
�����	��

���������
��	��	�����	����������������%��	�����������
����������
	����"�����
��(	�
BCC����������	���
�D�������E����, �������	����
���$
�	��	���		���%�$!�����
�������������
��

��������
��
���	����"���
F��
 	����	
������#�����
��	������������
���	��
�����$	�

��������G����������	���
H �����������������$	� �	���	�$����������$
	���������
�$������
�����	�	�
�	��
�����
 	����
�����	��
�����
�!����$���I���	��%����
������
����������
������
�����������������

��������	��
 ������	����
������ 
����
&������� ����������������

��G������������
H���G��������
�	���
H������
%�����
��
�����!��������
���
	�������������������	���	������������
�������������J�����
���$ �����
�	��$�����
����������������������	
������� �����
���
������
 ��������	�� ������������������ 
�����	�
�
�������������

���
�������
�	������
������
��������������������	��	�������$���

�
�����A���
��

	�
������������������������
�������������
�����	��
��������������������KLMNOP)QLRSTUKPS)MVM)P)KLWXPVNPYTP)MWZVNPL)NL([���
�	
��������
	 �����

,���������$	������ 
����
������	�����������������
�������$
�����!������
��������	�����������
�����������������
������
��	��	�
����� �����������$�����!��	�
�����������
��		���
�����
���������������������������
������ 
����
�����	�������$������������
������\+(
����

	������

����������������	������
�	���
$
��, ��������$�������	�
�
���������
����������	����
������
���������	�����
�	��	�����
�$��	��%��� �
���
�����$���������	�
����!�
��
�	�����
��������$�����
 ���������$
����


100



��� ������	
��������
��


������	
������	�����������������������������
��������		��������
���������������������	��	������������	�
�����������������	�������
������	�
���������	�������
	������������� �
		�	��!
�����
�����
�	��"������
�������#$�
�����

�	���������%�	�����
�	�
��	�����	�����
�	
�	�������	���������	�������
��	��	������	��	���	������������
�	�����	����	����&������
��

�����
'�������������	�
�����	�

()*+,-./)01)2324051.67�	�����
���������
���
���������
������	��������!
�������
�	���������������
�
	���
�����������
����8
����
	������
!
�������������	��������	���	()*+,-./)01)2324051.67!����������
��
�����
��
�	
�
�9��	������!�����
�����
���:�����	��������"��������
�������#$�
�������������
�	
��	��!����������"�
��'����	
	�
���	���	����
�������
#;��
#<�	��	����	%���	��������
	����
�������#$�=��
!���
�'���

�	���
	��������������
�	����
�������"����		�
���8���������������	��������
�
>�����!�����
�������������
������������	������	����
��	"����	��������

�����	
��		�����	�����
�������	�������
%������
���	������	����
	�
�������	���	������%��
!�	�	�������	�����
�!
�����
	������������
�����������	��

��
�
�����9��	������
�����!	��	�
���������������	
	������������	"������
��		�����!�	��
����
��������	�����%��	
���
�������������	�������������	�����	�%!��������������7?;@����	����
�����
�������
���	�������	"������������

ABC DEFGHGEIJKLMGNEOPLQPRSTHUNLLQJVMLWEUG

X������
��	�
����������
����	������������

	��������������!�����
	������������
���
�	����	�������	"��������������	�����	��������

��		�!����
	�		���������	�
����������
�	���	��	���	�����	�%��!
�	����	������!	��
���������	����	���
�	�%�

YZIMLPEGE[UNRSTZ[GEMR[QJ�������	������
�����
������������������������
���
�������	��	���������	�
��		�
�
���!������������
�����������
���'�
�
��	���
�������
!��������%�
�����������
�	���
������������>��
�!�����
�		����	�����'�
���	���
�������
������������������������\����	���
�
�	�������������
�����
]�	�����	
	����

����'���	����
��������������

�������������������	�!�����
����	��
�����
����	��"������
�������	�
	���������	�������
�	��������	��	�������!�������������	����������
�������
	��	���
��		�����	���
����
�������	�������'�����	�
�����
��������	�	�����������������	�%������	���
	������
������������
��		�
�	���
!
��X���;̂$<��&�����	�%���	������	���������	�����������
��
	����
�	����
�����
������������	
��		������������	������
��	��
_6̀ 4̀7.1a(0.)70)b.)*2c4.2)+6/(0d66*_4*14/)e���
�������;̂;̂��
�����

�������8��	�����������������������	���
�
��������;̂$;ef��
����
��������%;̂;̂��9����������!����8�����	����g/6h60.5*(0d66*hi7j)716/a
������	������	������	�
�����k�����������
�	
�
���
����������
��

�	

101



����������	���
�����
�������������� ���

�����������
����������
������
�����

�	�����������������������	�
����
����
���
���������
�	��������

��� !"#$ %&!&'&()&%!*+'*�((+,-+.&) �,�+/0'.'*&&('(&.1%+.�2
��	�

������3	�������45��������
������������
	��	����
�6��������	�������
7	�
����
�	�������������
�	���
������
���
����
��	������������

��8����6���	������3	�������������9�����������:	����;���������
6�����������������������
�������
36���
�
������������������6������
�������������������
�2����3�����	�8�������<����
��
���	�����
������
��������=���������������������>3�����������
���	�����

������
�
	������
����������	�?���	�
���������6�
���������������	�������
3
��	�
	�
���������������������
���=@���������AB4C>3�	��	���6��
�
���	�����
�����
�����������6�������������������������������8���������
��������
3�	���
���������
�������������
��
���������������������
�������������
��
��������������������
�6��
����	��	�DEFGEHIJKLMFFGN���;�������
�<������
�������
��
�
����
�������������������
����O������
����

�6��
�	�����
�������6������	
	��<��
��������3�

��3���������������	�
�������
3��6���������6�
�����������		����;�����6�������������
��	��
�	������
��������
�

P%+�!+!&&(.)&%'%&..Q.'*&&('&((�R&%�!0&,.�S����
������8��	��������������
���
��������������8=������T�����U���	AB4CV@�8������AB45>3�������

������
������	���������	�������
��	���������	�
���
����
���
����������������	��������������

�
�	��������6������
�W�	�
�����	�
������
3����
���6�	����������������������;�

��	������8��
�	���

���8��������

�����O�������������
�	��������������

X YZ[\Z]̂_̀ abcd[efbghije[Zbib̂ck[iil̂]cm

��������
�������
����	�������
�O���3O����6�	��		���	���
��

���
3���

������
������6����
��������
�n�������������������
������3����	���

���������������o��
�����
	�
6���
	���������������
������
6�	����������
����������
�����
����
������
���������
��
3
��		�	����������������8
�����
������
��	��	�
����36���������3���
�����������
�6������������������
������������	����
�o�������
	���
4B3BBB����
3�����
������������������
���	�
������������
���������
�����������p�����������
����3����������
���	�����������������

���
�������������������������6�����	�������
����
�����6�������������������������
���
����������������	���
���
3����

�����3�	���6�����	����=q�������S���	AB4r>3��	�
	����
������
������
����s	�������
�������6�����	�
����O�
��	�����
��������������
��
����
�	���
���	����	�
���������	���
��������
������������
��
�������p��
����	������������
�7	�DEFGEHIJKLMFFGN���;����
���������
�������
����
����������
��������������������	�
�6�������	�
���
6�����	���������������t�	�
���;�������3�
����������	��	��
�����

102



��� ������	
��������
��

�	����	����������
��		�
��
��������	��
�������������
���������������
�
�	��������	
������	����������� ����	�!
�������������
��	���	 
 ��	��"�����#���
��������	���������	
�""	���	 ��������
������ ��
��
�������"�������$%��������&'(()*���������&'(+,�*��
��		�
�������
��	�������	��	"�� "�	���-
��"	�����
	���"���������������!��
�

�	��������$.���� 	��
/,���	

�	����
�0�����
��������
�������"���-��
�-"	
�������	�
 ��
���	


��		�
���������
����
�-"�� ������	���
������	
"�	���������������!��
��
	����

���������������""�	����	�-"�	��-���
��
����
�������������
��	���
��"	1234567289:;65<2:2=3>5::?=@A

3@2B$CDE
)
��F�*����������&'(������� 	��	����E������G	�����	�	�
�	-"����
�����
	����
	���CDE-	���,"�	����
���-	
�
��������"����	� ���
�	��-"	 ����
��		�
�	���"���������	-�����������
�-"	
�������

"���-���0����
�
��		�

�	�����	"�� "�	���-
��"	�����
	�����
�
	����
�������������@=3H2@6I5=32J3$.���� 	��
��	��
�	 /,�0��CDE��
�����-	���

����
�
����-�����������	���	����	
 	����	����	--�����
�
����!
-�������"�	��

	������	���-"�	��-��	��-"��-�����	����		�
����	
�	��
	.��������������������������/��-"��-��������	-"���"�	��

�

�������	-�������������-
��
�����������������
�G������-	����-"�	��!
-���
����-������
������������	���
��������-��
���-������ 	��
	�

	�����������
0����������
����	��"�	K������-�������-"��-�������L<5M<@=NOIH55MB

"�	K�����������"���-�� ���-�����
�-"�	-����	������������
-��
�������
�����
��		�$���	����


��		�
��	����� 	���, ���������P��
���

��		���
��	!�����	
�
��-����"�	��

�	��-"�	���"�������	��������!

������������	�������	���	-�
��	-������"�������
�������	�	�����
"���-�����"����	���	��
��	 -��
��		�
��	������������
�-�"	
���	Q
0���-"�	��-��
�		��"�	K���"�����	�����	-��
��		�������"��
���

-���
��"�	 ���
�
������	���#���"��� ���	���������
��������������
�	���
 ����
��		��-"�	��-�����	��
�������
 	�����
�	��
�""	������
��	������ 	�����-"�	��-�� 	���
G	����
���
	��"������� �����������	"-��	����
"�	K���� �������"����

�	����	����	
 �������R�	
	�����	�����
������	--����$S���
�����&'(+,
�	�����T65B5I@UMOIH55MB$   �R�	
	�������		�
�	��,�
��������	��CDE�
�	��
����	����	�-"�	���
��		����������	��������	���	-�
�0��
�� 	��
�
	 �������������	"���		����
��"�	��

�
�	������������""�����		����
�	�
��		��-"�	��-�������
��
��	
�������"��
"������
	������-�
�����
���
"���
	��������������	����		��		"�����	��������� �����-"��!

�#���	--�����-"	 ��-���	��	������"����		��	����
��"����"��
�0��
L<5M<@=NOIH55MB"�	K����
	��""�	�������-	����"������������

�����
����
��	����	
�������
�����	 ���������	����R�	
	�����		���������""���� ���	��
�	�����
���"��	������	����������-� 	���%�
������
�-��-�����������
������
��"�����
���������
�
�	�"������"��	��
��		��-"�	��-��� ��	"�
R�	
	�������		�
��
�""	������-"�	����-"��-�����		���	�������		�
�
��������
���	�"�	K���
 ������������-
����-"�	��������
��""�	����
�

103



����������	���
�����
�������������� ���

� �����������

 	�����������	���
!"�#���
���	�"�!��������"�$%��&'�
��%����	�
��%�����	�������
("�%�	)*	����)��!�������+,�
���-�"�!"�
��
�%��$%�
�!!"���	���������
%��������%���"�����
��
�	����	����!"���

�
	"�%�	

�����'�"�.�������	����!����%�%"������%����/
�	���
-������(	��
"�.�����-����%
����!!"���	�
��	�����"�������!�"	�!
��"�	�����"+0%"
���%
"������
�
%�*���
������(/�"��/�"������//������"�!����!"�����
-
���*�
%���
����/	�!�

�)���*/�"�
"����"����"����)�(�����������
���"�������!�"���!��"*
�	�����!"�������//�"
+0%"����
���!	�"��
�������
%���
��	�����%����"*
������	%������"�����
�!�"���!��"*��
���
���"��
�(�
��(�	��	%
��
�������!���"�.���������%���"	���

�	����������/��������
+1%"	�"(�"&�
"�$%�"�����!�(�"��"���%���"
���

%���
�"�%��	�(�"����������	�"���!"���	�
�!�"���!��"*!"���

�

�/
���������/�"���
�	�����!"������!�	(�*
+,/��(�"&

%�	�
�"�
�����
��	���
���	��!
%
���	�
�)"�����"�����
-(���%��
%"��*��������(�%�%"��
���!����
�	��	�������
	�
!�������	�
)"�%�	-�
(����
�	����*�	�"
�	�������
	�	�/%%"�(���������)�*)"���-��%"��%�������
*
��
+

234353��3�

6&��
�7-7��
��8�-9�*�
��:;<=�>�"�
�����?%
�������%����"*
�������)%���!"��%����-
�$%��)��-��������)�"�����"�%!
+@�(9�")����"�%)�������

A"*&6�-B���CDE-B"%��(6:;<==>B��������
��������?A%��������(�"&����!"������
����%����
����%�����+,�?1"����"
��
�������*�/��%�����+�!"����"-8�"�"��	-!!=;�F
=G;
��!�A-H����C�
E:��
>:;<=I>6!������*�/�%�����"����
?���"����)*��
���+�!"����"
��"��
	8-9���
�	�:;<=�> 	�J����/����%����"*�%���
����%�����/�"�%
����)��8�����
�!���+,�?B�	�"B-7��
��8�-9���9-B���%!6:��
>8�"(��K
"�����!�	��%""��%�%�?
����%����"*
%���
��	��	�"��%�����+0�/�"�L����"
�*�"�


����������	���
�"�#��:;<;<>����������	���
�"�#��J�!�"+B��)����8	!
?MM���������
�	���
+B��)����8+�"�+
1�
	���AN-���%��7J-6����6J-�	���A9-��)����@0J6:;<=O>8�
����)�
����!���������
"�
��"�	?�����"���������/�""��
/�"����	�"������
	�!�/"�
��"�	���!"�����+@����
�%�*��%==;:;>?=OGF=IG
1%���
6:;<=�> 	��"�����
!�"&?	�(��������������	%���
����!�����+����%��
B��"*8�-A�"�	8A:��
>:;<=G>����%����"*!�"
!�����
���	���������!��������%�����+
�!"����"
B"�*�:;<=O>1"������"�?(	*%����
	���	���
����!��*(�����&��%"�	���"��	�!!��"-
��"�
��/�"�����-���)��"
%���
/�"��/�+9��	��LH
9���
�	�-��"��
	8:;<;<>��%�������!�������/���	�������%����
�����"��
��!����"*

������+����%���?��%0%"���	=O:;I>+	!
?MM���+�"�M=<+==PGM
=;<I;�<;<�<<=OP��
9���
�	�-��"��
	8-6&��
�7A:;<;<>����%��*
������'����%���/�"
�	����%�%"�+
B��)����8+	!
?MM����%��*�������+B��)����8+�"�
9���N:;<=;>Q�
�)�����"����/�"���	�"
?������C�����!�������"����+J�%�����
H�"
�	��"�6-9���"��&�:;<;<>9�(���"����	�!!��
?
������(�"&
����%�������!
*�	����*
���(	�	�*������!"�����+J�%�����

104



��� ������	
��������
��

���������������������	����	������ �!"#$	���%&	��'�	(�)
�(��''�	����
&	
��'�	(���&
�����������&�	�*��+��

��������
����+�,����&�-.����������&��
�/���++����� �!0#�1'�
����� ��)+��%�2
��+�
�	++�3	��&�(������&�	��
�������&&'
)44�	��	�%4!��5! 5�4	
6��	4�'�7%
��++��-����	66��-�%��������� �!�#8
�	6�
	���+�	&�&�	'+�&6	��6	�'��2�+�


�����%�

�%��&
��9�''���&�	���&	��'��
��
�+�

�:�	&��� �!��5#
��&�	';� �!<#��
�%23�
��
��		+��'�	(���&)�'���&���+%����6	������&�	+�����
�
���(��������&�	���


1
&�	���!00�#=�����6	���(�������&�	)��	++��&�(���&�	'��
'��&�(��>)$	��
�	'�
�	+�&���+=��	�����	+�����+�
�
�''�0�? <
�	&��&��;�/�

����1
&�	��� �!�#$	���%&	%�&���)�	++��&�(���&�	�&���	��	
���
��+&�'+���&�	�
�'���&���������&	8�(��
�&����


�&���+�-� �! #=���(	+(���''��&�����>='��


�&��/�:�����	-��	����/� �!"#=		+
6	�&�����%�	��'&��+����
&���%�
��	����)
��
�%�%+�

	
���

�

��&
6	����'+����%�,	������


(����@��=�;����/� �!�#1'������&�	
��������;�1'���5#
$�+
	���1
&�	���,	A��� �!5#�����+���%&���	����
�%'����'+�
6	�&���6B����	6
%�	�'
�/��	����(1�%�0�)� !?�5 

CDEFGHIGJKLEM�
&�������&�	��(�+	'��&�		����&	��&&����'��&��&	6,	�'���&�(�
,�+&���+�
���	+	%��&&����A�+���>
&�&�&�6	��(	+�&�	����&��	'	+	%�����
�&���
&��
�&�����%��+����%�&&���&��
��&�		6�(	+�&�	�3���(�	����
�
&���3�+�&�
������
$	���%&��	�%��	++�3	��&�	
���	


���&�B��
&�&�&�	
��&	��&�	�+	2'�	B&
���+	��+
�+�

�		�
����
�
����
	���+3���(�	��
��	��'&��++�
6	��&����
��'+���������&�	
&	����
���'������
&���%
	6&�����++�%�
��
	+�&�	
&	
�
&���3+���(�+	'��&�&�(���
+�(�+	6
	���&�����
�+
	�	26	����	6&�������&�	�+	2'�	B&	�%����&�	�+	3�+���

CJNODEPHQPHGERM�
������&�	�+��
��������&�����������&	�
���������+����(�+	'���&&��
�	���%%�	�'	6'������
��		+
����������&�	�&&��8�(��
�&�	6���'��%�����
�	���%&	
�&�%��&�'��
'��&�(�6�	��(	+�&�	����&��	'	+	%�������3���(�	��+
�����
�&	�	���
-2! �������+���&�����%�''�	����
6	�&����(�+	'��&	6����'������
&���%	6&��
�����	��&�	�����
�+
	�	26	����	6&�������&�	�+	2'�	B&	�%����&�	�+	3�+

105



3. Closing discussion
The chapters presented here, taken as a whole, suggest that some dominant traditions

within the mainstream of international evolution education research are constraining our

collective ability to teach evolution as the interdisciplinary science that it is. That is,

significant swaths of evolution education research may be unreflectively climbing the wrong

mountain, and an intentional change of course is therefore required. Beyond mere

conceptual critique, this thesis also offers early glimpses of potential solutions, and hints of

what the educational potential of advancing these solutions might be. Critically, the

landscape of educational innovation and research needs identified by orienting towards this

mountain of interdisciplinary evolution education is vast. Any attempt to climb the heights of

this brave new world should be made as a team effort, and such teams should be equipped

with the tools, information, and skills to comfortably advance to the next highest resting

camp.

With this aim in mind, I frame this closing discussion around the  future directions of this

work, within the context of our emergent project, OpenEvo (http://openevo.eva.mpg.de), a

digital basecamp for climbing the mountain of interdisciplinary evolution education. In line

with the educational design concept and research design model described in Chapters 1.1

and 1.2 (and more extensively in Appendix B), OpenEvo uses the world’s most widely used

open-source Learning Management System, Moodle, as an educational innovation and

design research platform specialized in the space of interdisciplinary evolution education.

The sections below outline how OpenEvo builds on the work of this thesis, and in this way,

provides a proof-of-concept for the scope and scale of claims made herein. Conclusions

then summarize the broader implications of this thesis for the field of evolution education.

3.1 OpenEvo Learning Hub

It is beyond the scope of this section to provide comprehensive documentation of the design

details of our emerging online platform, however this section can offer a concise overview of

selected key design choices. Launched for selected collaborators in June 2021, the OpenEvo

Learning Hub (http://openevo-learninghub.eva.mpg.de) is a dedicated Moodle server at the

Max Planck Institute for Evolutionary Anthropology for supporting the evolution of an open,

networked, and interdisciplinary evolution education research community.
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After an extensive year-long search and analysis of prospective online learning and content

management systems, we choose to proceed with Moodle for a number of specific reasons

related to our aims. Primary among these reasons are the globally widespread use of

Moodle (see https://stats.moodle.org/), the emergence of a socially networked content

sharing ecosystem across Moodle servers (MoodleNet, https://moodle.com/moodlenet/),

and the related commitments to open, collaborative, and ethical platform design (see table

1).

Table 1. The principles underpinning MoodleNet (Source: https://moodle.com/moodlenet/).

Open

Open Source. Open Pedagogy. Open

Content. Open to all educators to discuss,

share and work together to build a better

future.

Transparent

Built in the open, based on suggestions

from the community, with MoodleNet you

are welcome to observe and participate in

what happens behind the scenes.

Safe

Secure, standards-based, and

GDPR-compliant. MoodleNet communities

are moderated by you and your peers, not

by a single central organisation.

Connected

Bringing educators together from around

the world, MoodleNet exists to create new

connections and strengthen existing ones.

Private

MoodleNet is developed using a Privacy By

Design approach, meaning you can share

as much about yourself as you are

comfortable with.

Ethical

Unlike most other platforms, MoodleNet’s

business model does not involve selling

user data.

OpenEvo is run on a local instance of Moodle, and is working to integrate with the emerging

MoodleNet on the basis of these platform design principles. OpenEvo as a platform has

therefore also adopted these as guiding principles for future development, in addition to our

broader aim of supporting open science across the scientific workflow in evolution

education research.

These principles are central to understanding the aims and strategic development of the

OpenEvo platform as an international educational innovation laboratory, rather than a static
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hub for the implementation of predefined online courses. That is, we aim to provide space

for scientists, teachers, and students, from all backgrounds and disciplines, interested in

collaboratively improving how we teach evolution as an interdisciplinary science.

With this aim in mind, we have structured the platform to specifically facilitate multiple

scales of social learning and access to the educational potential within this expansive new

landscape. Table 2 provides a quick overview of how the module structure facilitates this

multilevel learning capacity.

Table 2. OpenEvo Module structure descriptions.

Module structures Description

OpenEvo Platform

Modules

This category includes the core introductory modules for orienting

new participants, as well as all stages of users working to learn core

skills in educational design (including specific Moodle-based

educational design) and community science..

Featured Modules This category is where scientists and model scientific communities

collaborate to evolve featured modules within thematic areas of

expertise. All modules here start as draft repositories for content

area resources. Through scientist and teacher education

collaborations, these repository collections can be selectively

improved, with positively evaluated materials being copied into

self-study and/or instructor-led modules on this thematic area. All

modules can be made more or less open to selected communities

or the general public, based on editorial and community-based

decision-making.

Field Site Modules This category is where local communities, typically schools and

teacher education groups, anywhere in the world, can develop,

adapt, and improve locally relevant resources aligned within the

OpenEvo scope. This is a space where teacher education groups

can copy, adapt (including translate), and implement featured

modules or featured module activities for use in their local

university (such modules can be run on the OpenEvo platform or

created there and migrated to any local institutional Moodle
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platform, as practical). Additionally, school communities can

develop School Field Site Modules which can serve as project hubs

for evolution-informed community science projects, working

towards community-based cultural evolution at any scale of interest

locally.

The OpenEvo Platform Modules include some basic orientation resources for incoming

students, interns, teachers, and scientists. Additionally, this category includes a strategic

range of system-level modules (in various stages of development as of this writing), to be

made accessible to all system users as core resources relevant across all other module

categories. These core modules include the OpenEvo Labs, specifically our Educational

Design Lab and Community Science Lab modules.

The Educational Design Lab provides resources and activities for orienting to the

pedagogical and design research framework for evaluating, developing, and improving

content-oriented resources on OpenEvo.

The Community Science Lab provides resources and activities for both students and

teachers to develop community science projects related to school improvement and/or

sustainable community development.

As will be described in the sections below, modules within the Featured content and Field

site categories on OpenEvo are required to include either an Educational Design Lab and/or

Community Science Lab section within the module, which curates or adds specific

opportunities for project development related to the module content.

These OpenEvo Platform Modules are being developed to create a smooth and partially

automated on-boarding process for motivated students and teachers to use the system

tools to optimize their own local learning goals within a shared framework informed by an

interdisciplinary understanding of evolution and human behavior. With some basic

navigation skills developed in this area, users can proceed to fully engage their target

modules. The following sections highlight how featured and field site module categories are

being developed to support the networked improvement of resources and curricular plans at

different levels within the global education ecosystem.

109



3.2 Networked improvement of featured content modules

Featured modules represent the highest level of content curation, review, and spread on the

OpenEvo platform. Each category within the featured modules category represents a

selected model scientific community or thematic area for module development. Model

scientific communities represent scientific organizations (projects, networks, institutes, etc)

that represent a core area of interest for understanding the full breadth and depth of

evolution as an interdisciplinary science (see table 3).

Table 3. Selected model scientific communities on OpenEvo. With the aim of connecting current

scientific discourse into effective local educational opportunities, OpenEvo is working to support

selected model scientific communities in developing content repositories that pre-service or in-service

teachers can explore and improve. As these repositories evolve, it is possible to work towards open

access self-study modules and various formats of instructor-led modules. Collectively, the diversity of

scientific disciplines and the convergence of evolutionary conceptualizations across these (and other)

scientific communities provide further sociological evidence of the richness and rigor that 21st

century evolution is a robustly interdisciplinary endeavor.

Model scientific communities Description

Prosocial Schools
www.prosocialschools.org

Prosocial Schools is a circle within the international
Prosocial World community, which has the mission of
consciously evolving a world that works for all. Prosocial
integrates theoretical perspectives in evolution,
cooperation, and contextual behavioral sciences. Focused
on cultivating psychological flexibility and core design
principles for cooperation across levels of organization
within communities and societies, Prosocial offers a
uniquely synthetic framework for evolving cooperation
across cultures and contexts.

Diverse Intelligences
www.disi.org

The Diverse Intelligences community of practice is a
global network of highly interdisciplinary scientists, artists,
and storytellers interested in how humans can better
recognize, shape, and program the diverse intelligences of
our world (and, perhaps, our universe). Looking across
human and non-human diversity, understanding cognition
at the level of cellular function, and deepening our ethical
application of artificial intelligences are all core areas for
Diverse Intelligences scholars, who connect throughout
the year, especially during the annual Diverse Intelligences
Summer Institute.
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Cooperation Science Network
www.cooperationscience.org

The Cooperation Science Network is an interdisciplinary
network of researchers and science communicators
looking at the concept of cooperation across any and all
contexts. Again, drawing on research across human and
non-human diversity, understanding cooperation dynamics
within the cellular interactions of multicellular organisms,
the Cooperation Science Network, like the above
communities, has a strong interest in emergent
applications in society and health from this
interdisciplinary evolutionary scientific synthesis.

Doughnut Economics Action Lab
www.doughnuteconomics.org

The Doughnut Economics Action Lab (DEAL) has emerged
from the work of economist Kate Raworth, whose use of
the Doughnut Economy metaphor helps communicate the
safe operating space for meeting human needs without
exceeding planetary capacity. Doughnut economics is
premised on an interdisciplinary and evolutionary
understanding of humans as a cooperative species. DEAL
has been working to advance toolkits for cities and
schools to engage community science methods for
analyzing the social-ecological dimensions of their
communities at local and global scales. These tools are
being integrated as core resources in the OpenEvo
Community Science Lab module.

The primary (though not exclusive) target participants for OpenEvo are international teacher

education programs and students. In this context, during our early launch phases, most

students enter the platform in the context of collaborative engagement in our Human

Behavior and Sustainable Development module

(https://openevo-learninghub.eva.mpg.de/course/index.php?categoryid=5). This module

serves as foundational training in the conceptual and pedagogical aspects of teaching about

human behavior, evolution, and sustainability sciences as interdisciplinary themes within

general education contexts and is built upon much of the work presented in this thesis. The

module is designed for pre-service educators from across subject areas, with many aspects

adaptable for motivated upper secondary students, as well as in-service teacher

professional development.  The module helps participants develop foundational

competencies, while challenging them to apply their skills to the evaluation, development,

and improvement of a target area of resources within the OpenEvo ecosystem. That is,

pre-service educator engagement in this module serves as one engine of innovation and

improvement of content on the site. This module also now serves as the on-boarding for
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internships and student thesis work within our program at the Max Planck Institute for

Evolutionary Anthropology, as well as the basic repository for introductory content for

engagement with secondary school classrooms.

As participants engage the Human Behavior and Sustainable Development module, they will

be exposed to, and provided opportunities for further engagement with, other content across

the featured modules category. This allows us to expose students to the full diversity of

potential in this space, while offering them freedom of choice in where they wish to expend

their time in evaluation and improvement of current resources.

3.3 Networked improvement of field site modules

Field site modules represent the space for networked co-design of both content-focused

modules (focused more on teaching for conceptual understanding), as well as

context-focused modules (focused more on engaging students in community-based cultural

evolution). As previously described in Eirdosh & Hanisch (2021) and Hanisch et al (2020), our

Community Science Lab approach seeks to integrate strongly across these domains.

By conceptualizing regions and schools as appropriate scales for the development of a

community-based field site for intentional cultural evolution, the OpenEvo platform creates an

invitation for classroom partners to explore the full breadth and depth of educational

potential within the interdisciplinary evolution sciences.

Classroom collaborators in the US and Germany have already begun engaging in the

co-design of field site modules for their local aims within the context of the Community

Science Lab approach, and in collaboration with the relevant OpenEvo model scientific

community partners. As this model expands, increased opportunities for networked

co-design and the spread of effective open educational resources can be intentionally

evolved and adapted to diverse classrooms around the world.
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3.4 Conclusions

There is no debate that evolution science in the 21st century is robustly interdisciplinary in

nature. The still-evolving discourse is centered on how we as evolution educators, education

researchers, and scientists should conceptualize this interdisciplinarity, and what we should

do in practical terms to elevate scientifically adequate evolutionary understandings across

future generations.

Some in our field may wish to maintain a status quo in which the concept of evolution is

exclusively defined by changes in allele frequencies, with all other applications being “mere

analogy”. Others, represented across this thesis, prefer to think of the concept of evolution

as an abstracted description of particular causal relationships, analogically applicable

across complex adaptive systems. Prior to this thesis, the full pedagogical implications of

this conceptual divide was only being discussed in some corners of higher education, but

not significantly in relation to the K-12 general education context. It remains unclear how

evolution education as a field will proceed, however, many will agree that there is an urgency

in getting this right.

How students around the world come to understand and seek to influence the (biological,

cognitive, behavioral, cultural, and computational) diversity in their everyday lives will surely

be a central driver of future sustainability outcomes for our planet. Evolutionary thinking, as

with systems thinking, represents a conceptually minimalistic framework for leveraging our

human cognitive capacities towards a more generalizable understanding of the human

condition. The pursuit of such generalized understanding is not some navel-gazing

academic pursuit, nor should it be seen to reduce the centrality of our own individuality.

Rather, these generalized understandings represent a common ground for working together

and learning together towards a world that is more workable for all.

A narrowly gene-centered view of evolution education runs the risk of abstracting out too

many of the essential causal drivers of human origins and human futures. Understanding

evolution as the interdisciplinary science that it is, represents a previously unmapped source

domain for global education innovation. This thesis has sought to clarify the specific

conceptual implications of this interdisciplinarity, and offer a framework for improving our

evolving toolkit for the networked co-design of open education resources in this space.
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Teaching about human origins is clearly a domain of current mainstream evolution education

that benefits from (if not requires) better integration with current conceptualizations in

gene-culture co-evolution (see Chapters 2.3 and 2.4). Such an integration itself requires the

evolution education community to become more explicit and systematic about the

conceptual and pedagogical implications of applying evolutionary concepts beyond genetic

change.

Teaching about intra-organismal evolution represents a more peripheral but critical space for

further innovation beyond what has been suggested in the articles of this thesis (see

Chapters 2.2, 2.3, and 2.5). This topic provides an expanded set of diverse case studies for

students to learn about and reinforce appropriate conceptual transfer of evolutionary

principles. More provocatively, understanding the self as an evolving system may have

broader implications for student conceptual development and psychological flexibility.

The proposition here that may be furthest off the radar of current evolution education

discourse would be the development of our Community Science Lab model for advancing a

community-based cultural evolution approach to evolution education and school

improvement initiatives (see Chapters 2.2 and 2.5). If students can become drivers of

positive cultural evolution within their schools and communities while simultaneously

developing a reflective theoretical basis for their theories of social change, then the

educational potential of teaching evolution as an interdisciplinary science is perhaps higher

than some in evolution education have previously imagined. Even so, there are contingents in

biology education who may suggest that such work falls outside the purview of the biology

curriculum (and may or may not be suitable for other disciplines). To make such an

argument would be to misunderstand the emphasis placed throughout this work on teaching

for conceptual understanding. It is precisely the broad interdisciplinary potential of core

evolutionary concepts and principles that both support and require educators from across

disciplines to think together about how students can navigate their own development of the

landscape.

The OpenEvo Learning Hub is just a basecamp on the mountain of interdisciplinary evolution

education. Generations worth of work remain to be done to map and develop the full breadth

and heights of this new landscape. I invite readers to join us on this journey, there is room for

climbers from all disciplines and career stages. The only qualifications are a passion for

evolution and education and willingness to work together.
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Appendix A:
Summary of key findings from this thesis

1. Evolutionary science in the 21st century is a robustly interdisciplinary endeavor, yet
evolution education and evolution education research communities generally do not
currently reflect or engage this fact in any systematic or strategic fashion.

2. The conceptual and pedagogical implications for understanding evolution as an
interdisciplinary science within the biology education and general education context are
expansive and were largely unmapped prior to this work.

2.1. Narrow conceptualizations of evolution in exclusively gene-centric terms (i.e.
defining the concept of evolution solely in terms of changes in allele frequencies)
run the risk of abstracting out significant causal processes in evolutionary
change.

2.2. More interdisciplinary perspectives in evolution science focused on the many
causes of changes in trait variation and frequency within complex adaptive
systems may offer educators and evolution education researchers an expanded
toolkit for advancing evolution understanding and acceptance.

2.3. Grappling with these conceptual and pedagogical implications of teaching
evolution as an interdisciplinary science may challenge some conventional
wisdom in evolution education research, but largely suggests a more basic need
to increase emphasis on a few conceptual aspects at risk of being obscured
within exclusively gene-centric conceptualizations.

3. Accepting the conceptual aspects of evolution as an interdisciplinary science opens new
opportunities in evolution education in at least three core domains:

3.1. Human origins. An interdisciplinary approach provides a more coherent
framework for understanding the complex gene-culture coevolutionary dynamics
that likely drove the origin of our species.

3.2. Intra-organismal evolution. An interdisciplinary approach suggests
pedagogical opportunities in helping students transfer their conceptual
understanding of variation producing and frequency changing processes across
multiple levels of organization in biological and social systems. This includes a
deeper understanding of evolutionary processes within organismal development,
across the interdependent domains of morphogenesis, organismal behavior, and
cognition.

3.3. Community-based cultural evolution. An interdisciplinary approach can
challenge students to advance a theoretically informed context for understanding
their own intuitive and quasi-scientific theories of cultural stasis or change within
the communities that matter to them.
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represent the generative productivity of teaching evolution as an interdisciplinary science.
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