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ABSTRACT

A lesson plan on the phylum Tardigrada is presented in a storytelling workbook
that introduces the evolutionary concepts of adaptive radiation, speciation,
divergence, and “tree-thinking” through narrative, transitional —art,
contemplative coloring, and data searches, which can be enhanced with
microscopy wet labs. Students gain insight into the invertebrate world of the
highly adaptable, ubiquitous microorganisms known colloquially as “water
bears,” generating a microevolutionary and macroevolutionary perspective
through a narrative that includes an introduction to the TimeTree database.
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O Introduction

Evolution is the unifying principle of biology, and understanding the
core concepts of evolutionary process is critical to understanding all
biological systems (Mayr, 1970). Common student misconceptions
in regard to evolutionary process include
interpretations that rely on hierarchal values
such as “inferior” and “superior,” and the cul-
tural construct of “older” being inferior and
“newer” being superior (Cooper, 2005),
rather than a continuum of branching and
diversifications with no attached value judg-
ment. Examining the cultural perspectives
that undermine an acceptance of evolution-
ary process and the unity of life is critical to
resolving such disconnects (Suzuki &
Knudtson, 1992). Constructs of better/worse
based on perceived obsolescence may be a
result of consumer culture, which perpetu-

Tardigrades

ates the notion that anything not “new” must be less “advanced” or
less valuable (Hsu, 1964). Students’ reasoning patterns are embedded
in linear, consumerist economic thinking (Maser, 1992), which may

“organism of the
moment,” their
Pokémon-like
features having
seized the attention
of non-biologists.
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influence their conceptualization of the natural processes that renew
and repurpose biological chemistries and systems.

Another factor that may contribute to students’ difficulty with
evolutionary thinking involves the hemispheres of the human
brain. Right-hemispheric skill sets are useful for understanding
broad, macroevolutionary timescales, whereas left-hemispheric
skill sets help elucidate small-scale changes within individuals
and populations. Our educational system appears to overempha-
size left-hemispheric skills and downplay right-hemispheric aptitudes
such as synthesis and connectivity (Fagan et al., 1979). Roger Sperry’s
work with hemispheric qualities has provided insight into brain func-
tion, including the way we process language and images differently in
each hemisphere (Sperry, 1961). This ability of the brain to take the
small and sequential and merge it with the expansive may permit an
understanding of the complex issue of defining multidimensional
phenomena in complex biological processes and systems.

Terminology and imagery have strong implications for the way we
see the world (Fauconnier & Turner, 2003), including the evolving
planetary world. Consumer patterns create linear economy-thinking
models and, perhaps, an oversimplification of
processes. This type of thinking, along with other
factors (e.g., religious concepts), may undermine
the conceptualizations central to the idea of
evolving systems in nature (Roszak et al., 1995;
Wilson, 1999). Grasping “big-picture” processes

are the

like macroevolution and geological time essen-
tially requires a “right-brain” thinking mode,
which may benefit from the use of narrative in
our consumer-minded culture. How can biology
educators alter a strongly, culturally established
view about life on a geological timescale within
a fast-paced, throwaway environment? How can
students see ecosystems, teeming with the com-
plex interactions of organisms and their nucleotide sequences in
spatiotemporal stages, as interdependent and networked, rather
than envisioning these systems as isolated, rigidly constructed
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objects? Is there a simple way to present complex evolutionary pro-
cesses and the geological timescale without perplexing students
further? Is there a way to express evolution’s key concepts that is
relevant and appealing to students?

It has been suggested that experience with real scientific data
and professional research will help students master computational
reasoning and tree-thinking (Kong et al., 2017). While that is cer-
tainly true, we present a complementary perspective here, using
“right-brain” storytelling and images to engage students in evolu-
tionary thinking, phylogenies, and computational biology concepts.
We combine these elements with smaller molecular ideas, leading
to phylogenies and simplified but organism-based tree-thinking.
Tree-thinking, which is a large part of current biological research,
is also (understandably) a difficult concept for students to visualize
and grasp (Meir et al., 2007). To ease into the molecular-evolutionary
diagrams of sequence comparisons and phylogenetic trees, this
article will focus on establishing, through storytelling, a narrative
on the evolution of a particular phylum. Storytelling is a process
of context and connecting the dots; it provides both a wide lens
and ordered, detailed focus (Agosto, 1999). These two perspectives
rework and parallel macroevolutionary and microevolutionary
processes within a narrative form that utilizes real species as pro-
tagonists. The organisms of choice for this work are tardigrades,
members of the phylum Tardigrada (known colloquially as “water
bears”). Their story is told in the style of an illustrated children’s
book, similar to Maurice Sendak’s Where the Wild Things Are, Kenneth
Grahame’s The Wind in the Willows, and A. A. Milne’s Winnie the Pooh.

AN EYOLUTIONARY ADYENTURE

Figure 1. Tardigrada workbook cover.

The illustrations translate the abstract concepts of genomes, niches,
microevolution, macroevolution, and phylogenetic trees within a
narrative workbook (see Figure 1 and Table 1; the workbook is
available for download at http://www.timetree.org/public/data/
pdf/joeTardigrada.pdf). This workbook was produced by the
authors in a computational evolutionary science lab to explore
the potential of storytelling, artistic process, and evolutionary and
biological processes.

In exploring tardigrades’ unique, evolving destinies in geological
time, we create an equality between the reader, the organism, and
the concept of evolutionary process that circumvents inferior/superior
roles. Stories cross cultural boundaries and tell universal tales of crea-
tion, metamorphosis, and change (McKeough et al., 2008). Like many
children’s stories, this work relies on anthropomorphic views that are
typically frowned upon in science (Davies, 2010), but it is through
these views that we become conceptually aligned with other forms
of life at an early age. Through the use of narrative, drawing-to-learn
exercises, contemplative coloring activities, and database searches,
students may become reacquainted with, innately drawn to, and con-
nected to other life forms and their evolutionary journeys.

O Tardigrade Background

Much has been written about tardigrades. They have — like sloths,
panda bears, and a host of other animals — become embedded in
pop culture, with little regard to their humble beginnings (Kinchin,
2000). Tardigrades are the “organism of the moment,” their Pokémon-
like features having seized the attention of non-biologists —a difficult
task indeed for any protostome, but human moments of fame don’t
mean much in geological time, as students may soon find out. Tardi-
grades were “discovered” under the observant eye of microscope afi-
cionados like the clergyman Joseph Goeze (Welnicz et al., 2011).
Another clergyman, Lazzaro Spallanzani, experimented with the
little invertebrates to reveal some of their desiccating properties
and their bear-like gait, which earned them the name “slow steppers”
(Withers & Cooper, 2010).

Throughout the 1700s and scattered through time, observa-
tions of microscopic organisms becoming reanimated from desic-
cated states were recorded (Jonsson & Bertolani, 2001). The
ability to desiccate or enter cryptobiotic states was documented
in a number of aquatic organisms, including rotifers, nematodes,
crustaceans, and protozoans. But it was the tardigrades” “cuteness”
factor that reanimated them in the minds of the general public.
Tardigrades are bilateral micro-metazoans with four pairs of lobo-
pod legs that terminate into claws or sucking disks (Nelson,
2002). Their mouthparts are also variable; most siphon sap, but
there is one known parasitic species (Pohlad & Bernard, 1978).
Tardigrades have been trundling through time since their segmen-
tation, more than 550 million years ago in the Cambrian era, and
will likely be moss mingling long after we're gone. What makes
these organisms so attractive to humans is their staying power
and their extremophile physiology. They occupy a diverse set of
niches, are often only 1 mm long, exhibit a variety of colors as
well as being transparent, and are global travelers, existing even
in Antarctica. While they prefer wet environments, their unique
ability to desiccate and to reproduce parthenogenetically has con-
tributed to their worldwide ubiquity. Tardigrades typically exhibit
low population density but immense diversity, with 1000-12,000
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Table 1. Tardigrada workbook features.

Evolutionary

Concept Activities Outcome
Characters Using morphological characters to draw a Students familiarize themselves with species’ anatomy
tardigrade through drawing to understand visible phenotypic
changes and the metabolisms of Tardigrada as part of
phenotypic expression (cryptobiosis, oxybiosis).
Divergence Text, cartoons, and story line Students connect concepts of divergence and

speciation through cartoon metaphors.

Adaptive radiation Exploring a variety of ecosystems with

tardigrade through drawing

tardigrades and morphing a “prototype”

Students learn the importance of variation, natural
selection, and the concept of transitional processes as
they make their drawings “‘morph” in new
environments.

Phylogenetic tree Exploring unresolved relationships in

invertebrate metazoans through drawing

Students understand morphological physical traits as
being coded by genes. They see variations in forms
and explore how DNA, which codes for the proteins
expressed, produces this variation. Size, shape, colors,
patterns, and presence or absence of characteristics are
highlighted by the workbook activities.

TimeTree database
exercise

Comparing a wide range of species with
Tardigrada, including vertebrate mammals

Students play with the database and familiarize
themselves with the potential of TimeTree, with more
structured and specific applications to follow.

species currently identified (Nelson, 2002). Their occupation of
many diverse niches, attributed to their ability to adapt to radi-
cally changing ecological conditions, sets the platform for their
evolutionary story. Tardigrades are readily available in moss and
lichens and can be cultured for students to observe and take care
of in terrariums (Nelson, 2002).

O Workbook Background

The workbook “Tardigrada: Trundlers in Time” was created to
engage students in a slightly fanciful narrative that highlights tardi-
grade evolution, along with amusing activities and relaxing lessons
with coloring-book elements. The workbook has not been published
but is available for download on the TimeTree website (http:/www.
timetree.org/public/data/pdf/JoeTardigrada.pdf). A few of the images
are presented in this article, but the full effect of the workbook is
intended to move students through many of the common terms of
evolutionary thinking. We propose evolutionary thinking as the
“master narrative” to help students casually synthesize a dynamic,
comprehensive, panoramic view of evolutionary process. We also
present tardigrade evolution within a broad ecological framework.
“One innovative notion,” writes Catley (2000), “is that classification
is best understood in an ecological context, such that the sets of
interrelationships are presented as manifestations of natural selec-
tion over very long periods of time.” We achieve this geological time-
scale in our narrative through the character “Joe Tardigrada” and his
travels around the globe.

Thus, the workbook takes an evolutionary/ecological view in
story format, encourages naturalist-style observation, and includes
classical drawing exercises, while promoting phylogenetic thinking.

It should be printed and used to color in, draw in, and make notes
in. It can be given as homework or structured as an in-class assign-
ment. We suggest that the workbook be used in conjunction with
awet lab or as part of a larger lesson plan on evolution, at the discre-
tion of the instructor. It takes about one hour to finish but is
intended as a contemplative prelude to more rigorous study, so stu-
dents can take up to a week to complete it. Many comprehensive,
visually well-presented articles have been published on tardigrade
metabolism, anatomy, ecology, and evolution, and labs are available
online for culturing or maintaining living specimens (see Further
Resources below). Our purpose is not to rewrite this already accessi-
ble knowledge, but rather to provide a “point of entry,” an alternative
to the standard PowerPoint presentation on tardigrades. The work-
book introduces evolution, phylogeny, and computer databases to
start building an evolutionary mental construct and more intuitive
thinking in interpreting phylogenetic trees.

Visual metaphor is used in the workbook as a powerful way to
imagine processes we cannot see (Pramling, 2009) and enhance com-
prehension of ideas. An example of this can be seen in Figure 2, which
depicts Joe Tardigrada carrying his genome with him as he travels
through time and around the earth — a simple cartoon conveying
the concept of a genome, represented as a vagabond’s belongings.
When we speak of genomes, students typically conceive of them only
as abstracted sequence data and may forget that genomes are a nested
network of complementary, replicating molecules in the cells of an
organism. The takeaway message from Figure 2 is that where an
organism travels, so does its genome.

The workbook uses the phylum Tardigrada to channel the com-
plexities students may encounter in evolutionary theory in a way that
can be applied to any organism. The entertaining, artistic narrative
is designed to help students retain useful genetic and evolutionary
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Figure 2. "Joe Tardigrada” and his genome. This image offers
students an analogy for the ubiquitous nature of the tardigrade
genome. It also suggests to students that organisms, including
humans, take their genome with them as they enter new
environments. Selective pressures change with the movement
of the genome as it encounters new organisms and new
environments.
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Figure 3. Drawing the specialized mouthparts of Tardigrada
and the ornamental characters of eggs. Up close, students can
see the morphological complexity that can help distinguish
and establish species. Even “cutely” illustrated tardigrades are
far more complex than they appear.

metaphors while becoming comfortable with the skill set of drawing
(and toggling between using technology and functioning without it),
thus inspiring their own process of descriptive discovery. Students
are given several pages of drawing lessons specific to live, potentially
moving organisms viewed under a microscope (Figure 3). We have
condensed adaptive radiation into a few pages of “evolving” your
own tardigrade through drawing. Since adaptive radiation, speciation,
and divergence require another set of perspectives, we provide

separate activities. The adaptive radiation cartoons provide a concept
whereby students can infer hypothetical morphological changes into
the future, which may help students appreciate the spatiotemporal
components of adaptive radiation (Figure 4). Evolutionary thinking
requires mentally “weaving” in and out of large timescales; small
genetic changes; large, visible organisms like dinosaurs; and micro-
scopic organisms like invertebrates, protozoa, and microbes. It links
these “parts” with the greater whole of ecology (Dodick & Orion,
2003). A flexibility in temporal thinking is encouraged, along with
an ability to imagine continual animation amid “worlds within
worlds,” a concept that is considerably complex but accessible
through a storybook. To improve students’ chances of grasping these
difficult concepts (Aigner, 2007), we chose a relatable, distinctive, and
fascinating organism that both represents the microscopic realm and
also contains the expansive dynamic of macroevolution.

Visualizing the expression of genes into phenotypes requires
what may be called a “phantom” perspective, imagining the form a
genotype might take when it is translated into a phenotype. Genes
and genomes can be compared to notes in music, which exist on
the page but are not communicated into sound unless they are
played. The genotype is “played” and phenotypic expressions occur
with the progressive colonization of a new environment and a host
of complex cues that occur at the molecular level (Pigliucci, 2003).
Students may ask how genomes arrange and prepare themselves
for transformations and ecological uncertainties. Tardigrada’s revolu-
tionary extremophile genetics might lead students to think about
pressures continually exerted on populations, as well as about the
salient features of the tardigrades themselves and how stressful con-
ditions shape their interesting appearance and physiology (Figure 5).

Biologists have long been fascinated by the exceptionally high
diversity displayed by some evolutionary groups. According to the
naturalists of the first half of the twentieth century, adaptive radiation
is the outcome of three ecological processes: (1) phenotypic differen-
tiation of populations by resource-based divergent natural selection,
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Figure 4. Drawing imaginary future tardigrades as they
undergo adaptive radiation. This workbook feature encourages
students to think in an evolutionary way through morphing the
blank outlines into new species.
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Figure 5. The many extremophile adaptations of the phylum Tardigrada in response to stressful conditions, depicted in cartoon
style. In one drawing, readers get an overview of Tardigrada’s extremophile phenotype. This encourages questions about how
these adaptations came into existence and what type of environmental pressures may have culminated in a constellation of

extreme survival skills.

(2) phenotypic differentiation through resource competition (ecologi-
cal opportunity and divergent character displacement), and (3) eco-
logical speciation (Schutler, 1996). This kind of conceptualization
requires a multilayered story and timeline. Tardigrades show an
unusually high degree of phenotypic diversity; for example, within
an aquatic ecosystem, a micro-sized animal has many possible niches,
from leaf litter to salinity changes to parasitic modes (Nelson, 2002).
Adaptive radiation in such clades is not only spectacular, but is also
an extremely complex process influenced by a variety of ecological,
genetic, and developmental factors and strongly dependent on histor-
ical contingencies (Gavrilets & Losos, 2009).

O Tardigrades & Trees

Phylum Tardigrada and “Trundlers in Time” offer some unique per-
spectives on tree-thinking. Unresolved questions regarding nemato-
des, oychenophorans, and annelids provide examples of ongoing
issues with phylogenetic relationships and molecular data. The meta-
phorical illustrations in the workbook depict a “family tree” of just
Tardigrada to introduce names and appearances (Figure 6). This
presents another interesting conflict in tardigrade genomes: horizontal
gene transfer (Figure 7), which is not easily depicted or visualized in
the tree format (Makarenkov et al., 2006). Figure 6 provides the
reader with the idea that other genes from other organisms, mostly
prokaryotes, are being “acquired” and incorporated continuously in
the branching tree of life. Discussing how this might be represented
poses an interesting problem for researchers and one that students

can attempt to think about creatively, perhaps inventing their own
tree depiction. Finally, the workbook presents the TimeTree database
(see http://www.timetree.org/about) as a children’s book might; the
windows encountered in the software are modified so that students
can read, “unplugged,” the applications they will be encountering later
on the actual website (Figure 8).

O Tardigrades & Speciation

The branching-within-branching patterns of trees provide biologists a
convincing metaphor with which to organize their knowledge of con-
tinually evolving life forms and their relationships. However,
abstracted from the experience of nature’s patterns, the tree metaphor,
rather than being enlightening, can be ominous and confusing. In The
Book of Trees, author Manuel Lima (2014) explains how the vertical
and horizontal form of a tree — with roots, growing tips, nodes, and
leaves — became a powerful tool for understanding biological relation-
ships. Lima (2014) also makes this revealing statement as to why the
tree metaphor may present a problem for the average student:

In a time when more than half the world’s population
live in cities, surrounded on a daily basis by asphalt,
cement, iron, and glass, it's hard to conceive a time
when trees were of immense and tangible significance
to our existence.

If students are distanced and distracted from observing the pat-
terns of nature, then evolutionary trees may lose their power to
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Figure 6. Tardigrada family tree, showing physical appearance and hierarchical classification. This reminds students that behind
the branch of a phylogenetic tree is an actual living organism. Sometimes the simplicity of diagrams can be too abstract for
students and a more visually based image is needed.
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Figure 7. Did tardigrades undergo horizontal gene transfer? A cartoon depicts the conflicting hypotheses. Teachers can use this
drawing by itself to focus on research papers that allude to horizontal gene transfer. Cartoons make for an easy entry point into a
research paper, as suggested in the dialogue between the velvet worm and the water bear.
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convey knowledge. If K-12 students demonstrate difficulties with
this metaphor (Meisel, 2010) and with interpreting trees, it may
be valuable to get back to the “root” of the problem with the pat-
tern, the tree itself, and represent it with varying designs and ver-
sions. For this reason, phylogenetic trees are represented in the
workbook as trees with leaves and branches and also as “implied”
trees. Understanding how phylogenetic trees and data are used by
scientists does not necessarily mean that students understand the
relationship on a macroevolutionary scale or understand evolu-
tion itself. It may be beneficial to discuss how Darwin arrived at
the tree metaphor from his immersion in the natural world, how
the immense diversity of living things that occupied his days
shaped his thinking. This reveals to students how culture, expo-
sure to nature, and history shape the way we think. Broad per-
spectives on the past help reframe life processes that are
typically viewed through increasingly narrow lenses. Even gradu-
ate students, biologists, and other professionals struggle to accu-
rately interpret evolutionary relationships, so the cartooning and
storytelling approach isn’t just for schoolchildren but has poten-
tial uses at higher levels of knowledge.

O Whole-Brain Thinking & Evolutionary
Process

It has been observed that the way we teach and our focus on cogni-
tive function favor the left hemisphere. From a very early age, we are
predominantly centered on verbal, symbolic, and sequential experi-
ences (Sylwester, 1995). Even formulas like Hardy-Weinberg give
the illusion that evolution is a step-by-step process, a sequenced for-
mula. In the last decade, though, biologists have begun to recognize
that despite knowledge being conveyed in a linear manner, actual
living systems and biological processes are anything but simple lin-
ear progressions (Capra, 2005). Introducing a little fantasy can go
a long way in teaching biology — and with tardigrades, nature has
already produced something stranger than fiction. Fantasy literature
can provide children the opportunity to engage the whole brain. As
fantasy demands visualization, it immediately engages the right
hemisphere (Aigner, 2007). The study of such literature can jar stu-
dents out of linear thinking, help them synthesize ideas, and encour-
age them to think holistically (Moore, 2009). Such “right-brain”
thinking can have tremendous benefits when applied to scales and
complexities on Earth that are problematic to convey in texts. When
comparing picture storybooks that employ interdependent storytell-
ing, distinct categories emerge (Agosto, 1999). One of these catego-
ries is transformation. When knowledge is confusing — perceived as
chaotic, disorganized, and lacking synthesis — stories provide a
framework within which students can think transitionally while
building a solid view of evolution and ecology, macro-processes,
and micro-process concomitantly.

O Conclusion

Tardigrades make intriguing characters to read about. They also
make excellent characters for stories about evolutionary processes
because they give students insights into qualities such as cryptobio-
sis, horizontal gene transfer, phylogenies, and adaptive radiation.
Reading the story line; practicing the drawing of movement, shape,

and detail; and coloring the workbook allows students to enter a
cartoon world of an organism prior to labs, lectures, or database
searches. These hands-on practices and perspectives allow students
to incubate the complexities and work through activities at their
own pace, employing their individual learning styles and becoming
intimate with an organism that can prompt an immediate interest
in evolution and phylogenetic tree-thinking.

O Plan for “Trundlers in Time”

1. Lead students on a nature walk around any wooded area,
finding mosses or lichens. With or without a lab, give an
introductory talk on Tardigrada (30 minutes).

2. Present a short PowerPoint with various microscopic
images of water bears (light field, dark field, scanning elec-
tron microscopy) for students to see what they really look
like, including images of desiccated “tun” or cryptobiotic
states (15 minutes).

3. Draw or show a phylogenetic tree of invertebrates, with the
unresolved relationship of Tardigrada.

4. Download and print the workbook (http:/www.timetree.
org/public/data/pdf/JoeTardigrada.pdf). It can be printed
on regular white paper for coloring purposes.

5. 1f this is a unit on evolution, pose the question “How did water
bears become so specialized for extreme environments?”

6. Introduce the concepts of natural selection, divergence,
extinction, speciation, niche, and phylogeny (45 minutes).
7. Hand out the workbook. Give students time to read and
color. As a second assignment or continuation, ask them
to look at the page with the tardigrade morphing into differ-
ent niches. Ask them to choose a niche and draw what that

new species might look like, and then finish coloring the
workbook.

8. Ask students to explain their drawings (“Why does it look
this way?”).
9. If there is time for a lab, see “How to Find Tardigrades

(Water Bears) in Your Own Backyard” at https:/microcos-
mos.foldscope.com/?p=17901.

10. Have students perform the lab and observe organisms
under the microscope, even if there are no tardigrades.
Using the drawing exercises, ask them to draw any moving
invertebrates they observe and describe their similarities to
and differences from tardigrades.

11. Have students do an easy TimeTree database exercise to
familiarize them with geological times and divergences.

12. Have students turn in their drawings and workbook. The
workbook should be assessed on the level of completion.
Rather than a rubric, it is easier to “eyeball” the work, to see
if students applied the drawing/noticing instructions when
looking over their work. You could also go through the draw-
ing with them on the board by drawing the tardigrade, the
onychophorans, and the annelids as well as the ornamental
qualities of the eggs.

13. Give students a short quiz on terms studied, asking for
short-essay explanations.
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O Further Resources

¢ Lab: https://microcosmos.foldscope.com/?p=17901

* Movie: BBC Earth, “Tardigrades Return from the Dead,” http://
www.bbc.com/earth/story/20150313-the-toughest-animals-on-
earth

e Video of tardigrade life cycles: https://www.youtube.com/
watch?v=xS3CZ_U8axU

e Tardigrades in time lapse: https:/www.youtube.com/watch?
v=v6]OeyTBkwl

* Evolution News: “Are Tardigrades ‘a Head' of Arthropods?”
https://evolutionnews.org/2016/01/are_tardigrades/

* TimeTree database: http://timetree.org

O Acknowledgements

This work was supported in part by research grants from National
Institutes of Health (RO1GM126567-01), and National Science
Foundation (ABI 1661218).

References

Adassi, J. (1973). Anthropomorphism in science. In P.P. Wiener (Ed.),
Dictionary of the History of Ideas: Studies of Selected Pivotal Ideas.
New York, NY: Scribner.

Agosto, D.E. (1999). One and inseparable: interdependent storytelling in
picture storybooks. Children’s Literature in Education, 30, 267-280.

Aigner, W., Miksch, S., Miiller, W., Schumann, H. & Tominski, C. (2007).
Visualizing time-oriented data — a systematic view. Computers &
Graphics, 31, 401-409.

Ainsworth, S., Prain, V. & Tytler, R. (2011). Drawing to learn in science.
Science, 333, 1096-1097.

Benowitz, L.I,, Bear, D.M,, Rosenthal, R., Mesulam, M.M., Zaidel, E. & Sperry,
R.W. (1983). Hemispheric specialization in nonverbal communication.
Cortex, 19, 5-11.

Bishop, B.A. & Anderson, C.W. (1990). Student conceptions of natural
selection and its role in evolution. Journal of Research in Science
Teaching, 27, 415-427.

Bowers, C. (2001). How language limits our understanding of environmental
education. Environmental Education Research, 7, 141-151.

Capra, F. (2005). Complexity and life. Theory, Culture & Society, 22(5), 33-44.

Catley, K.M. (2006). Darwin’s missing link — a novel paradigm for evolution
education. Science Education, 90, 767-783.

Clandinin, D.J. & Connelly, F.M. (2000). Narrative Inquiry: Experience and
Story in Qualitative Research. San Francisco, CA: Jossey Bass.

Cooper, T. (2005). Slower consumption reflections on product life spans
and the “throwaway society.” Journal of Industrial Ecology, 9, 51-67.

Costanza, R., Wainger, L., Folke, C. & Maler, K.-G. (1993). Modeling complex
ecological economic systems: toward an evolutionary, dynamic
understanding of people and nature. In F.B. Samson & F.L. Knopf (Eds.),
Ecosystem Management (pp. 545-555). New York, NY: Springer.

Cozolino, L. & Sprokay, S. (2006). Neuroscience and adult learning. New
Directions for Adult and Continuing Education, 110, 11-19.

Dahlstrom, M.F. (2014). Using narratives and storytelling to communicate
science with nonexpert audiences. Proceedings of the National
Academy of Sciences USA, 111(Supplement 4), 13614-13620.

Davies, J. (2010). Anthropomorphism in science. EMBO Reports, 11, 721-721.

Dodick, J. (2007). Understanding evolutionary change within the framework
of geological time. McGill Journal of Education, 42(2), 245.

Dodick, J. & Orion, N. (2003). Cognitive factors affecting student
understanding of geologic time. Journal of Research in Science
Teaching, 40, 415-442.

Fagan, E.R. (1979). Brain hemispheres: panacea 2001? Clearing House, 52,
407-410.

Fauconnier, G. & Turner, M. (2008). The Way We Think: Conceptual
Blending and the Mind’s Hidden Complexities. New York, NY: Basic
Books.

Faurby, S., Jergensen, A, Kristensen, R.M. & Funch, P. (2012). Distribution and
speciation in marine intertidal tardigrades: testing the roles of climatic
and geographical isolation. Journal of Biogeography, 39, 1596-1607.

Felsenstein, J. (1985). Phylogenies and the comparative method. American
Naturalist, 125, 1-15.

Gavrilets, S. & Losos, J.B. (2009). Adaptive radiation: contrasting theory with
data. Science, 323, 732-737.

Hall, B.G. (2013). Building phylogenetic trees from molecular data with
MEGA. Molecular Biology and Evolution, 30, 1229-1235.

Hsu, F.LK. (1964). Rethinking the concept “primitive.” Current
Anthropology, 5, 169-178.

Jonsson, K.I. & Bertolani, R. (2001). Facts and fiction about long-term
survival in tardigrades. Journal of Zoology, 255, 121-123.

Jorgensen, A, Faurby, S., Persson, D.K, Halberg, KA, Kristensen, R.M. &
Mabjerg, N. (2013). Genetic diversity in the parthenogenetic
reproducing tardigrade Echiniscus testudo (Heterotardigrada:
Echiniscoidea). Journal of Limnology, 72(1s), el7.

Jorgensen, A., Mabjerg, N. & Kristensen, R.M. (2007). A molecular study of
the tardigrade Echiniscus testudo (Echiniscidae) reveals low DNA
sequence diversity over a large geographical area. Journal of
Limnology, 66, 77-83.

Kinchin, I.M. (2000). On the significance of a “minor” phylum (the
Tardigrada) in the context of a constructivist view of knowledge.
Perspectives in Biology and Medicine, 43, 243-251.

Kong, Y., Thawani, A, Anderson, T. & Pelaez, N. (2017). A model of the use
of evolutionary trees (MUET) to inform K-14 biology education.
American Biology Teacher, 79, 81-90.

Koutsovoulos, G., Kumar, S., Laetsch, D.R., Stevens, L., Daub, J., Conlon, C,,
et al. (2016). No evidence for extensive horizontal gene transfer in the
genome of the tardigrade Hypsibius dujardini. Proceedings of the
National Academy of Sciences USA, 113, 5053-5058.

Lerner, N. (2007). Drawing to learn science: legacies of Agdassiz. Journal of
Technical Writing and Communication, 37, 379-394.

Lima, M. (2014). The Book of Trees: Visualizing Branches of Knowledge.
New York, NY: Princeton Architectural Press.

Macnaghten, P. & Urry, J. (1995). Towards a sociology of nature. Sociology,
29, 203-220.

Makarenkov, V., Kevorkov, D. & Legendre, P. (2006). Phylogenetic
network construction approaches. Applied Mycology and
Biotechnology, 6, 61-97.

Marton, F. (1981). Phenomenography — describing conceptions of the
world around us. Instructional Science, 10, 177-200.

Maser, C. (1992). Global Imperative: Harmonizing Culture and Nature.
Walpole, NH: Stillpoint.

Mateas, M. & Sengers, P., Eds. (2003). Narrative Intelligence. Amsterdam,
The Netherlands: John Benjamins.

Mayr, E. (1970). Populations, Species, and Evolution. Cambridge, MA:
Harvard University Press.

McKeough, A, Bird, S, Tourigny, E., Romaine, A, Graham, S., Ottmann, J. &
Jeary, ). (2008). Storytelling as a foundation to literacy development for
Aboriginal children: culturally and developmentally appropriate
practices. Canadian Psychology/Psychologie Canadienne, 49, 148.

THE AMERICAN BIOLOGY TEACHER

ADVENTURES IN EVOLUTION @



Meir, E., Perry, J., Herron, ).C. & Kingsolver, J. (2007). College students’ Sperry, R.W. (1961). Cerebral organization and behavior. Science, 133,

misconceptions about evolutionary trees. American Biology Teacher, 69, 1749-1757.

71-76. Suzuki, D.T. & Knudtson, P. (1992). Wisdom of the Elders: Honoring Sacred
Meisel, R.P. (2010). Teaching tree-thinking to undergraduate biology Native Visions of Nature. New York: Bantam Books.

students. Evolution: Education and Outreach, 3, 621-628. Sylwester, R. (1995). An Educator’s Guide to the Human Brain. Alexandria,
Mihov, K.M., Denzler, M. & Forster, ). (2010). Hemispheric specialization VA: Association for Supervision and Curriculum Development.

and creative thinking: a meta-analytic review of lateralization of Taylor, D.M. & Segal, D. (2015). Healing ourselves and healing the world:

creativity. Brain and Cognition, 72, 4142-448. consumerism and the culture of addiction. Journal of Futures Studies,
Mgbjerg, N., Halberg, K.A, Jargensen, A, Persson, D., Bjern, M, Ramlav, H. & 19(3), 77-86.

Kristensen, R.M. (2011). Survival in extreme environments — on the current Wetnicz, W., Grohme, M.A., Kaczmarek, L., Schill, R.O. & Frohme, M. (2011).

knowledge of adaptations in tardigrades. Acta Physiologica, 202, 409-420. Anhydrobiosis in tardigrades — the last decade. Journal of Insect
Nelson, D.R. (2002). Current status of the Tardigrada: evolution and Physiology, 57, 577-583.

ecology. Integrative and Comparative Biology, 42, 652-659. Wilson, E.O. (1999). Consilience: The Unity of Knowledge. New York, NY:
Pigliucci, M. (2003). Phenotypic integration: studying the ecology and Vintage.

evolution of complex phenotypes. Ecology Letters, 6, 265-272. Withers, P.C. & Cooper, C.E. (2010). Metabolic depression: a historical
Pohlad, B.R. & Bernard, E.C. (1978). A new species of Entomophthorales perspective. Progress in Molecular and Subcellular Biology, 49, 1-23.

parasitizing tardigrades. Mycologia, 70, 130-139.

Pramling, N. (2009). The role of metaphor in Darwin and the implications
for teaching evolution. Science Education, 93, 535-547.

Roszak, T., Gomes, M.E. & Kanner, A.D., Eds. (1995). Ecopsychology: CARYN BABAIAN (caryn.babaian@temple.edu) is a PhD candidate and
Restoring the Earth, Healing the Mind. New York, NY: Sierra Club Books. SUDHIR KUMAR (s.kumar@temple.edu) is a Professor in the Department of

Schluter, D. (1996). Ecological causes of adaptive radiation. American Biology and Director of the Institute for Genomics and Evolutionary
Naturalist, 148, S40-S64. Medicine, Temple, University, Philadelphia, PA 19122.

§ Affiliate Members

Biology Teachers Association of New Jersey (BTANJ) Kansas Association of Biology Teachers (KABT)

Colorado Biology Teachers Association (CBTA) Louisiana Association of Biology Teachers (LABT)
Massachusetts Association of Biology Teachers (MABT)

Cleveland Regional Association of Biologists (CRABS)

Connecticut Association of Biology Teachers (CTABT) Michigan Association of Biology Teachers (MABT)

e . Mississippi Association of Biology Educators (MSABE)
Delaware Association of Biology Teachers (DABT)
E S FTwo Year CIRE " Missouri Association of Biology Teachers (MOBioTA)
ire Stat iati E ioloist
mpire State Assodation of Two-Tear CORCIE BRI ) New York Biology Teachers Association (NYBTA)

Hong Kong Association/eHEIDIoONIEEESENY South Carolina Association of Biology Teachers (SCABT)

Ilinois Association of Biology Teachers (IABT) Tennessee Association of Biology Teachers (TNABT)
lllinois Association of Community College Biologists (IACCB) Texas Association of Biology Teachers (TABT)
Indiana Association of Biology Teachers (IABT) Virginia Association of Biology Teachers (VABT)

The National Association of Biology Teachers supports these affiliate organizations
in their efforts to further biology & life science education.

@ THE AMERICAN BIOLOGY TEACHER VOLUME 81, NO. 8, OCTOBER 2019





