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I. GENERAL USE OF Science in the Classroom
Student Learning Goals
“One fundamental goal for K-12 science education is a scientifically literate person who
can understand the nature of scientific knowledge.”1
The U.S. National Academy of Sciences defines science as: “Any new finding requires
independent testing before it is accepted as scientific knowledge; a scientist is therefore
required to honestly and openly report results so that they can readily be repeated,
challenged, and built upon by other scientists. Proceeding in this way over centuries,
the community effort that we call science has developed an increasingly accurate
understanding of how the world works. To do so, it has had to reject all dogmatic claims
based on authority, insisting instead that there be reproducible evidence for any
scientific claim.”
An important student learning goal, central to any understanding of “the nature of
scientific knowledge,” is to give each student an appreciation of how science is done.
This includes knowing why:
 Scientists must be independent thinkers, who are free to dissent from what the
majority believes.


Science can deal only with issues for which testable evidence can be obtained.



All scientific understandings are built on previous work



It is to be expected that one scientist’s conclusions will sometimes contradict the
conclusions of other scientists.



Science is a never-ending venture, as the results from one study always lead to
more questions to investigate.

1

A Framework for K-12 Science Education, National Research Council, 2012

Using This Resource
Learning Lens
The Learning Lens tool can be found on the right sidebar of each resource and is the
source of annotations. Click on the headings to highlight portions of the text of the
corresponding research article. A subsequent click on the highlighted text will produce
a text box containing more information about that particular piece of text. Below is an
example of the Glossary function of the Learning Lens.

An example of the resource with the Glossary, Previous Work, Author’s Experiments,
News and Policy Links, and References and Notes tools turned on. The Glossary tool
is in use.

Learning Notes
Learning Notes accompany each figure and are designed to help students deconstruct
the methods and data analysis contained within each figure.

References
The Reference section of each resource is annotated with a short statement about how
or why each reference relates to the current research study.

Thought Questions
Thought Questions are located above the Learning Lens in the right sidebar of each resource.
These questions were written to be universal and applicable to any primary research paper.
Thought questions do not have a single answer, or a correct answer for that matter, and can be
used to stimulate discussion among students.

Suggestions for Classroom Use
In addition to the thought questions discussed above, other resources are provided for
use in the classroom. These can be found toward the end of the teacher guides
associated with each specific article and include:
1. Discussion questions specific to the article, related to the standards, and/or
associated with the figures.
2. Activities tied to the articles.
Some ways to use the Science in the Classroom articles:
1. Assign to student groups to read and discuss during class.
2. Assign small sections of the article to student groups to read and discuss during
class, with the expectation that they will present or use jigsaw to teach the entire
class what is in their part of the article.
3. Assign to individual students to complete during class or as homework.
4. Assign reading as an extra credit project.
Some ideas for interactive student engagement after reading the article:
1. Students write answers to discussion questions (for example, those linked to the
standards or those linked to the diagrams).
2. Go over the abstract, as well as information about the purpose and structure of
an abstract, and have students write their own abstracts for the articles in
language that could be understood by their peers.
3. Have students edit the article, or parts of the article, to a simpler reading level.
4. Have students, alone or in small groups, use the annotated list of references to
explain how the scientists who wrote this article built on the published work of at
least one independent group of scientists in making their discoveries. In the
process, did they produce data that supports the findings of the earlier
publication that they have cited in the text? In what way does this article support
the statement that scientific knowledge is built up as a “community effort”?
5. Use the article and discussion questions linked to the standards and the
diagrams for a teacher-led classroom discussion. The discussion can focus on
the nature of science and scientific research, as well as on the science in the
article itself.
6. Have students give a classroom presentation about the article, parts of the
article, or their answers to discussion questions.

II. ARTICLE-SPECIFIC MATERIALS
Connections to the nature of science from the article



Why do scientists want to look at how traits evolve and new species form?
Why is it important to be able to study evolution in real-time?

The importance of this scientific research
The scientific research is important because it relates to the following key concepts.
A. Microevolution refers to evolutionary changes or adaptations that occur within
populations, and macroevolution refers to changes leading to the formation of new
species. This study explores microevolution in real-time.
B. Islands are good natural laboratories for scientists to conduct experiments on the
role of natural selection in driving adaptations in populations because they are
isolated and have relatively simple ecosystems.
C. Darwin thought it would take a considerable amount of time to observe evolution, but
in only 20 generations one lizard species, Anolis carolinensis, moved to higher
perches and evolved larger toepads to avoid competition with an invading species,
Anolis sagrei.
D. Negative interactions between closely related species can drive evolutionary change
on observable timescales.
E. DNA sequence comparisons among different populations and species allow
scientists to determine how distantly related different populations and species are
and how long ago they shared a common ancestor.
F. The biological definition of a species is a group of interbreeding individuals that won’t
breed with individuals from other groups. They are therefore reproductively, and thus
genetically, isolated from other groups. Note, however, that the research in this
paper did not demonstrate speciation – a point made in the annotations and the
accompanying video clip.
G. When two groups within one species become geographically isolated, such as by a
river, canyon, mountain range, or by being on an island, genetic changes in one
group will not be shared with members of the other, and vice versa. Over many
generations, the two groups diverge as their traits change in different ways. (But see
note in E above.)

The actual science involved







Interspecific interactions
Natural Selection
Character Displacement
Evolution
Invasive Species
Biodiversity

Connections to Learning Standards
The AP Bio Standards
http://media.collegeboard.com/digitalServices/pdf/ap/10b_2727_AP_Biology_CF_WEB_
110128.pdf









Essential knowledge 1.A.1: Natural selection is a major mechanism of evolution.
Essential knowledge 1.A.2: Natural selection acts on phenotypic variations in
populations.
Essential knowledge 1.A.4: Biological evolution is supported by scientific evidence
from many disciplines, including mathematics.
Essential knowledge 1.B.2: Phylogenetic trees and cladograms are graphical
representations (models) of evolutionary history that can be tested.
Essential knowledge 1.C.1: Speciation and extinction have occurred throughout the
Earth’s history. (However, see point F and G on the previous page.)
Essential knowledge 1.C.2: Speciation may occur when two populations become
reproductively isolated from each other. (However, see point F and G on the
previous page.)
Essential knowledge 1.C.3: Populations of organisms continue to evolve.

The Science and Engineering Practices contained in the Next Generation Science
Standards http://www.nextgenscience.org/search-performance-expectations
MS-LS4.4: Construct an explanation based on evidence that describes how genetic
variations of traits in a population increase some individuals’ probability of surviving and
reproducing in a specific environment. http://www.nextgenscience.org/msls4-biologicalevolution-unity-diversity

3-LS4-2: Use evidence to construct an explanation for how the variation in
characteristics among individuals of the same species may provide advantages in
surviving, finding mates, and reproducing. http://www.nextgenscience.org/3ls4biological-evolution-unity-diversity
3-LS4-4: Make a claim about the merit of a solution to a problem caused when the
environment changes and the types of plants and animals that live there may change.
http://www.nextgenscience.org/3ire-interdependent-relationships-ecosystems
HS-LS4-2: Construct an explanation based on evidence that the process of evolution
primarily results from four factors (1) potential for a species to increase in number, (2)
the heritable genetic variation of individuals in a species due to mutation and sexual
reproduction, (3) competition for limited resources, and (4) the proliferation of those
organisms that are better able to survive and reproduce in the environment.
http://www.nextgenscience.org/hsls4-biological-evolution-unity-diversity

The Common Core English and Language Arts Standards
http://www.corestandards.org/ELA-Literacy/RST/11-12/


Integration of Knowledge and Ideas: CCSS.ELA-Literacy.RST.11.12.8: Evaluate the
hypotheses, data, analysis, and conclusions in a science or technical test, verifying
the data when possible and corroborating or challenging conclusions with other
sources of information.

Summary of the Article for the Teacher
It is recommended that this not be used by students in place of reading the article.
The researchers found six small islands in Florida that only were occupied by the native
lizard species, Anolis carolinensis. On three of the islands they introduced an invasive
species A. sagrei. The researchers also surveyed additional islands where invasion by
A. sagrei had occurred naturally and compared them with islands that had remained uninvaded. After only 20 generations, A. carolinensis moved to higher perches and
adaptively evolved larger toepads on islands where A. sagrei was introduced
experimentally or invaded naturally. They concluded that competitive interactions
between the closely related species drove phenotypic divergence in toepad
characteristics.
A common garden experiment was conducted as a control to make sure toepad
development was not a phenotypically plastic characteristic, one that is determined by
environmental factors rather than genes. By raising eggs from females taken from
various populations under identical environmental conditions, the authors were able rule
out phenotypic plasticity as an explanation for differences in toepad features. The lizard

offspring had characteristics similar to their parents even when being raised under
identical conditions.
General Overview









Anole lizard species living in different habitats have different body types.
Differences in toepad size are adaptations that enable the lizards to live successfully
in different habitats.
Experiments in Florida reveal that the frequency of traits in anole populations can
change within a small number of generations when an invasive anole species arrives
on the island or is introduced experimentally to the island.
Competition drives the evolution of divergent body types.
One native anole species, Anolis carolinensis, when faced with an invasive
competing species, A. sagrei, reduced competition by moving to higher perches and
evolving larger toepads.
These evolutionary changes occurred over only 20 generations.

Topics Covered





Mechanisms of evolution
Character displacement
Phenotypic divergence due to competition
Evolution in real-time

Why this Research is Important
The more than 700 islands of the Caribbean and Florida are home to about 150 species
of anoles, a closely related group of lizards (genus Anolis) that occupy diverse habitats
and niches. Research on these lizards is enriching our understanding of evolutionary
processes, such as adaptation by natural selection, convergent evolution, and the
formation of new species— and it is helping to illuminate how and why there are so
many different kinds of living organisms on Earth.
Methods used in the Research






Measuring phenotypic traits in wild populations of lizards
Introducing lizard species to islands in nature
Observing microevolutionary changes in real-time
Conducting a “common garden” experiment to sort out environmental versus genetic
effects on phenotypic traits
Conducting a genomic analysis to determine the genetic distance (or relatedness) of
lizard individuals within and among populations.

Conclusions


To rule out phenotypic plasticity as an explanation for evolution of larger toepads
with more lamellae in A. carolinensis, the authors conducted a common garden
experiment. They raised offspring from gravid females collected from four invaded
and four non-invaded islands and found that individuals from both groups resembled







their parents even when raised under identical conditions. This confirmed that there
is a genetic basis for differences in toepad features.
The authors have shown that when a competing species, A. sagrei, is introduced to
an island inhabited by A. carolinensis, A.carolinensis will evolve larger toepads with
more lamella, enabling individuals to utilize higher perches and therefore coexist
with A. sagrei.
The result that character displacement can occur in real time means that after
populations become isolated and then experience secondary contact, evolutionary
divergence may rapidly lead to the reproductive isolation of the populations, and
drive speciation.
Invasive species have become a major concern in ecosystems around the world.
The results of this study show that, at least sometimes, native species will be able to
coexist with the invader because of the rapid evolution of adaptive traits that reduce
competition.

Areas of further study



What genes are responsible for the phenotypic differences seen in lizard
populations?
Could other factors, such as intraguild predation, cause similar character divergence
among overlapping species?

Discussion Questions
1. In previous studies Jonathan Losos identified six anole ecomorphs in the Caribbean
islands: the (1) crown-giant (canopy), (2) trunk-crown, (3) trunk, (4) twig, (5) trunkground, and (6) grass-bush anoles. From what we know about toepad differences in
A. carolinensis and A. sagrei in areas where they co-occur and compete, predict
how toepads might differ in the six lizard ecomorphs, if all six species co-occurred on
the same island?
2. Besides differences in toepad morphology what other morphological differences
might evolve to reduce competition, and how would they differ among the six
ecomorphs?
3. The present study assumes that competition is the driving force leading to
phenotypic divergence. How might selective pressure from predation affect the
evolution of morphological differences?
4. Provide a scenario explaining the evolution of phenotypic differences in A.
carolinensis after the arrival of A. sagrei.
a. How could individuals from one species avoid mating with members of the
other species?
b. What do we mean by “reproductive isolating mechanisms”?

c. How does natural selection lead to evolution?
5. Imagine a population of A. carolinensis dispersed and colonized an uninhabited
island that had vegetation ranging from ground level to three feet, and 50
generations later individuals from this population dispersed back to the original
island. On the original island A. carolinensis was adapted to living in vegetation two
to five feet off the ground. What are the possible consequences of this secondary
contact?
6. How could speciation occur without two populations becoming geographically
isolated?
7. If we see how microevolution can occur in real-time why aren’t there more lizard
species, considering that the fossil record shows that anolis lizards have been
around for millions of years?

Multimedia Resources from HHMI’s BioInteractive (www.BioInteractive.org)
Animations
Anole Lizards: An Example of Speciation (http://www.hhmi.org/biointeractive/anole-lizardsexample-speciation). This animation features the anole lizards as an example of how a single
species can split and multiply into many different species with distinct traits.
Related Topics
Pocket Mouse Evolution (http://www.hhmi.org/biointeractive/pocket-mouse-evolution). This
simulation shows the spread of a favorable mutation through a population. Even a small
selective advantage can lead to a rapid evolution of a population

Short Films, Animated Shorts, and Video Clips
Short Film: The Origin of Species: Lizards in an Evolutionary Tree
(http://www.hhmi.org/biointeractive/origin-species-lizards-evolutionary-tree). In the Caribbean
islands, adaptation to several common habitats has led to a large adaptive radiation with
interesting examples of convergent evolution.
Video Clip: HHMI Educator Tips – Lizards in an Evolutionary Tree
(https://www.youtube.com/watch?v=ELCXvGFk4Cs). Bob Kuhn describes how he uses
BioInteractive resources to teach speciation to his students.
Video Clip: Building a Phylogenetic Tree: A Story of Lizards
(https://www.youtube.com/watch?v=xu7jqm3ZHFY). DNA analysis reveals that similar types of
anole lizards evolved independently on the four larger Caribbean Islands.
Related Topics

Short Film: The Origin of the Species: The Making of a Theory
(www.hhmi.org/biointeractive/origin-species-making-theory). Darwin and Wallace’s epic
voyages independently led to the theory of evolution by natural selection.
Animated Short: The Animated Life of A.R. Wallace
(http://www.hhmi.org/biointeractive/animated-life-ar-wallace). This animated short video
illustrates the life of Alfred Russel Wallace, who independently formulated the theory of
evolution by natural selection at the same time as Charles Darwin.
Short Film: The Origin of Species: The Beak of the Finch.
(http://www.hhmi.org/biointeractive/origin-species-beak-finch). Four decades of Rosemary and
Peter Grant’s research on finch species that live only on the Galápagos Islands illuminate how
species form and multiply.
Short Film: Making of the Fittest: Natural Selection and Adaptation
(www.biointeractive.org/making-fittest-natural-selection-and-adaptation). In a complete story,
from ecosystem to molecules, pocket mice show us how random changes in the genome can
take many paths to the same adaptation—a colored coat that hides them from predators.
YouTube Channel: Great Transitions in Evolution Playlist
(https://www.youtube.com/user/biointeractive). The Great Transition playlist contains
BioInteractive short films and video clips exploring fossils of animals with features that are
intermediate between those of ancestral and modern groups, providing evidence for the
evolutionary origin of key anatomical structures.

Virtual Labs & Apps
Virtual Lab: Lizard Evolution (http://www.hhmi.org/biointeractive/lizard-evolution-virtual-lab).
The virtual lab includes four modules that investigate different concepts in evolutionary biology,
including adaptation, convergent evolution, phylogenetic analysis, reproductive isolation, and
speciation. Each module involves data collection, calculations, analysis and answering
questions
App: Lizard Evolution Virtual Lab App (http://www.hhmi.org/biointeractive/lizard-evolutionvirtual-lab-app).

Classroom Activities
Using DNA to Explore Lizard Phylogeny (http://www.hhmi.org/biointeractive/using-dnaexplore-lizard-phylogeny). This activity supports the film The Origin of Species: Lizards in an
Evolutionary Tree. Using the lizards’ DNA sequences students sort the species by appearance
and generate a phylogenetic tree to evaluate if species that look similar are closely related.
Look Who’s Coming for Dinner: Selection by Predation
(http://www.hhmi.org/biointeractive/look-whos-coming-dinner-selection-predation). This activity
supports the film The Origin of Species: Lizards in an Evolutionary Tree. Students formulate a
hypothesis and collect and analyze real research data to understand how quickly natural

selection can act on specific traits in a population. (Based on: Losos et al. 2006. Rapid temporal
reversal in predator-driven natural selection. Science, 314, 1111)
Data Point Activity: Effects of Predation on the Niche of Lizards
(http://www.hhmi.org/biointeractive/effects-predation-niche-lizards). A team of scientists studied
the effects of introducing a lizard predator on the food webs of a group of small islands in the
Bahamas.

Interactive Tutorials (“Click and Learns”)
Creating Phylogenetic Trees from DNA Sequences
(http://www.hhmi.org/biointeractive/creating-phylogenetic-trees-dna-sequences). This Click and
Learn explains how DNA sequences can be used to generate such trees, and how to interpret
them.
Sorting Seashells (http://www.hhmi.org/biointeractive/sorting-seashells). Explore principles of
taxonomy by sorting seashells according to their morphological characteristics and by
constructing an evolutionary tree.

Film Guides & Quizzes
The Origin of Species: Lizards in an Evolutionary Tree
(http://www.hhmi.org/biointeractive/film-guides-origin-species-lizards-evolutionary-tree). The
“at-a-glance” and “in-depth” film guides and student quiz complement the film The Origin of
Species: Lizards in an Evolutionary Tree. Research on the anole lizards is enriching our
understanding of evolutionary processes, such as adaptation by natural selection, convergent
evolution, and the formation of new species.

Related Primary Literature
The importance of islands in evolution – Island research provides insights into
speciation and adaptive radiation:
Losos and Ricklefs 2009. Adaptation and diversification on islands. Nature, 457, 830-836.
DOI:10.1038/nature07893
The contribution of genetic drift and natural selection to trait variations (lizard example):
Kolbe et al. 2012. Founder effects persist despite adaptive differentiation: A field experiment
with lizards. Science, 335, 1086-1089. DOI: 10.1126/science.1209566
Adaptive radiation of Caribbean anoles and the strong ecological controls on species
richness:

Rabosky and Glor 2010. Equilibrium speciation of dynamics in a model adaptive radiation of
island lizards. PNAS, 107, 22178-22183. DOI: 10.1073/pnas.1007606107
Lizard ecomorphs originated long ago:
Sherratt et al. 2015. Amber fossils demonstrate deep-time stability of Caribbean lizard
communities. PNAS, 112, 9961-9966. DOI: 10.1073/pnas.1506516112

REVIEW with videos explaining how gecko adhesion to surfaces works:
Autumn et al. 2014. Gecko adhesion as a model system for integrative biology, interdisciplinary
science, and bioinspired engineering
http://www.annualreviews.org/eprint/bc8nxaIw3ighWQntEqaj/full/10.1146/annurev-ecolsys120213-091839

