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About Our Cover
Each April in celebration of Earth Day we typically
create a theme issue of The American Biology
Teacher featuring articles about the environment
and ecology education, and this month is no
exception. Therefore, this cover is appropriate as it
represents the “circle of life” that lies at the heart of
environmental science with two jackals beginning
the process of decomposition and returning
nutrients to the ecosystem by dining on the
carcass of a seal.
The cover of the October 2021 issue of
this journal showed a healthy and verymuch-alive Cape fur seal in Namibia’s NamibNaukluft National Park on the Atlantic coast of
southwestern Africa near the town of Walvis
Bay. This photo was taken on the same beach as
another fur seal that died quite recently became a
meal for two scavenging jackals.
The black-backed jackals (Lupulella mesomelas)
are foxlike canids found widely in various parts of
Africa from Ethiopia to South Africa and therefore
are not endangered. These handsome animals
have a reddish-tan coat with a prominent black
region on their shoulders to the tail. They are an
ancient lineage existing for at least two million
years.
They live in open areas of sparse vegetation
and can occupy many habitats from the coast
to the savanna and even alpine regions. As may
be expected, they eat a wide range of food
sources and will take down live prey, such as small
antelopes and other plains mammals, and they
will also feast on invertebrates, bird eggs, birds,
fish, and seals and will scavenge trash and dead
organisms.
These jackals are monogamous. They reproduce
from May to August with a 60-day gestation period
resulting in litters of one to nine pups. Occasionally
older offspring remain to help care for the new
pups. They are territorial, with sophisticated calls
and scent marking of their home range with feces
and urine.
This digital image was recorded with a Nikon
D850 camera using a 28–300 mm zoom lens
with image stabilization. The photographer is
William F. McComas, editor of The American
Biology Teacher, Parks Family Professor of Science
Education, and director of the Project to Advance
Science Education at the University of Arkansas
(mccomas@uark.edu).
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Guest Commentary
Kristine Callis-Duehl, Lisa Walsh,
Ruth Kaggwa, Sandra Arango-Caro,
Kathryn Parsley, Amy Funk
Plant Science, Racial Inequity & Social Justice

Feeding future populations in the face of climate change is a leading
problem, making plant science a critical discipline. Unfortunately,
racially minoritized groups are underrepresented in plant science
careers and, consequently, their associated experiential and cultural
wealth. Addressing issues related to plant science to improve the
human condition is the mission of the Donald Danforth Plant Science Center (DDPSC), in St. Louis, Missouri, the world’s largest
nonprofit plant science research center. We have learned that using
plant science education to address racial justice issues can prepare
future scientists, while addressing food access and environmental
degradation.

can impact accessibility to healthy foods. Societal PAD is particularly important when considering areas classified as food deserts,
as they typically occur in geographical regions that belong to predominantly racially minoritized communities. While food deserts
indicate a lack of fresh food availability within a community, it is
systemic policies that cause food apartheid. The systems that keep
groups of people separated and treated differently and result in disadvantage for one group (apartheid) are reflected in food access
and can be changed through increasing education on agricultural
science and nutrition.

Cultural Representation in Plant Science

To address systemic social and economic inequalities, the DDPSC
joined a partnership with the Jackie Joyner-Kersee (JJK) Foundation, located in East St. Louis, Illinois, and the University of Illinois-Urbana Champaign to develop a replicable model focused on
addressing food access while producing a pathway for education,
career enhancement, and entrepreneurship in local food systems
among urban African American youth—the JJK Food, Agriculture,
and Nutrition Innovation Center.
The recent pandemic-driven disruption in food supply chains
highlighted food insecurity issues in urban areas like East St. Louis,
where 86% of residents are predominantly from racially minoritized groups living in communities impacted by food apartheid.
These food deserts are also associated with poor health outcomes
among minoritized groups. The JJK Food, Agriculture, and Nutrition Innovation Center features indoor and outdoor urban agriculture opportunities and training and certifications for youth and
adult community members while engaging participants in growing
food, production innovation, and nutrition. Students become collaborators by participating in plant science research. Older students
can put knowledge into practice with internships and may enter
educational pathways to degrees in plant and agricultural sciences.
Engaging youth in authentic research experiences in plant science,
such as the DDPSC design-and-build hydroponic systems, where
students use recycled materials to build indoor agriculture systems
and share their design ideas with local indoor controlled-environment agriculture companies, provides the youth with agency to
break the cycle of food insecurity.

Plants are powerful models of the value of diversity for community prosperity, tolerance, and resilience in the face of change. Currently, the discipline of plant science lacks cultural diversity and
adequate representation of racially minoritized groups. Diversity in
representation and recognition of notable plant scientists from all
groups involved in developing plant science curricula and pedagogy is critical to foster a sense of belonging and science identity
for students from racially minoritized groups. Biology teachers can
engage in social justice reform by highlighting a plant scientist from
a minority group in lessons and inviting diverse speakers into the
classroom.
Decolonizing Plant Science

To support the growing movement by Indigenous and Black scientists to decolonize science and education we must dismantle
Eurocentric paradigms that have benefited white scientists at the
expense of marginalized groups. Instructors may be unsure of how
to proceed, but plant science provides multiple opportunities to
engage students in critical discussions about historical and continued power imbalances. For example, many plant names reference
pejorative terms or slurs for marginalized groups. Pointing this out
provides a launching pad to discuss the legacy of colonialism in
science. The long history of natural history collections has relied
on slave ships and Indigenous collectors, so courses using plant
collections can provide students with hands-on experiences and
learning from this unsettling history. Students will appreciate the
opportunity to infuse social analysis within their science classroom.
Plant Awareness Disparity, Food Deserts & Food Apartheids

Plant awareness disparity (PAD), which has replaced “plant blindness” due to the noninclusivity of the original term, is the phenomenon in which people do not notice plants in their environment.
PAD often causes a lack of connection to our food crops, which
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Health Disparities & Food Access

Environmental Degradation

More than 35% of the planet’s arable surface has been cleared of
natural vegetation for agricultural use. Agricultural practices cause
soil erosion, increased greenhouse gas emissions, overfertilization,
and loss in biodiversity and nutrients. Moreover, the agricultural
enterprise in the United States has long been driven by and mostly

GUEST COMMENTARY

185

benefited farmers of white ethnicity. How can we feed the world
population without threatening the environment that we depend
on and offer opportunities in agriculture to underrepresented
groups? The answer lies, in part, in plant science education. The
authentic research experiences that the DDPSC offers for students, such as the Genotype-to-Phenotype project for high school
classrooms (https://www.danforthcenter.org/our-work/educationoutreach/k-12-programs/plant-genotype-to-phenotype-innovations-in-genetics-and-technology), provide immersive experiences
to motivate the next generation of plant scientists as they measure
corn leaf angles to enable farmers to plant more corn on less land
resources.
Students are hungry for ways to engage in social justice, and
teachers can show them how to through plant science education

186
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that is culturally diverse. The curriculum must engage students in
addressing global challenges and must provide authentic research
experiences linked to agriculture and plant science to allow students to contribute to addressing challenges today while building
skills to be the problem solvers in the future.

KRISTINE CALLIS-DUEHL (KCallis-Duehl@danforthcenter.org), Lisa Walsh,
Ruth Kaggwa, Sandra Arango-Caro, Katheryn Parsley, and Amy Funk
all work within the Education Research & Outreach Lab at the Donald
Danforth Plant Science Center.
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FEATURE ARTICLE

Citizen Taxonomy in Social
Media: The Use of Facebook for
Mapping Species Distribution of
Myxomycetes

THOMAS EDISON E. DELA CRUZ,
CARLO OLIVER M. OLAYTA

Abstract
Citizen science is a research collaboration between scientists and volunteers who provide data for education, conservation, and environmental protection. Volunteers, often the locals in the area, provide data on
species occurrence while researchers perform distribution mapping or
other data analysis. Social networking sites including Facebook, Twitter,
and Flickr can be used as platforms for the public to share their photos
of species and for scientists to aid in identification. In this article, we
show how social media groups can be used to generate data on species
distribution of myxomycetes.
Key Words citizen science; distribution map; social media; Facebook;

slime molds.

cc Introduction

from this engagement, and if provided with learning opportunities, they are likely to volunteer again in future projects (Ryan
et al., 2001). Outputs generated from these collaborations could
also be used in conservation studies, environmental protection,
and species mapping (Pocock et al., 2017; Sumner et al., 2019).
A very successful example of citizen science is the Christmas Bird
Count, now a program of the National Audubon Society in the
United States. The Christmas Bird Count started in 1900 and has
so far documented a total of 63 million birds (Silvertown, 2009).
Webinars, conferences, and other information about citizen
science—including an open-access, peer-reviewed journal dedicated to the publication of research papers, case studies, essays,
and method papers on citizen science—can be found at https://
www.citizenscience.org.
The advent of technology created global connectivity among
citizens. It also led to virtual “field assistants” who can easily be
mobilized to assist in the data gathering of
species’ presence and distribution. Promising
platforms for citizen scientists to post their
species observations are social networking
sites, including Facebook and Twitter (CatlinGroves, 2012; Liberatore et al., 2018). Surveys have shown the enormous reached of
these social networking sites. For example, in
developing countries in 2015, 54% of adults
were internet users while 37% of the population owned mobile technology (Poushter,
2016). In 2017, 2.86 billion social network
users were reported worldwide, and the number increased to 3.6 billion in 2020 (Statista,
2020). Here, when extensive field collection would not be possible,
we use a social media group to gather information on the occurrence and distribution of myxomycetes. We list the species posted
in the social media site, categorize them into taxonomic genera and
orders, and prepare a distribution map. We describe how these
activities can be used in teaching.

We list the species
posted in the social
media site, categorize
them into taxonomic
genera and orders, and
prepare a
distribution map.

Citizen science traces its beginning to
modern science when citizen scientists
volunteer to gather and collect data as
part of a science inquiry (Silvertown,
2009). Irwin (1995) first coined the term
citizen science and described it as a form
of research collaboration between “expert”
and “non-expert” individuals. This modern way of collaborative study provides
a speedy gathering of data by many individuals in a relatively short period of time
(Catlin-Groves, 2012). Citizen scientists
provide data about occurrence and distribution across habitats around the world over a given time while
citizen science projects significantly advance scientific knowledge
and promote scientific literacy (Bonney et al., 2009). Collection
of records without these volunteers would also be costly and even
impractical (Kosmala et al., 2016). Bruyere and Rappe (2007)
have further stated that volunteer citizen scientists equally benefit
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cc The Myxomycetes
Myxomycetes, also known as plasmodial slime molds, are a group of
fungus-like protists that disperse spores from a single fruiting body
and later germinate to either myxamoebas or swarm cells (Rojas &
Stephenson, 2013; Dagamac & dela Cruz, 2019). Sexual reproduction occurs when two compatible haploid cells fuse to form a diploid cell (Clark & Haskins, 2013). The diploid zygote begins feeding
which initiates mitosis without cytokinesis to form an assimilative,
protoplasmic, multinucleated mass called plasmodium (Everhart &
Keller, 2008). Plasmodium comes in different sizes and color and
moves via cytoplasmic streaming on different substrata to prey on
food microorganisms, thereby maintaining the balance among the
microbiota in soil (Feest & Madelin, 1988). When conditions are
unfavorable, the plasmodium transforms into fruiting bodies that
appears like miniature fungi. The fruiting bodies of myxomycetes are
often observed in the field and are useful for species identification.
Myxomycetes are found almost anywhere on the earth, both
in temperate and tropical regions (Lado et al., 2013; Rojas & Stephenson, 2013; Dagamac & dela Cruz, 2015). They are abundantly
present in many forested regions, especially in areas with decaying
twigs, logs, and leaf litter (Stephenson & Stempen, 1994). These
substrata, also called microhabitats, provide them with sufficient
supplies of bacteria, yeasts, fungal spores, microalgae, and other
microbes, upon which they prey (Lado et al., 2013). Myxomycetes also colonize other unique substrata such as grass litter, woody
vines, and inflorescences (Carascal et al., 2017; Pecundo et al.,
2017). Fruiting bodies of myxomycetes can therefore be observed
in the field on these substrata. More information about myxomycetes can be found at http://slimemold.uark.edu.

a welcoming environment, particularly to those who do not know
a lot about slime molds. On January 22, 2022, this public FB
group had about 32,500 members worldwide, was moderated by
9 administrators, had more than 650 posts in the last month, and
had gained 161 new members in the last week. The group site
does not provide any information on the number of members
per country.

cc Profiles of Myxomycetes from

Facebook Posts

Initially, permission request from the group administrators and
members to use the information from their FB posts was posted
on the group site. Data was generated from the whole month of
May 2020. We gathered the presumptive species names of myxomycetes posted in the FB group and the locality or geographic
origin (country). During the one-month survey, a total of 164
images of myxomycetes were posted from 21 countries, most of
which came from the United States (96 entries), followed by Canada (14), A
 ustralia (6), United Kingdom (5), Czech Republic (5),

cc The Slime Mold Identification &

Appreciation Facebook Group

Facebook (FB) is one of the most used social networking sites
where people can easily upload photos, share personal details,
and even leave online messages. Among its features is the FB
group, which allows for a more private platform where users
with similar interests or hobbies share information and discuss
certain topics common to all (Pi et al., 2013). In the study of
Park et al. (2009), students joined FB groups for information on
both on- and off-campus activities, for socializing with friends,
for seeking self-status, and for finding entertainment. Specific
FB groups are also created for dissemination of advocacies on
environmental protection, for information about certain groups
of organisms, and for sharing of images. Such is the case of the FB
group called Slime Mold Identification & Appreciation, which is
accessible at https://www.facebook.com/groups/SlimeMold. Created on December 4, 2014, the group is for species identification
through sharing of images of slime molds and other exchanges
of information on myxomycetes. Species identity is considered
only as “best guess” since a detailed microscopic examination
is required for proper species identification. The administrators
of the group also set rules and posting guidelines. For example,
posts should be on or related to myxomycetes only. Accurate
information should be provided in relation to the location and
substrata where the myxomycetes was observed. If identification
is not certain, this should be indicated as an educated guess by
those commenting on the posts. It is also expected that members
are kind and courteous in their posts as the group aims to create
190
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Figure 1. (A) Global map showing the 21 countries
where the posted images of myxomycetes were observed.
Map was generated using MapCustomizer (https://www.
mapcustomizer.com). (B) Number of entries (= number
of specimens) of myxomycetes recorded for each locality
(country). ND denotes unspecified locations on the posted
images.
VOLUME 84, NO. 4, APRIL 2022

Table 1. Species list of myxomycetes posted on
the Facebook group Slime Mold Identification &
Appreciation for the month of May 2020.
Taxonomic
Order

Documented Species

Cribrariales

Cribraria cancellata (Batsch)
Nann.-Bremek
Cribraria purpurea Schrad.
Cribraria sp.
Alwisia lloydiae Leontyev, S.L.
Stephenson & Schnittler
Diderma effusum (Schwein.)
Morgan
Diderma sp.
Diderma spumarioides (Fr. &
Palmquist) Fr.
Didymium sp.
Didymium squamulosum (Alb.
& Schwein.) Fr. & Palmquist
Didymium vaccinum (Durieu
& Mont.) Buchet
Fuligo intermedia T. Macbr.
Fuligo septica (L.) F.H. Wigg.
Fuligo septica var. candida
(Pers.) Meyl.
Leocarpus fragilis (Dicks.)
Rostaf.
Mucilago crustacea P. Micheli
ex F.H. Wigg.
Physarum album (Bull.)
Chevall.
Physarum compressum Alb. &
Schwein.
Physarum leucopus Link
Physarum roseum Berk. &
Broome
Physarum sp.
Ceratiomyxma fruticulosa (O.F
Müll.) T. Macbr.
Ceratiomyxma fructiculosa
var. poroides (Alb. & Schwein.)
G. Lister
Ceratiomyxma poroides (Alb.
& Schwein.) J. Schröt.
Enteridium lycoperdon (Bull.)
M.L. Farr
Lindbladia tubulina Fr.
Lycogala epidendrum (L.) Fr.
Lycogala flavofuscum
(Ehrenb.) Rostaf.
Lycogala sp.

Liceales
Physarales

Protosteliales

Reticulariales
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Number of
entries
(n = 164)
2
1
1
1
1
1
1
3
1
1
1
26
1
3
4

Reticularia jurana Meyl.
Reticularia lycoperdon Bull.
Reticularia olivacea (Ehrenb.)
Fr.
Tubifera montana Leonytev,
Schnittler & S.L. Stephenson
Tubifera ferruginosa (Batsch.)
J.F. Gmel.
Tubifera sp.
Stemonitidales Amaurochaete atra (Alb. &
Schwein.) Rostaf.
Brefeldia maxima (Fr.) Rostaf.
Comatricha alta Preuss
Comatricha nigra (Pers. ex J.F.
Gmel.) J. Schröt.
Stemonitis axifera (Bull.) T.
Macbr.
Stemonitis flavogenita E.
Jahn.
Stemonitis fusca Roth
Stemonitis sp.
Stemonitis splendens Rostaf.
Stemonitis typhina F.H. Wigg.
(= Stemonitopsis typhina
(F.H. Wigg) Nann.-Bremek.)
Symphytocarpus
amaurochaetoides Nann.Bremek.

1
5
1
1
3
2
1
2
1
1
2
1
3
15
5
2

1

Arcyria ferruginea Saut.

1

3

Arcyria incarnata (Pers. ex J.F.
Gmel.) Pers.

2

1

Arcyria sp.

3

Arcyria stipata (Schwein.)
Lister

1

Dictydiaethalium plumbeum
(Schumach.) Rostaf.

1

Hemitrichia calyculata (Speg.)
M.L. Farr

1

Hemitrichia clavata (Pers.)
Rostaf.

1

Hemitrichia serpula (Scop.)
Rostaf. ex Lister

1

Metatrichia vesparia (Batsch)
Nann.-Bremek. ex G.W.
Martin & Alexop.

2

Perichaena papulosa C.H. Liu
& J.H. Chang

1

Trichia decipiens (Pers.) T.
Macbr.

3

Trichia persimilis P. Karst.

1

Trichia scabra Rostaf.

1

1
1
3
15
1

1
2
1
18
1
2

Trichiales
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 ietnam (4), France (2), the Netherlands (2), and New Zealand (2)
V
(as shown in Figure 1).
Listing the species of myxomycetes collected from the FB posts,
a total of 56 species were likely identified, with 2 varieties and 8
specimens identified only to genus level. The identified myxomycetes with the recorded number of entries or specimens are shown in
Table 1. These taxa belonged to 7 taxonomic orders and 25 genera
(Figure 2).

cc Suggestions for Classroom Use
Previous study has showed how FB groups can be used in
teaching and learning. Schroeder and Greenbowe (2009) used

Figure 3. Sample distribution map of Ceratiomyxa fruticulosa
based on Facebook posts.
WebCT and FB to obtain questions on their discussions from
undergraduate students and found that there were four times
more student responses with FB than with WebCT. In their
study, other students also provided more detailed answers using
FB. This demonstrated the effectiveness of FB as a platform to
engage students.
We suggest using a FB group page dedicated to a particular
group of organisms, such as slime molds, as a source of information or data for a classroom activity. (1) During lectures, teachers
use images posted on the FB group page to introduce myxomycetes. Images must be used only with prior permission from the
owner. Posted images of specific life stages of myxomycetes, such
as plasmodia and fruiting bodies, are used during discussion on the
life cycle. (2) Students browse the images in the myxomycete posts
to get acquainted with the different species of myxomycetes. This
activity aids students in getting familiar with the gross morphology of myxomycetes and is particularly helpful in identifying fruiting bodies of myxomycetes during field collection or field work.
(3) Posted images of myxomycetes are used as virtual specimens
for species identification in the absence of actual or preserved

Table 2. Sample lesson plan on mapping distribution of
myxomycetes.
Lesson Title: Mapping species distribution of
myxomycetes
Recommended grades: Grades
11–12

ALLOTTED TIME: 3
hours

Objectives: Students will
• gather occurrence data on myxomycetes from public
posts in the Facebook (FB) group Slime Mold Identification
& Appreciation
• prepare a species list of myxomycetes reported in the FB
group within a given time
• map the species of myxomycetes to illustrate their
geographic origin and distribution

Figure 2. The number of specimens, or records, of
myxomycetes grouped per taxonomic order (A) and
genera (B).
192

THE AMERICAN BIOLOGY TEACHER

Learning outcomes: At the end of the class activity, the
students are expected to be familiar with myxomycetes
and be able to plot the distribution of myxomycetes.
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Materials: Students will need a laptop computer with
internet connection to access FB.
Directions:
1. The teacher begins the class activity with a short
lecture on the morphology, taxonomy, and life cycle of
myxomycetes. The teacher may also show images and
videos of myxomycetes to familiarize students with the
appearance of fruiting bodies.
2. The teacher randomly groups the students in 3–5
member teams and presents objectives, learning
outcomes, and mechanics of the class activity.
3. Students access the FB group and list all myxomycetes
posted within a given duration and country of origin or
locality.
4. Students create a species list and map distribution
of myxomycetes. The teacher facilitates the activity
by teaching students how to gain maps from online
resources (e.g., National Geographic MapMaker
Interactive, https://mapmaker.nationalgeographic.org, or
Google Earth, https://www.google.com/earth).
5. Students present their map output orally or in a
class exhibit and discuss for >10 minutes the species
composition and distribution of myxomycetes.
6. The teacher asks students to explore their own
backyards or any public green space for fruiting bodies of
myxomycetes.
Prior skills & understandings: Prior to the learning
activity, the teacher delivers a lecture on taxonomy,
ecology, and importance of myxomycetes and how to
identify or detect their fruiting bodies in the field. The FB
group will be a valuable source of images for this lecture.
specimens. Teachers initially illustrate the steps in describing fruiting bodies of myxomycetes and later provide the students with
sample images obtained from the FB group. The students visually
describe the morphological characters and use these morphometric
data to identify the species following comparison with published
literature and online identification guides (e.g., the Myxomycetes
page on the Discover Life website: https://www.discoverlife.org/
mp/20q? guide=Mycetozoa_GSMNP&flags=HAS). Alternatively,
the students identify the myxomycetes by comparing images with
online galleries, as exemplified by the Mixotropic gallery: https://
www.myxotropic.org/gallery. (4) Students map the locations of the
posted myxomycetes to infer possible distribution patterns. A sample distribution map is shown in Figure 3. (5) Students gather data
on the number of entries (i.e., the number of specimens) and the
localities for each posted taxa of myxomycetes and use the information as raw data for developing a species listing, for mapping species distribution, and for computation of diversity indices to infer
ecological patterns or evaluate species diversity. However, given that
the identities of the posted myxomycetes may not always be accurate, limitations of the learning activity must be discussed with the
students before any ecological or statistical analyses are conducted.
For example, the students need to assume that species identity is
correct and that one species observation is considered as one collection or record. Nevertheless, in the absence of field collection, these
data will be sufficient as raw data for the computation of diversity
indices. A sample lesson plan is also provided in Table 2.
THE AMERICAN BIOLOGY TEACHER

cc Concluding Points
Participation in FB groups that centers on identification of organisms, whether it be animals, plants or microorganisms, indicates
great interest and willingness of the individual to learn from and
engage with other members of the group, particularly those who
have already developed expertise in the said field. In the absence of
field work during course delivery, the use of these special FB groups
could also facilitate familiarization with species morphologies, useful traits when conducting species identification, and gathering
of occurrence and distribution information that could be used as
raw data for any ecological or statistical analysis and/or for species
mapping. If accurate identification of species is generated from the
responses on the posted images (e.g., on citing of endangered species), this could also lead to active participation of citizen scientists
in efforts on biodiversity conservation and habitat protection.

cc Acknowledgements
The authors express their sincerest gratitude to the administrators
and members of the FB group Slime Molds Identification & Appreciation for allowing us to use the species and locality data for this
study.
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FEATURE ARTICLE

Continuing the Role of the
Citizen Scientist: Larval & Pupal
Collections for National
Mosquito Distribution Surveys

JULIE TSECOURAS, WILLIAM WALTON, ROSELYN
SCHIMERLIK, LEE W. COHNSTAEDT

cc Mosquitoes & Vector-Borne Diseases

Abstract
New introductions to invasive mosquitoes, Aedes aegypti and Aedes
albopictus, increase the risk for vector-borne diseases such as dengue, chikungunya, and Zika in the United States. Tracking these new
introductions is more important than ever. This lesson plan focuses
on the collection of mosquito larvae and pupae before the onset of
summer with a focus on insect development. Students will observe
the immature mosquitoes grow and metamorphose into adults. Novel
aspects include collecting larvae and pupae around the home/school,
observing the mosquito life cycle by safely rearing them from immature stages (larvae and pupae) to adults, and learning important
background information on mosquito biology and pathogens that
mosquitoes can transmit. The lesson describes new tools to use with
the Invasive Mosquito Project, an international citizen science–based
mosquito surveillance program exploring mosquitoes and the pathogens they may transmit to interested community members (including
students and teachers) and their companion animals. This project is
a stand-alone or follow-up lesson plan to the mosquito egg collection
lesson used prior to the onset of winter (see
Cohnstaedt et al., 2016). Students are able
to participate in a hands-on tutorial to build
a sealed emergence chamber to safely raise
mosquitoes. Long-term data sets can also be
used by teachers and students for further
classroom discussions on the risks of mosquito-borne illnesses nationwide. This lesson further focuses on how individuals must
play an active role in protecting their communities and pets from illness and increasing awareness of the dangerous pathogens
mosquitoes can transmit and the importance
of mosquito management. Materials from
this lesson plan (available at http://www.
citizenscience.us) can be adapted for each classroom but are bestsuited for middle school to high school classes, as well as Advanced
Placement classes.

Aedes aegypti, the yellow fever mosquito, has been an important
vector monitored in the United States for many years. Aedes aegypti
was introduced from Africa to the New World during European
colonization (Nelson, 1986). The first confirmed outbreak of a
vector-borne disease in the New World dates to 1648, when yellow
fever struck the Yucatan (Powell & Tabachnick, 2013). However,
transmission of yellow fever virus by Aedes aegypti was not confirmed until 1900 (Nelson, 1986). Today, with the advent of a
global economy and ease of international travel, new mosquito species are introduced frequently within the United States (Figure 1),
which means an ever-changing landscape of disease risks.
Although yellow fever was eradicated from the United States,
other mosquito-transmitted pathogens present a risk to humans,
animals (mainly horses and birds), and wildlife every year. These
pathogens include the encephalitis viruses West Nile, eastern equine
encephalitis, western equine encephalitis, La Crosse encephalitis,
St. Louis encephalitis, and dengue (Centers for
Disease Control and Prevention, 2022). Mosquito control programs and public health education focusing on these mosquito-transmitted
viruses stress the importance of quickly detecting known mosquito vector species and virus
transmission. The Invasive Mosquito Project (IMP), started in 2016, aims to help map
the ever changing and expanding geographic
distribution of mosquito species within the
United States (Cohnstaedt et al., 2016).
Surveying for mosquito distributions
involves trapping mosquitoes and identifying
the species present (species composition) in
the community. Correct species identification is essential to determining risk of certain vector-borne diseases because only a few mosquito
species are capable of transmitting viral pathogens. The IMP egg collection lesson plan was published in The American B
 iology Teacher
(Cohnstaedt et al., 2016) as a way of monitoring these vector-competent mosquito species while involving interested community members
(including students and teachers) as participants in a citizen science

Aiding in a national
project will help
motivate students to
be active participants
in the scientific
community.

Key Words: Aedes aegypti; yellow fever mosquito; Aedes albopictus;

Asian tiger mosquito; citizen science; invasive species; mosquito surveillance; public health; epidemiology; environmental science.
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Figure 3. Records of Aedes aegypti and Aedes albopictus
findings worldwide.

Figure 1. Mosquito introductions into the United States
over the last 200 years. Each dot represents a species’ first
introduction. The black dot represents where two species
have the same introduction location in Houston, Texas.
project to collect real data and contribute to a research project with
the U.S. Department of Agriculture (USDA). IMP targets Aedes aegypti
and Aedes albopictus, which are invasive, container-inhabiting mosquitoes associated with diseases such as dengue, chikungunya, and Zika.
The geographic distribution of these two mosquito vectors remains
uncertain and dynamic, with us relying on models that calculate these
mosquitoes’ potential geographical ranges (Figure 2 and Figure 3). As
long as the distribution of Aedes aegypti and Aedes albopictus remains
unknown, people remain at risk of virus transmission in the United
States.
In 1999, an outbreak of mosquito-transmitted West Nile virus,
involving Culex pipens and Culex restuans, in New York City demonstrated that exotic viruses can be introduced to the United States (Nash
et al., 2001). As of January 2020, there have been 51,649 West Nile
virus cases throughout the United States. Cases per state have ranged
from a total of 1 (Puerto Rico and Hawaii) to 7,015 cases (California).

cc Why Study Mosquitoes?
Mosquitoes make terrific subjects for biology lessons because globally they are often pests to people and animals and are potentially
the deadliest animal in the world (Gates, 2014). Mosquitoes are a
common nuisance and are capable of transmitting pathogens through
blood meals, which can result in sickness and possibly death to the
host. This lesson aims to teach students about local mosquito species
with the ability to transmit harmful pathogens. Mosquitoes can be
collected in the field when immature (eggs, larvae, or pupae) and
raised to adults in the classroom. By collecting immature mosquitoes,
individuals lower their risk of pathogen transmission. Similar to butterflies, the larvae will grow into pupae and then metamorphose into
adults in as few as 10 days. The entire mosquito life cycle can be studied inexpensively using a covered cup of water. Teachers can then discuss vector-borne diseases and the epidemiology of malaria, eastern
equine encephalitis, St. Louis encephalitis, La Crosse encephalitis,
West Nile, dengue fever, yellow fever, chikungunya, and Zika. Maps
of these viruses by the Centers for Diseases Control are available at
https://wwwn.cdc.gov/arbonet/Maps/ADB_Diseases_Map.

Figure 2. Records of Aedes aegypti and Aedes albopictus findings throughout North America.
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Table 1. Next Generation Science Standards: an overview of the scientific practices, crosscutting concepts, and
disciplinary core ideas found in the Invasive Mosquito Project.
Science & Engineering Practices

Invasive Mosquito Project

Using Mathematics and Computational Thinking
Create or revise a simulation of a phenomenon, designed
device, process, or system (HS-LS4-6).

Build an emergence chamber to rear mosquitoes to adults.

Use mathematical and/or computational representations to
support explanations of factors that affect carrying capacity
of ecosystems at different scales (HS-LS2-1).

Quantify the abundance of mosquitoes capable of
transmitting vector-borne diseases in a community and
posing a risk to public health.

Use mathematical representations to support and revise
explanations based on evidence about factors affecting
biodiversity and populations in ecosystems of different
scales (HS-LS2-2).

Examine population differences from collected larvae/pupae
based on differences in location (school/home, near water /
drier areas).

Constructing Explanations and Designing Solutions
Design, evaluate, and refine a solution to a complex realworld problem, based on scientific knowledge, studentgenerated sources of evidence, prioritized criteria, and
tradeoff considerations (HS-LS2-7).

Collect larvae/pupae, identify mosquito species, and
determine if they are potential vectors.

Engaging in Argument from Evidence
Evaluate the claims, evidence, and reasoning behind
currently accepted explanations or solutions to determine
the merits of arguments (HS-LS2-6).

Test different hypothesis around what environmental
conditions are best for larval/pupal rearing.

Evaluate the evidence behind currently accepted
explanations or solutions to determine the merits of
arguments (HS-LS2-8).

Use collection data to understand mosquito control within/
around school/home. Identify local mosquito control.
Compare students’ mosquito abundance from larval/pupal
collection to mosquito control collections.

Disciplinary Core Ideas

Invasive Mosquito Project

LS4.C: Adaptation
Changes in the physical environment, whether naturally
occurring or human induced, have contributed to the
expansion of some species, the emergence of new distinct
species as populations diverge under different conditions,
and the decline—and sometimes the extinction—of some
species (HS-LS4-6).

Identify larval habitats of invasive species of mosquitoes
around homes/schools and how these aid colonization of
new environments.

LS2.C: Ecosystem Dynamics, Functioning, and Resilience
Anthropogenic changes (induced by human activity) in the
environment—including habitat destruction, pollution,
introduction of invasive species, overexploitation, and
climate change—can disrupt an ecosystem and threaten the
survival of some species (HS-LS2-8).

Identify new habitat sources where larvae/pupae of invasive
species are found that have resulted from human activity,
such as discarded trash and bird baths. Understand how this
interaction can help colonization of invasive species.

Crosscutting Concepts

Invasive Mosquito Project

Scale, Proportion, and Quantity
The significance of a phenomenon is dependent on the
scale, proportion, and quantity at which it occurs (HS-LS2-1).

Use data from mosquito collections to map and show scale
of invasive species in the environment.

Using the concept of orders of magnitude allows one to
understand how a model at one scale relates to a model at
another scale (HS-LS2-2).

Compare collection data from different collection sites
(home/school, rural/urban areas, backyards/parks, etc.)

Stability and Change
Much of science deals with constructing explanations of
how things change and how they remain stable (HS-LS2-6).
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Use collection data from several years to build maps that
show how mosquitoes change from year to year.

CONTINUING THE ROLE OF THE CITIZEN SCIENTIST

197

This lesson plan includes biological principles in multiple
fields of biology (Table 1). Field collection of immature mosquitoes in urban habitats can be used to teach aspects of ecology,
biology, and public health. Rearing mosquitoes in the lab/classroom demonstrates complex biological concepts, such as habitat
utilization, resource allocation, metamorphosis, and species identification. The purpose of this lesson is not to delve into any one
field in detail but rather to allow students to make connections
between fields of biology while seeing organisms complete their
entire life cycle (hatching from an egg to laying eggs) multiple
times in a month.

cc The Invasive Mosquito Project: Larval

& Pupal Collections Lesson Plan

Caution Statement
In this lesson, students will never be in contact with live adult
mosquitoes. Bites from adult mosquitoes may place students at
risk. Only larval and pupal collections will be conducted outdoors. Ensure the emergence containers are well sealed to prevent
contact with adults that are raised in the classroom.

Project Overview
In this lesson, students will collect larval and pupal mosquitoes
from water sources around their schools and homes for mosquito

Table 2. Lesson plan procedures.
1. Present background information, including
PowerPoint presentations, fact sheets, and quizzes,
to the class.
2. Collect supplies needed for larval/pupal collection and
possible emergence chamber.
3. Collect immature mosquitoes around homes or local
areas. Place collections into a small plastic cup with
some fish food. Label cups with date and location.
4. Bring collection cups into classrooms. Record the
results in each cup.
5. If rearing mosquitoes to adults, place collection cups
into emergence chambers.
(a)	Construct emergence chambers. A separate
emergence chamber should be used for each
location.
(b)	Review the mosquito safety measures.
(c)	After most adults emerge, place emergence chamber
in a freezer for 24 hours to kill off mosquitoes.
(d)	After freezing, allow water to thaw and remove
adults.
6. Identify genus of collected larvae and adults and
record observations.
7. Record data collection into IMP website.
8. Discuss collections as a class and what the findings
mean for local government agencies and vector-borne
disease risk.
198

THE AMERICAN BIOLOGY TEACHER

surveillance. Students will raise the immature mosquitoes, watch
them grow in sealed containers, and observe larvae change into
pupae and ultimately metamorphose and emerge as adults. Lectures
and information sheets, providing background information on mosquito species and vector-borne diseases, are provided on the IMP
website. (The narrative, PowerPoint presentations, fact sheets, and
quizzes are provided by the U.S. Department of Agriculture and the
CDC at http://www.citizenscience.us/imp/resources.php.) A time
allotment of 90–135 minutes is suggested to cover the background
information with students (see Table 2). Supplies needed for this
project include a small cup of water (in which to place immature
mosquitoes), fish food, dipper cup or turkey baster, panty hose, and
an empty ice cream container.

Identify Mosquito Habitat
Mosquito eggs may be laid in various locations depending on the
species (Figure 5A and Figure 5B). Common larval mosquito habitat around buildings can be any object that holds water for more
than 5–7 days. These sources may include discarded cups and
trash, bird baths, fountains and ponds, tree holes (rotted holes
in trees that hold water), and even bottle caps. Cemeteries (e.g.,
flower vases in headstones) are another location that typically
have immature mosquito habitats. It is important to remember
that immature stages (larvae and pupae) are only found in water.
Water can be in many locations, and students are encouraged to
think creatively to find it. For example, is a blocked gutter or corrugated drain holding water? What about a broken sprinkler head?
The obvious locations are found quickly, but less obvious ones are
harder to find. Send us an email and picture at Invasive.Mosquito.
Project@gmail.com if you think you have found a new cryptic or
hidden habitat.

Larval/Pupal Collection
When collecting larvae, wear long sleeves and long pants, with
pants tucked into socks, to prevent being bitten by adult mosquitoes in the field. To collect larvae and pupae from water, use a
scoop (e.g., dipper cup) or suction (e.g., turkey baster). Remember, they will see your shadow and dive into the container when
they see you coming. Move fast or be creative to get them all
out. They will rise to the surface to use their siphons to breath,
so you may have to come back a few times to get them all if you
miss them the first time. Place the immature mosquitoes and a
pinch of fish food in a small cup with water. If they will be raised
to adulthood, emergence containers will need to be constructed
either by the teacher or the students.

Constructing the Emergence Container
A simple emergence container can be made from a small plastic
cup, an empty ice cream container, and tight-meshed material,
such as pantyhose (Figure 4A). Other similarly sized containers
will work as well. Be sure there is enough visibility to see the
mosquitoes but that the mesh holes are very small so mosquitoes
cannot escape. Cut out the top of the ice cream container and use
just the rim. Place the small cup with water, food, and mosquitoes (Figure 4B) inside the ice cream container (Figure 4C) and
then place the mesh material on top. Use the rim of the ice cream
container lid to keep the meshed material in place (Figure 4D).
Place a rubber band vertically around the container to secure
the lid to the container. The container is then inspected by the
teacher for any large holes.
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Rearing Mosquitoes
Place the small cup with water, immature mosquitoes, and a pinch
of fish food inside the emergence container. The smaller the larvae
the less food they need. Be careful, too frequent feeding or too much
food will contaminate the water and cause bacterial overgrowth,
which will kill the larvae. Students can observe as larvae get larger
after each molt and eventually become pupae. After the first pupa
is observed, stop feeding the mosquitoes and let the other larvae
pupate and later emerge. Pupae do not feed. Again, stop feeding after
you see pupae, and never open the container after the first pupa is
observed! Always double check the container for holes. Any holes
that are found can be sealed with tape. If an adult mosquito dies and
falls on the water prior to freezing them, don’t worry you can still
identify it. After most, if not all, of the adults emerge from the pupae,

place the emergence container in a freezer for 24 hours to kill the
mature and immature mosquitoes. This ensures that safe observations can be made with microscopes or hand-held lenses. After freezing, thaw the frozen water and remove the adults that are floating
on the water. If students choose to keep the adult mosquitoes alive,
apple slices can be placed on the top of the emergence container to
provide sugar and water to the adults until more emerge.
Safety Precautions
While collecting larvae and pupae outdoors, students are advised
to avoid the two hours before and after sunrise and sunset (the
crepuscular hours) when mosquitoes are most prevalent. Mosquito larvae and pupae may be raised in a communal container
within the classroom to conserve space. Adult mosquitoes must
always be frozen for at least 24 hours before being handled so
students are not exposed to live adults. Teachers must check the
mosquito emergence container regularly for holes.

Figure 4a. Materials for an emergence container.

Figure 4c. Small cup with water, food, and various stages of
immature mosquitoes.

Figure 4d. Mesh material is placed on top, and the lid rim
Figure 4b. Small cup placed inside an ice cream container.
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of the ice cream container is applied to keep the meshed
material in place.
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Mosquito Identification
Teachers have two options for choosing how to proceed on mosquito
identification. The first option allows students to identify the larvae
and pupae to genus level using the NASA GLOBE Observer application (https://observer.globe.gov/about/get-the-app), which was
developed in consultation with the Invasive Mosquito Project. The
NASA GLOBE program’s Mosquito Habitat Mapper allows students
to track their locations and works in coordination with the IMP. The
app leads participants through pictorial keys to identify the larvae
and pupae to genus level. For the second option, classes raise the
immature mosquitoes within sealed containers until adult emergence
and then identify the adults. The adult mosquitoes can be identified using an online morphological key provided by the Walter Reed
Biosystematics Unit (2018), comparing them to pictures, consulting
a local expert, or using phone apps such as the iNaturalist Mosquito
Identification app (available on their website, https://www.inaturalist.

org/projects/mosquito-identification, and on Google Play and Apple
Store). Additionally, species identification can be confirmed by shipping the specimens to the USDA (USDA Center for Grain and Animal
Health Research, 1515 College Ave., Manhattan, KS 66502).
Mosquito larvae and pupae are very distinct. The light-colored
larvae have small head capsules and distinct siphons (Figure 5C
and Figure 5D). Siphons are tube-like structures through which
mosquitoes breathe, like a snorkel. Larvae also have a distinct wriggling motion when moving through water. Larvae feed on decomposing organic matter, bacteria, and protozoa. Each larva molts
four times, and after completing four larval instars, it becomes
a pupa (Figure 5E and Figure 5F). The nonfeeding pupa is also
quite distinct, appearing as a small black comma that moves in
a tumbling motion when disturbed. The pupa will emerge as an
adult mosquito (Figure 5G and Figure 5 H). Adult mosquitoes will
mate, search for blood meals that contain nutrients required to
make eggs, and look for aquatic habitats to then lay eggs.

Table 3. Life cycle of Culex and Aedes mosquitoes.
Culex Mosquitoes

Aedes Mosquitoes

Eggs

Figure 5A

Figure 5B

Larvae

Figure 5C

Figure 5D

Pupae

Figure 5E

Figure 5F

Adults

Figure 5G

Figure 5H
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Data Analysis
Data analysis is one of the main foci of this lesson plan. The purpose of larval/pupal collection is to teach students about real-world
data collection methods (and numerous other scientific methods).
Students will record observations, such as location and number of
immature mosquitoes collected, collection technique, and date of
collection. For example, ponds typically have a larger number of
mosquitoes than artificial containers around a house, as this source
of water is larger than a container in a home’s backyard. However,
this is not always the case. Larger larvae indicate older instars, suggesting that the water has been present for a longer period of time.
If pupae are collected, these will be counted as well, but keep in
mind, the pupae are about to metamorphose into adults (1–3 days,
depending on the temperature). Students should notice the differences in locomotion between larvae and pupae. After the adults
have been frozen and the genera identified (individual species are
generally harder to differentiate), a hypothesis can be formed as to
why a certain location had more mosquitoes than another. (Factors
may include foliage, fauna, nutrients in the water, larval predators,
and available standing water).

cc Classroom Discussion
A particular emphasis of this lesson is for students to become more
comfortable sharing their information with others. After making
observations about local data, students should discuss in class their
ideas as to why some species of mosquitoes are concentrated in
certain areas more than others. Active participation provides a good
indicator of understanding and interest. The collections and rearing
contribute to a national, long-term data collection project by the
USDA to determine areas in the United States that are particularly
prone to mosquito-borne diseases by finding mosquito population
distributions. By encouraging students to discuss the data collected
in regard to public and individual safety, they will be more comfortable sharing their results with their families and community. Participating in this project will raise students’ awareness about diseases
spread by mosquitoes and their consequences. Additionally, aiding
in a national project will help motivate students to be active participants in the scientific community.

cc Conclusion
The larval and pupal collection builds on the previous egg collection
lesson published in The American Biology Teacher in 2016. This
lesson plan targets a different time of year (when there may be fewer
egg-laying females present) and offers new tools. Again, students
are given the opportunity to identify the mosquitoes that pose a
public health threat to their community through mosquito monitoring (Cohnstaedt et al., 2016). The data analysis reinforces that students learn about the scientific procedures important for collecting
data to help identify the risks posed to human and animal health.
With this additional collection plan, students get the opportunity
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to experience science in their own environments and communities.
Through the data collected, students can begin to understand the
differences of mosquito species’ composition throughout the United
States. Class discussions educate students on the vectors associated
with current disease-causing pathogens and how mosquitoes can
facilitate these diseases in an area. Once students are aware of the
risks within their community, they will be able to play a vital role in
protecting the health of not only themselves but also those around
them.
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Abstract
What’s in Our Waters Jr. (WOW Jr.) is an environmental outreach program designed to teach fourth grade elementary students about watershed protection. This program is unique because of the partnership
that brings together students, teachers, scientists, and water resource
professionals to promote science education and environmental stewardship in the classroom through mentorship and hands-on learning activities. WOW Jr. is co-led by the Clemson University Cooperative Extension Service (4-H Youth Development and Water Resources Programs)
and Clemson University Environmental Toxicology Graduate Program.
The major themes covered in WOW Jr. are
watersheds, water pollution, and water conservation and protection. The curriculum is
designed to help teachers meet several South
Carolina academic standards for fourth grade
science. Pre- and post-surveys administered to
students to assess program effectiveness and
progress over time show that engagement with
science professionals increases achievement of
state standards and knowledge of watershed
protection by environmental stewardship, and
it alters students’ perceptions of scientists.
Key Words: Watershed

protection; fourth
grade science; water pollution; environmental
outreach; mentorship.

cc Introduction

concept of environmental stewardship is introduced at an early age,
as children who engage in scientific education activities early also
develop positive attitudes toward scientific disciplines (Lindahl,
2005). This attitude translates to higher achievement in science,
technology, engineering, and mathematics (STEM) areas later in
life, as well as increased likelihood to pursue STEM-related careers
(McClure et al., 2017). By engaging children in educational activities centered around environmental science and stewardship, a new
generation of more environmentally conscious members of society
will be established.
Although teaching young students about
their personal responsibility as environmental stewards is important, it is a complex topic and often not discussed at great
lengths in the classroom, as teachers must
also prioritize covering science topics that
are part of their state’s academic standards
for a particular grade level. To reinforce the
concept of environmental stewardship while
also covering other critical science content,
supplemental instruction by professionals
and mentors working in science disciplines
has been found to benefit both students and
teachers (Goodnough, 2004; Amato-Henderson et al., 2009). For example, the combination of mentorship experience paired with
problem-based learning exercises outside of
regular class instruction increased the curiosity, inquiry, and scientific thinking among
elementary and middle school students. Students also demonstrated increased knowledge
content and improved problem-solving skills
(Leas et al., 2017). In addition, professional mentors may be able
to cover specialized topics that teachers are not as comfortable
teaching (Karp et al., 2010). Mentorship experiences in general
often augment motivation and improve behavior of elementary
students (Rahill et al., 2017). Moreover, studies have shown that
parents learn concepts for, from, and with their children, especially in STEM-related subjects (Ginsburg et al., 2008). Volk and

WOW Jr. brings
local water resource
professionals and
university scientists
into the classroom
to engage young
students in educational
activities centered
around watershed
protection and
stewardship.

Humans are dependent on the natural
environment (Sutherst, 2004; Bell et al., 2007; Tie & Cao, 2009),
and the actions of human society have a direct impact on the environment (Zolitschka et al., 2003; Gale et al., 2004; Dumont et al.,
2013). To maintain a healthy and habitable natural world, it is
imperative to responsibly use and protect the environment through
sustainable practices and conservation, which is defined as environmental stewardship (Leopold, 1949). It is important that the
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Cheak (2003) found that environmental education programs in
elementary and middle schools not only have a positive impact on
parents’ attitudes and involvement in environmental stewardship
but also on the surrounding communities at large.
The What’s in Our Waters Jr. (WOW Jr.) outreach program
brings local water resource professionals and university scientists into the classroom to engage young students in educational
activities centered around watershed protection and stewardship.
WOW Jr. is an environmental outreach program that stemmed
from the high school WOW program (Ware et al., 2019) and targets local fourth grade students. This program involves a unique

partnership between elementary students and teachers, scientists,
and water resource professionals that promotes science education
and environmental stewardship in the classroom through mentorship and hands-on learning activities. Through this supplemental education to young students, there is also a hope that
parents and, by extension, the community are positively influenced by this program and what it aims to achieve. This paper
serves as an introduction to this novel curriculum and provides
some anecdotal results of success from the WOW Jr. program’s
first two years of implementation in two elementary schools in
South Carolina.

Table 1. Alignment of WOW Jr. lessons with South Carolina’s academic standards and performance indicators for
fourth grade science.
SC Standard

Lesson

Concept Presented in the Program

4.S.1 “The student will use the science and
engineering practices, including the processes and
skills of scientific inquiry, to develop understanding
of science content.”

Scientific method

Students use a scientific notebook as
practical introduction to the scientific
method, with the lesson’s key words defining
the steps. To practice science inquiry skills,
students develop hypotheses before
performing the experiment.

Stormwater

Students use the scientific inquiry process
to identify stormwater pollution sources and
possible environmental impacts.

Water quality &
macroinvertebrates

Students practice the scientific method by
testing water quality.

Litter pollution &
recycling

Students use the scientific inquiry process
to think about how they can prevent litter
pollution and properly dispose of items they
use every day.

Groundwater
pollution

Students learn about aquifer engineering
practices and use scientific inquiry to develop
understanding of how groundwater can be
contaminated by pollutants.

Plants & erosion

Students practice the scientific method when
determining which type of ground cover best
prevents runoff.

4.S.1B “Conceptual Understanding: Technology
is any modification to the natural world created
to fulfill the wants and needs of humans. The
engineering design process involves a series of
iterative steps used to solve a problem and often
leads to the development of a new or improved
technology.”

Stormwater

Students engineer possible solutions to
stormwater pollution or ideas for how to
prevent it from impacting aquatic habitats in
the first place.

4.L.5 “The student will demonstrate an
understanding of how the structural characteristics
and traits of plants and animals allow them to
survive, grow, and reproduce.”

Water quality &
macroinvertebrates

Students identify characteristics of
macroinvertebrate species that allow them to
survive in an aquatic habitat.

Plants & erosion

Students learn how the structure of plants
help maintain water quality.

4.E.2 “The student will demonstrate an
understanding of the water cycle and weather and
climate patterns.”

Groundwater
pollution

Groundwater lesson discussion and activity
help students gain understanding of the
water cycle and how weather patterns
influence water supply.
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cc Program Framework
The WOW Jr. outreach program is co-led by the Clemson University Environmental Toxicology graduate program and the Clemson
University Cooperative Extension Service (4-H Youth Development
and Water Resources Programs). Mentors who volunteer for the program include local professionals and both undergraduate and graduate-level university scientists who specialize in an environmentally
relevant STEM field. Mentors meet with fourth grade students from
each school for one hour each month to present and teach a topic
about watershed protection (see the Supplemental Material available with the online version of this article.) Each lesson consists of a
brief presentation in the form of an interactive PowerPoint followed
by a hands-on experiment or activity related to the information presented. Throughout each lesson, each student records definitions to
key words, the main scientific question related to the activity, and
their hypothesis, observations, and conclusions in their scientific
notebook. Students are broken up into small groups of about four
students to complete the activities. Following the activity, each lesson is concluded with a class discussion about what the students
observed during the activity and their conclusions about the topic
covered that day. The main responsibility of the fourth-grade teachers during this time is to provide classroom management for the
guest mentors. All lessons are designed to align with one or more
of South Carolina’s academic standards and performance indicators
for fourth grade science (Table 1) (South Carolina Department of
Education, 2014). The program is evaluated using data gathered
from state standard assessments and pre- and post-surveys administered to students. A detailed description of each lesson, activity, and
South Carolina academic standard alignment is in the Supplemental
Material available with the online version of this article. (Also, you
may request PowerPoint presentations and activity instructions for
each lesson by contacting the corresponding author.)

Lesson 1: Scientific Method
In the first lesson, students are introduced to the mentors and the
WOW Jr. program. The purpose of this lesson is to review the scientific method and apply it to an experiment. Each student is given
a scientific notebook, and mentors discuss the components of the
notebook, including the scientific method. To begin the lesson’s presentation, students are asked simple questions such as “How do you
describe a scientist?” and “What would you want to record in your
scientific notebook?” Students are encouraged to be creative with
their answers, which may involve pictures as well as short descriptions. Following the introductory presentation, students conduct an
experiment in small groups with the help of mentors to investigate
the concepts of cohesion and adhesion through a water transport
test. This first experiment sets the stage for students to understand
how these unique properties of water are also what causes water to
become easily polluted and how pollution can be transported from
one body of water to another.

Lesson 2: Stormwater
This lesson was developed to introduce students to sources of
pollutants and how difficult it can be to clean up polluted water,
even using engineered solutions. The lesson covers the difference
between point source and nonpoint source (NPS) pollution, the
types of NPS pollutants, and how these pollutants end up in our
waterways and their effects on aquatic habitats. Students brainstorm
ways to prevent and clean up these pollutants in the environment.
For this lesson’s activity, mentors set up a small aquarium for each
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group of students. The aquarium contains clean water and objects
that represent aquatic plants and animals. Mentors give students
items that represent NPS pollutants (e.g., oil, litter, pesticides, fertilizer, pet waste) to add to their aquatic habitats. Each student then
picks one tool to attempt to clean up their polluted habitat. Following this activity, mentors discuss factors to consider when cleaning
the habitats. These factors include, but are not limited to, where
the pollution comes from, what it is doing to the environment, how
effective their cleaning method is, and how the cleaning method
may affect the environment and organisms within it.

Lesson 3: Water Quality & Macroinvertebrates
This lesson discusses various water characteristics and how macroinvertebrates are used as bioindicators to monitor water quality.
Students are introduced to water chemistry tests including pH and
dissolved oxygen, as well as the relationships between types of macroinvertebrates and a healthy or unhealthy aquatic habitat. Mentors
begin the lesson by asking students questions, including “Can we
tell if a stream is healthy just by looking at it?” and “What do macroinvertebrates and bacteria tell us about water quality?” Mentors
explain how results from water chemistry tests and macroinvertebrate identification indicate the water quality of a stream. Students
then conduct water quality measurements on a stream sample to
assess the overall health of the stream. Students rotate through three
different water quality testing stations: pH, dissolved oxygen, and
macroinvertebrate identification. After completing all stations, students compare their test results with the entire class and conclude
whether or not the stream water is healthy.

Lesson 4: Litter Pollution & Recycling
During this lesson, students are introduced to litter as a major
stormwater pollutant in addition to what and how to recycle. Mentors first ask students, “What is the only thing that should ever go
down a storm drain?” Students watch a short video that explains
how litter from stormwater pollution can affect aquatic animals.
Mentors then ask students to come up with ideas of how to keep
litter from getting into storm drains. After this introduction, students participate in a sorting game to determine which items can be
recycled. Following the game, students and mentors discuss why
it is important to reduce, reuse, and recycle and how students can
continue to do this at home.

Lesson 5: Groundwater Pollution
This lesson familiarizes students with the concepts of aquifers
and groundwater and how pollutants can contaminate groundwater. Mentors begin the lesson by depicting how aquifers are rocks
underground that “hold” water in their pore spaces, and these ideas
are further explained in a short educational video. The uses of
groundwater and how pollutants can contaminate our groundwater
are discussed between mentors and students. For this lesson’s activity, students create an edible aquifer using ice, soda, and ice cream.
Students observe how quickly pollution can contaminate groundwater, and resulting implications of this are discussed with mentors.

Lesson 6: Plants & Erosion
The purpose of this lesson is show students how erosion can affect
water quality and how plants play an important role in reducing stormwater runoff and erosion. During the presentation, mentors explain
and discuss with students why plants are important to humans, the
different uses of plants, and how plants can improve water quality. For
VOLUME 84, NO. 4, APRIL 2022

this lesson’s activity, students conduct an experiment that compares
stormwater runoff between two types of ground cover. Students record
their hypotheses, observations, and conclusions before, during, and
after water is poured over each type of ground cover. Following this
experiment, students and mentors go outside and plant seeds in the
school’s garden, enforcing the idea that students can also be active environmental stewards and reduce stormwater runoff.

cc Initial Findings & Discussion
The establishment of a partnership between local water resource professionals and university scientists working together with elementary
school teachers and students provides a unique classroom dynamic
and learning environment that greatly benefits all parties involved.
Students receive supplemental instruction to their fourth-grade science curriculum in an interactive and engaging manner from environmental scientists and professionals who are passionate about their
job and educating others. In addition, the teachers, eager to provide
their students with additional methods to master science standards,
also learn alongside their students during the program, as the information presented is relevant to all ages and not just children.
The effectiveness of this unique partnership and program is
evaluated each year by examining publicly available state standard
assessment results and student responses to program surveys. Out
of all of the science standards for fourth grade, the standard “Science
and Engineering Practices” aligns most closely with the WOW Jr.
program and is the only standard in which all of the program’s lessons align in at least one way. Publicly available assessment results
are reviewed for the percent of students whose test performance
shows weakness and a need for further instruction (South Carolina Department of Education, 2022). Results show a decrease in
the percentage of students in the poor testing performance category
during the years the WOW Jr. program was in place (2017–2018
and 2018–2019) compared to the school year when the program
did not exist (2016–2017) (Figure 1).
Additionally, student responses to pre- and post-surveys are
examined to determine if students increased their understanding of
the main concepts presented throughout the duration of the program.
Two questions asked within the surveys that are essential to measuring program impact are “How can water become polluted?” and
“How can you stop water pollution?” Examples of common student

responses to the first question from the pre- and post-surveys are “it
can become dirty” and “plastic, oil, and dirt cause polluted water,”
respectively. Examples of common student responses to the second
question from the pre- and post-surveys are “you can take it out”
and “we can help by picking up trash and recycling it,” respectively.
The supplemental question “What is a scientist?” was also posed to
students in both the pre- and post-surveys in order to gain a general understanding of how young students perceive those working in
the scientific community. Students were asked to draw a picture to
accompany their answer to this question. We found that these drawings became substantially more diverse and less stereotypical in the
post-survey responses compared to pre-survey responses (Figure 2).
Several improvements and additions have already been made to
the WOW Jr. program, including the development of mentor training
videos to ensure that all mentors (e.g., water resource professionals
and university scientists) cover the same information in each classroom, a science notebook for each student to record their findings as
they work through the scientific method for each lesson, and the use
of interactive PowerPoints at the beginning of each lesson to provide
more structure and visual aids about topics and concepts covered.
More changes will continue to be made to the program, including
annual updates to the PowerPoint presentations to keep up with current environmental issues, the addition of take-home activities that
involve parents and the broader community (e.g., discussing and
practicing recycling at home), and utilizing an interactive groundwater pollution model (rather than using pictures) for Lesson 5 to help
students gain a more visual understanding of the concepts presented.
In summary, the WOW Jr. outreach program is a valuable supplement to the fourth-grade science curriculum for both teachers and
students, providing expert education resources on watersheds, water
pollution, and water conservation and protection topics. Teachers elsewhere can take advantage of the partnerships and program
structure presented here by utilizing their own county or community cooperative extension service (U.S. Department of Agriculture,
n.d.) and/or nearby institution of higher education. The mentorship
experience and problem-based learning exercises applied by the
WOW Jr. program help to increase learning and interest in science

Figure 1. Percentage of fourth-grade students whose
test performance shows weakness and a need for further
instruction for the science standard “Science and Engineering
Practices.” State standard assessment results comparing
school years with the WOW program in place (2017–2018
and 2018–2019) to a school year without the program
(2016–2017) for two elementary schools (A) and (B).
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Figure 2. Examples of fourth grade students’ pre-survey
(A) and post-survey (B) responses to the question “What is a
scientist?”
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among elementary students. This program will continue to expand
and implement changes to further enhance students’ understanding
of watershed protection through environmental stewardship.
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Abstract
Anthropogenic climate change is an urgent and pervasive challenge, yet
it remains a polarizing subject. In the United States, studies have shown
that rural communities tend to view climate change with less urgency
than urban communities, which could delay action in response to the
crisis. In rural areas that are highly dependent on agricultural production for their economies, linking climate change to agriculture could be
key for improving climate change education. Here we propose a threepart framework that engages student and community knowledge of a
locally relevant crop system to make local-global connections, connect
the system to climate change, and analyze, critique, and design actionable solutions. The inclusion of lessons that link climate change effects
to agriculture could play an important role in more effectively building
understanding across cultural and regional divides.
Key Words: climate change; agriculture; r ural

communities; teaching strategies; climate
education; framing.

cc Introduction

The Paris Agreement of 2016, which is currently signed by 191
countries and the European Union, set a goal to take immediate
action to limit the increase in global mean temperature to 2°C above
preindustrial levels. According to the United Nations Environment
Programme’s Emissions Gap Report 2019, adequate action has not
yet been taken, and they suggest that global emissions must be cut
2.7% per year from 2020 to 2030 to keep warming under the target of 2°C (UNEP, 2019). Taking the kind of global action that is
required to drastically cut carbon emissions will require widespread
and urgent support, especially among countries with major economies (i.e., the greatest polluters), including the United States.
Despite overwhelming evidence for the effects of climate change,
it remains a highly polarizing subject in the United States. There
are clear demographic divides in climate change understanding
and acceptance across socioeconomic, educational, regional, ideological, and political lines (Ballew et al., 2020;
Bonnie et al., 2020; Hoffman, 2011; Zia &
Todd, 2010). For example, a Pew research poll
in 2020 found that while 88% of participants
who identified as Democrats believed climate
change is “a major threat to the nation,” those
who identified as Republicans had a far less
urgent view. Just 31% of Republicans called
climate change a “major threat,” 45% said it
was a “minor threat,” and 24% said it wasn’t a
threat at all (Kennedy, 2020).
In addition to a political divide, there is
an evident divide between urban and rural
communities. For example, research suggests
that while urban/suburban voters call climate
change one of the top two most important
environmental issues, rural voters consider
issues that have more immediate impacts, such as protecting farmlands, to be a higher priority (Bonnie et al., 2020). Additionally,
54% of rural voters suggested it is important that the United States
take action on climate change versus 69% of urban/suburban voters
(Bonnie et al., 2020). This disparity in perception of climate change
urgency, combined with the truly time-sensitive nature of policy
action to curb global warming (UNEP, 2019), calls for increased

We focus on
development of
educational strategies
that address the effects
that climate change
could have on the daily
lives and communities
of students.

Anthropogenic climate change is a primary
driver of global change (Intergovernmental
Panel on Climate Change [IPCC], 2015),
making it one of the most urgent and challenging problems we face. The scientific
consensus is that human activities are the
cause of climate change, given that levels
of carbon dioxide (CO2) and other greenhouse gases have been rapidly increasing in
the atmosphere since the turn of the 20th century at a rate that parallels fossil fuel emissions and a rising average global temperature
(IPCC, 2015). Extensive research points to the scope and severity
of climate change effects (e.g., IPCC, 2021; IPCC, 2015; Dai, 2013;
Hansen et al., 2010; Allen et al., 2010; Nicholls & Cazenave, 2010),
so taking immediate action has been deemed essential (United
Nations Environment Programme [UNEP], 2019).
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focus on improving climate change education strategies in rural
agricultural communities.
How can we remedy this gap in climate change understanding and urgency? One solution can be found through adapting
the framing of climate change education to regionally specific
issues. Research suggests that when teaching about climate
change, framing the discussion is crucial (e.g., Benjamin et
al., 2017; Dickinson et al., 2013, Stevenson et al., 2018), and
connecting climate change to local issues and actions is a useful strategy for building interest and urgency (e.g., Anderson,
2012). Because communities tend to prioritize issues that are
most immediate (Bonnie et al., 2020), we see an opportunity to
bridge the more abstract concept of climate change with more
immediate priorities. In rural communities that rely heavily on
agriculture for their livelihoods, culture, and economy, linking
climate change to agriculture may help to improve accessibility, interest, and long-term engagement (Stevenson et al., 2018).
Here, we provide a framework for the integration of lessons that
emphasize the potential effects of climate change on agricultural
systems, with the goal of targeting climate change education for
rural agricultural communities.

cc What Is Effective Climate Change

Education?

To promote effective teaching of climate change, first it is important
to consider the goals of climate change education. If the ultimate
goal is action, it is critical for students to develop a foundation
of scientific knowledge, skills that they can use to leverage that
knowledge into action in their communities, and the drive to do
so. For example, the U.S. Global Change Research Program (2009)
developed a set of seven Essential Principles of Climate Science
Literacy that promotes understanding of the human influence
on climate and the influence of climate on humans and society.
According to these principles, climate literacy must include a personal connection between the learner and the science, where the
learner understands their role in climate change and how climate
change might affect their life. A similar sentiment is laid out in
the United Nations Educational, Scientific and Cultural Organization’s (UNESCO’s) Education for Sustainable Development Goals
for climate action. They call for learning objectives in the realms
of cognitive, socioemotional, and behavioral learning so students
cultivate the necessary tools to understand the science, connect the
science to their activities, and take action to slow or reverse climate
change and its impacts (UNESCO, 2017). The overarching goal of
these objectives is to empower students to confront the issue of
climate change.
In the United States, the development and adoption of the Next
Generation Science Standards (NGSS) has been associated with
inclusion of climate literacy education (National Research Council,
2012; Hestness, 2014). The adoption of NGSS in K–12 education
provides opportunities for climate change education across elementary, middle, and high school science curricula that align with
the seven Essential Principles of Climate Science Literacy (Busch
& Osborne, 2013). Taking the step of implementing the NGSS
goes a long way to increasing the quantity and quality of climate
change education in U.S. classrooms, but the question of how best
to approach this controversial and complicated subject with students, especially those from diverse socioeconomic backgrounds,
still remains.
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In recent years, research on environmental education has
moved beyond consideration of whether climate change needs
to be taught in schools toward how best to teach this complex
issue effectively. For example, in a systematic review of literature
on climate change education assessment, Monroe and colleagues
(2017) identified key strategies that may improve effectiveness of
educational interventions and activities geared toward the teaching of climate change. The authors identified two key themes
to improved effectiveness: focusing on making climate change
personally relevant and designing the activities in a way that is
engaging to learners. They also identified strategies such as using
deliberative discussion, interacting with scientists and the scientific process, addressing misconceptions, and designing projects
that address climate change in their communities to further the
learning process (Monroe et al., 2017). Additionally, Zummo and
colleagues (2021) provided evidence that reception to climate
change education is not simply a matter of exposure to mechanistic knowledge about climate change. While their study showed
that increased exposure to climate change knowledge increased
receptivity, it also found that more conservative worldviews
decreased receptivity. In developing effective climate change education strategies, considering complexities in student values and
ideologies is critical to enhancing understanding and retention.
In this paper, we focus on development of educational strategies that address the effects that climate change could have on
the daily lives and communities of students, as this is where
we believe we can most effectively engage students in actionoriented climate change education. To achieve this goal within
agricultural communities, we suggest the use of a locally relevant
agricultural system or crop as a case study that can be explored
in depth from its agroecology to its global supply chain. We
propose a framework for high school students that includes
three types of lessons that are needed for a successful case study
(Figure 1): (1) lessons that bridge local and global systems and
interests, (2) lessons that apply scientific knowledge about climate change effects to the case study system, and (3) lessons that
provide the opportunity for students to learn about currently
available solutions and to use their knowledge and creativity to
design their own solutions. It is worth noting that while each
of these types of lessons is key to the success of the case study,
the case study does not have to be limited to only three lessons,
as some practitioners may need to spend more time on certain
aspects of the curriculum. We will explore each of these lessons
in depth in the next sections.

Figure 1. The three types of lessons and their key
components in the proposed framework to integrate local
agricultural case studies into climate change education in
rural agricultural communities.
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cc Integrating Climate Change &

Agriculture in the Classroom

The agricultural case study can be presented through three types of
lessons that, taken as a whole, provide an integrated approach to
understanding climate change impacts on the selected system. Here
we provide an overview of each type of lesson in the framework.

1. Bridging Local & Global Systems
The first part of the recommended agricultural case study utilizes
knowledge of the students in the classroom to put the crop system in local and global contexts. Ideally, the agricultural system
chosen for these lessons is one that is familiar to the students so
they can play an active contributing role in class discussions. This
builds on the idea of a place-based approach to education (Semken,
2005; Semken & Freeman, 2008), which Roehrig and colleagues
(2012) describe as “grounded in the notion that the students’ local
environment and community are a primary resource for learning. Place-based education promotes learning that is rooted in the
unique history, environment, and culture of a particular place.”
Place-based approaches have been effective in both urban environments (Endreny, 2010) and rural environments (Gruenewald,
2003; Semken, 2005) because they engage students with their local
environments to solve “real local” problems (Sobel, 2014). In rural
agricultural communities in the United States, approaching climate
change education from a place-based approach means rooting discussions in local culture, tradition, and values. Engaging students
with locally relevant systems and by calling on their experience and
knowledge to inform development of these lessons is key to this
approach, as it activates emotions, attitudes, and motivations for the

students and creates a feeling of ownership in the ultimate outcome
of the lessons (Van der Hoeven Kraft et al., 2011).
The objective of this first type of lesson is to build on familiarity with the local crop system and ensure that there is adequate
background information for the development of situational interest (Schraw et al., 2001). This goal can be achieved, for example,
through discussion of the supply chain (see the sample plan for
Lesson 1 in the Supplemental Material available with the online
version of this article). Exploring the product’s supply chain with
the students is a valuable tool to set the agricultural system in context, and it helps to bridge the students’ knowledge from the local
to the global scale. Exploring the supply chain involves examining crop supply to answer questions such as these: Where is this
crop grown? Who grows it? How much land is it grown on? What
resources are needed to maximize crop production? Are there subsidies available for farmers who grow the crop, and what role do they
play in sustainability of crop production? Once that foundation is
developed, the discussion can expand to the rest of the supply chain
to look at how the crop is processed, who buys the product, and
who is impacted if crop production declines. Exploring the crop’s
supply chain with students will create opportunities for reflecting
on what might be the causes and consequences of a disrupted supply chain.

2. Connecting the System to Climate Change
The objective of the second type of lesson in this framework is to
apply scientific knowledge about climate change effects to the case
study system. Overall, these lessons should have three intertwined
goals: to develop in students a more nuanced understanding of the
agroecosystem, to review climate science and expected outcomes

Figure 2. (A) Projected mid-century temperature changes for the Midwest states of Minnesota, Iowa, Missouri, Wisconsin,
Indiana, Michigan, Illinois, and Ohio (Pryor et al., 2014); (B) soybean production map (USDA, n.d.); (C) corn production map
(USDA, n.d.).
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of climate change, and to predict ways in which climate change
impacts could affect the case study agroecosystem.
Developing a more nuanced understanding of the agroecosystem will differ depending on the crop that is being studied. Agriculture in the United States is highly varied (U.S. Department of
Agriculture [USDA], n.d.), and the challenges of different agricultural systems will differ by climate and context (Figure 2). For
example, a focus on corn or soybean production will lead to quite
different discussions than would a focus on orchard crops, livestock, or aquaculture. Whatever the system of interest, however, the
lesson should focus on the requirements of that particular crop to
be productive (including but not limited to specific temperatures;
water requirements; nutrients; carbon dioxide; and pest, disease,
and weed control). Though some of these requirements are met by
the environment (e.g., temperatures, day length, CO2, soils) and
some are more reliant on active human intervention (e.g., nutrients; pest, disease, and weed control; and water availability), all rely
directly or indirectly on climatic conditions. Exploring the direct
and indirect impacts of climate on crop production will prepare
the students to hypothesize impacts of a changing climate on those
systems.
The next component of this lesson is to review foundational
climate science to better identify climate change impacts. Since
this case study is for high school students, it is likely that in educational programs that strive to meet NGSS standards, climate
science would have been introduced already in elementary and
middle school curricula (National Research Council, 2012; Hestness, 2014; Busch & Osborne, 2013), so this section is provided
simply as a review to prime students to develop hypotheses for the
case study agroecosystem. However, in cases where foundational
climate science may not have been adequately presented, it could
be valuable to take time at this point to provide the background
material in more detail.
At this point in the lesson, the students will be adequately familiar with the local and global context of the crop and requirements
for crop productivity (via in-class discussions previously described).
Students can then integrate this knowledge to start making predictions about how projected changes in temperature, precipitation,
CO2, and range shifts for pests and disease under climate change
could affect the agricultural system.

3. Analyzing & Designing Solutions
The third lesson in this framework provides an opportunity for
students to synthesize key concepts from the case study, analyze
potential solutions, and, ultimately design their own actionable
solutions to respond to climate change in their community. The
goal is to encourage students to think critically about how farmers and others who are directly reliant on agricultural production
can respond to climate change and how their actions, as students
and citizens, could impact those outcomes (Monroe et al., 2017).
This goal could be achieved through a discussion of how different
groups within their local community have attempted to respond
to climate change. Typically, responses to climate change fall into
one of two categories: mitigation or adaptation. Mitigation efforts
aim to reduce the effects of climate change, and adaptation efforts
aim to cope with the effects that are unavoidable. For example, a
farm might play a role in climate change mitigation by adopting
strategies that increase their carbon sequestration or reduce their
greenhouse gas emissions, and they could adapt to climate change
by adopting climate-smart agriculture (CSA) practices, such as crop
diversification (Altieri & Nicholls, 2017).
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One way to achieve the goal of this lesson is to base the discussion on recent and relevant scientific research from the case study
system using the principles of inquiry-based education (Roehrig et
al., 2012). Inquiry-based approaches involve engagement of students with scientific questions, development of knowledge that
is based on evidence, extrapolation of explanations from that evidence, evaluation of alternative explanations, and justification of
proposed explanations (National Research Council, 2012; Roehrig
et al., 2012). With their background in the subject material at this
point in the lessons, the students should be able to comprehend
and actively critique current research, explore how they might
improve climate change adaptation or mitigation strategies on
farms, and develop ideas for how that research might be expanded
or improved.
Alternatively, and possibly more successfully, the discussion
could be based on the work of a local farmer or agricultural community leader who is actively involved in climate change adaptation or mitigation. In some agricultural extension approaches, for
instance, extension agents first identify innovative farmers within
a region who are applying novel techniques or practices and
then bring other interested farmers to visit and discuss with the
innovative farmer. They often find that farmers are more open to
receiving new ideas from someone within their community than
from an extension professional (Swanson & Rajalahti, 2010).
Including the voice of an innovative local farmer or community
leader in the learning process will provide students the opportunity to hear first hand how climate change is impacting farmers
within the agricultural and cultural context of their community.
Depending on the situation, a potentially valuable option would
be to bring this farmer on board for curriculum development.
If this approach is taken, the farmer’s story and experience can
be featured heavily through the first two lessons and used as an
extended example.
Whether examples from scientific research or local farming
adaptations are featured, the final step is to have students consider
how they can take action to protect these agricultural systems. The
students can use their knowledge and experience to design implementable solutions for their communities, which will increase the
recognition that climate change is a local, relevant, and urgent issue
(Monroe et al., 2017).

cc Next Steps in Targeting Climate

Change Education

Overall, the steps outlined in the framework above should help students in rural agricultural communities engage more directly with
the issue of global climate change. In the Supplemental Material
(with the online version of this article), we provide three sample
lesson plans that demonstrate how we used this framework to create a three-lesson unit for a high school environmental science class.
However, we recognize that it would also be possible to expand
the material to spend more time on certain aspects of the curriculum over multiple lessons. For example, to adapt this curriculum to
middle school classrooms that may not have had as much exposure
to basic climate science, more time could be allocated to meeting
the goals outlined for each lesson (e.g., spending two classes meeting the goals of each lesson instead of just one). This expansion
would provide ample time to present necessary background information and review basic scientific information that is needed to
understand the lesson. Regardless of how the framework is applied
VOLUME 84, NO. 4, APRIL 2022

in practice, ensuring that the goals of each type of lesson covered in
this paper (bridging local and global systems, connecting the system to climate change, and analyzing and designing solutions) are
met will improve the effectiveness of this approach.
For students in rural agricultural communities, connecting
the idea of climate change to local agricultural systems could help
improve understanding of this critical issue. However, to get the
full benefit of this approach, it is key to tailor the case study specifically to local cropping systems and student interests in specific
classes. The USDA maps of growing regions for primary crop species (Figure 2) are good references for teachers to examine primary
cropping systems in their area, although there are, obviously, many
other crops grown in the United States. To achieve learning objectives, student interests, prior student understanding of climate
change, and specific class goals should be considered when applying this framework.
This framework can be expanded beyond a local agricultural
context to meet a broader set of curriculum goals. For example, if
a curriculum goal is to learn about climate change effects on otherwise unfamiliar global ecosystems (e.g., tropical agroecosystems
such as coffee or cacao for students in the upper Midwest United
States), this framework could be used within the context of that
agroecosystem to engage relevant local knowledge about agricultural systems in an otherwise distant issue. If the students have a
baseline understanding and familiarity with agricultural systems,
then applying that knowledge to other global agroecosystems could
help to bring those systems, and the potential impacts of climate
change on those systems, into context.
In sum, this paper provides a conceptual framework for engaging students in rural agricultural communities with the challenges
of climate change. It also opens a path forward for research that
explores the effectiveness of targeting rural communities with an
agriculture-based approach to climate change education. With an
urgent and polarizing issue like climate change, education is key
to provoking action. As scientists, we must take action within our
education system to discover new ways to engage students with
this issue.
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Abstract
Garden-based learning (GBL) curricula represents a pedagogy that
increases student exposure to nature and connects them to engaging activities for higher classroom achievement. GBL is proposed to enhance
student science self-perceptions, engagement, and desired outcomes in
science learning and identity by connecting students to relatable, handson, and authentic learning experiences through a felt sense of place.
Saint Louis Metro Area K–12 science educators were asked to describe
their students’ self-perceptions, engagement, and outcomes in science and
possible teaching experiences with GBL. Experienced Saint Louis Metro
Area garden educators offer authentic, hands-on activities that increase
feelings of belonging, competence, and autonomy in science. GBL strongly encourages positive behavioral and emotional student interactions
with science lessons by providing an outdoor space that hosts exciting
and relatable topics that expand students’ perceptions of their local environment, community, and themselves.
Keywords: garden-based learning; place-based learning; self-determination
theory; science engagement; K–12 schools.

cc Introduction
Garden-based learning (GBL) is a teaching strategy that utilizes
available school grounds and buildings to create school gardens to
increase biological diversity and complexity for student education
(Brink & Yoast, 2004; Ruiz-Gallardo et al., 2013, Jagannathan et al.,
2018). School gardens can come in a variety of shapes (from traditional row crops to nontraditional raised-bed polycultures), styles
(hydroponics to organic), and sizes (from herbs pots on a windowsill to half acre plots), yet all have a common theme around growing
plants for learning purposes (Patchen et al., 2016; Pounders, 2010).
Educators are rediscovering school gardens for teaching students
how to connect to a sense of place, how to learn from the processes
of nature, and how to experience the rewards that come from persistence (Williams & Dixon, 2013; Jagger et al., 2015; W
 illiams et
al., 2018).

GBL may help teachers foster students’ sense of responsibility
and their environmental education and encourage positive environmental attitudes (Skelly & Bradley, 2007). A meta-analysis of 48
studies (1990–2010) in the United States summates the direct positive benefits that GBL offer students in science, math, and language
arts achievement along with indirect effects of regulating student
emotions and behaviors (Williams & Dixon, 2013). It is further
suggested that GBL programs may help attenuate educational
reforms that devalue creativity, play, group problem solving, and
outdoor educational experiences in favor of intensified classroom
time to increase standardized test scores (Moore et al., 2015).

Self-Determination Theory
To help explain the effective factors in GBL, Skinner and colleagues
(2012) created a model of motivation in the garden supported by
self-determination theory, a psychological theory that considers
personal and social factors that support intrinsic motivation (Ryan
& Deci, 2017). In this model, educators facilitate engagement
through their quality of communication with students. By supporting caring relationships, providing structured classrooms, and giving instruction that supports autonomy (such as giving choices and
making learning relevant), educators create an environment that
nourishes students’ fundamental psychological needs. The need to
feel belonging (relatedness), efficacious in the world (competence),
and congruent with authentic interest (autonomy) are three psychological self-perceptions that, when taken together, predict student’s engagement in academic work (Ryan & Deci, 2017; Skinner
et al., 2012).

Purpose of the Study
The primary purpose of this study is to expound on GBL as an
intrinsically motivating and engaging pedagogy that increases
science achievement by comparing GBL and non-GBL science educators’ perceptions of their students in science. Our survey measures are extrapolated and adjusted from Williams and colleagues’
(2018) validated survey of motivation and engagement in garden
activities to address K–12 science educators (see Appendix 1 in
the Supplemental Material available with the online version of this
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article). By comparing the responses of GBL and non-GBL science
educators to the same question set, we generate more evidence of
the positive benefits of this program. Further, we describe how GBL
and non-GBL participating schools in the Saint Louis metro area
are distributed according to socioeconomic status and how our survey results may impact students from underresourced schools. This
study may assist educators in their decisions to integrate this learning modality into their curriculums.

Hypothesis
GBL provides an intrinsically motivating, engaging, and academically nourishing science curriculum. This study tests this
hypothesis by assessing teachers’ perceptions of their science
students through a regional survey that measures three constructs: students’ science self-perceptions of relatedness, competence, and autonomy; students’ behavioral and emotionally
engaging and reengaging interactions in science activities; and
teachers’ desired student outcomes in science composed of science learning and identity. We then compare science educators’
perceptions of students who have GBL opportunities and those
who do not. We predict that educators with students in GBL will
report increased measures in study constructs in comparison to
those without access to this learning modality.

cc Methods
The study population consisted of local K–12 educators, from
both public and private schools, who taught science between
2015 and 2020 across the statistical Saint Louis metro area
defined by the U.S. Census (2014).The Saint Louis metro area
is a bistate region that includes counties in Missouri (Franklin,
Jefferson, Lincoln, Saint Charles, Saint Louis, Saint Louis City, and
Warren), and counties in Illinois (Bond, Calhoun, Clinton, Jersey,
Macoupin, Madison, Monroe, Saint Clair) all within a 100 km
radius of Saint Louis City, MO (see Appendix 2 in the Supplemental Material available with the online version of this article).
A survey was created and published online and educators were
asked to evaluate their students’ science self-perceptions, science
engagement, and science outcomes. The survey was constructed
to take approximately 10 minutes to finish to maximize study participant engagement and completion. Recruitment was conducted
via social media, electronic newsletters, and emails to nonprofit
STEM educational organizations and STEM educational representatives at local two- and four-year universities.

Science Self-Perceptions, Engagement & Outcomes
Assessment
The survey contains Likert scale questions with rating from 1 to
5 (where 1 is “not at all”, 3 is “undecided/unsure,” and 5 is “very
much”). Likert item questions are factored into three Likert scales of
students’ science self-perceptions, science engagement, and s cience
outcomes.
The science self-perceptions scale has three components in
intrinsic motivation: relatedness—comprised of three Likert items
that ask educators about students’ feelings about belonging in science; competence—composed of three Likert items that ask educators about students’ efficacy in science; and autonomy—three
Likert items that ask educators about students’ being connected to
school science on a personal and authentic level.
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The science engagement scale is about engagement and reengagement in science activities. Engagement in science activities is
measured with six items of reported observations of positive student emotional and behavioral interactions in science with negative items being reverse coded. Reengagement in science activities is
measured with two items asking if students either persisted or gave
up when confronted with challenges, with negative items being
reverse coded.
The science outcomes scale is about student science learning
and science identity. Three science learning items measured educators’ perceptions about what students learned in science, while
three science identity items measured educators’ perceptions of
student aspirations of becoming a scientist.
Cronbach’s alpha (α) is used to show a measure of internal consistency or interrelatedness of responses given to multiple Likert
items in a single scale (Warmbrod, 2014). The higher the value for
α (on a 0 to 1 scale where 0 is absolutely no relationship among
items and 1 being a total relationship), the higher the confidence
that items are defining the same trait. Determining α during the
study allows for appropriate adjustments to Likert items (e.g.,
changing the wording and or adding an item) to increase reliability
of survey measures.
Finally, Likert scale scores were created by summating the score
of individual Likert items in a Likert scale and dividing them by the
total number of Likert items, also known as the mean-item summated
score. All Likert items in a Likert scale are considered to have equal
weight in the Likert scale continuum. Likert scale data, presented as
mean ± SD, was then compared between science educators who teach
with GBL and those who do not and factored between elementary,
middle, and high school grade levels to further determine potential
trends among different age groups. A two-way ANOVA was used to
determine the differences between the means followed by a Tukey
HSD (honestly significant difference) when appropriate.

Socioeconomic Status
Public schools are analyzed according to the percentage of the student population participating in the National School Lunch Program (NSLP), which is a proxy for its students’ socioeconomic
status. The National Center for Education Statistics (Aud et al.,
2010) set school poverty levels as a percentage of the student body
eligible to participate in the NSLP program: low is 0%–25%; lowmid is 25.1%–50%; mid-high is 50.1%–75%; high is 75.1%–100%.
Schools represented by study participants are factored across the
elementary, middle, and high school levels and by the NSLP participation level they occupy. We then compare these schools by the
presence of a GBL program and the absence of a GBL program.

cc Results
We surveyed 113 local science educators, with 87% (n = 92) fully
completing the survey. All study participants are science educators
from the Saint Louis statistical metro area, representing Missouri
(n = 41) and Illinois (n = 51), who teach at elementary school (n =
23), middle school (n = 30), and high school (n = 39) levels. Among
the study participants, 53 worked at public K–12 schools and 39 at
private K–12 schools.
Saint Louis metro area GBL and non-GBL science teachers’
evaluations of students’ science self-perceptions (GBL teachers,

n = 30, Cronbach’s α = 0.81, non-GBL teachers, n = 62, Cronbach’s
α = 0.8) indicate that GBL teachers rate their students higher for
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science self-perceptions (F1,91 = 4.13, * P < 0.05). There was no
significant difference across grade levels or interactions between
GBL and grade levels (F2,91 = 1.13, P = 0.33, F2,91 = 0.25, P = 0.33,
respectively) (Figure 1).
Saint Louis metro area GBL and non-GBL science teachers’ evaluations of students’ science engagement (GBL teachers, n = 15, Cronbach’s

Figure 3. Interaction plot of science outcomes Likert scores,
comparing science teachers’ perceptions of science outcomes
for students participating in GBL and non-GBL science
curricula across the elementary, middle, and high school grade
levels in the Saint Louis metro area, mean ± SD.

Figure 1. Interaction plot of science self-perceptions Likert
scores, comparing science teachers’ perceptions of science
self-perceptions of students participating in GBL and nonGBL science curricula (*P < 0.05) across the elementary,
middle, and high school grade levels in the Saint Louis metro
area, mean ± SD.

α = 0.84, non-GBL teachers, n = 62, Cronbach’s α = 0.84) suggest a
difference in student science engagement across grade levels, (F2,76 =
5.37, ** P < 0.01), with a post-hoc Tukey HSD of grade levels: elementary–middle, P < 0.019, elementary–high, P < 0.007, and middle–high,
P = 0.5, revealing elementary students are more engaged in science
than middle or high school students (Figure 2); however, there is no
significant difference in science engagement between GBL and nonGBL students or interactions between GBL and grade level (F1,76 = 1.17,
P = 0.28, F2,76 = 1.17, P = 0.52, respectively).
Saint Louis metro area GBL and non-GBL science teachers’ evaluations of students’ science outcomes, (GBL teachers, n = 30, Cronbach’s
α = 0.74, non-GBL teachers, n = 62, Cronbach’s α = 0.75) report no
significant differences across any comparisons: GBL versus non-GBL
status (F1,91 = 0.2, P = 0.65), grade level (F1,91 = 1.9, P = 0.15), or interaction of GBL status and grade level (F2,91 = 1.35, P = 0.26).

cc Descriptive Results of Socioeconomic

Status & GBL

Figure 2. Interaction plot of science engagement Likert
scores, comparing science teachers’ perceptions of science
engagement of students participating in GBL and non-GBL
science curricula across the elementary, middle, and high
school grade levels (**P < 0.01) in the Saint Louis metro area,
mean ± SD.
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Fifty-three public schools in the Statistical Saint Louis metro area
are represented in this survey, (MO, n = 27, and IL, n = 25; GBL
schools, n = 22, and non-GBL schools, n = 31). Based on the percentage of students enrolled in the NSLP program, 28 schools
would be described as low poverty, and 25 as high poverty schools.
A breakdown among grade levels shows high poverty elementary
schools, followed by low poverty middle schools, participated in
GBL programs more than other groups (Table 1).

cc Discussion
GBL is an extracurricular activity that connects the classroom to the
natural world, where teaching applications of the scientific method

Assessing Educator Perceptions of Garden-Based Learning in K–12 Science Education

215

Table 1. Distribution of schools as a percentage of student participation in the National School Lunch Program (NSLP)
according to GBL presence and grade level. The percentage is a proxy for students’ socioeconomic status.
GBL Schools
Poverty Level (NSLP %)

Elementary

Non-GBL Schools
Middle

High

Elementary

Middle

High

Low
(0%–25%)

2

2

1

1

3

7

Mid-Low
(25.1%–50%)

1

3

1

2

3

2

Mid-High
(50.1%–75%)

1

2

2

1

3

4

High
(75.1%–100%)

6

0

1

0

2

3

Total

22

and processes are innumerable. The garden can provide student (and
teacher) enjoyment, structure, and a sense of ownership for work
accomplished. Local area science teachers found that student participation in GBL activities enhanced students’ perceptions of themselves
in science and engaged them in class across all grade levels. These
intrinsically motivating factors may assist in the social, emotional,
and behavioral dynamics crucial on the path to science achievement.

Science Self-Perceptions
Three psychological factors in intrinsic motivation relatedness, competence, and autonomy compose science self-perceptions. Saint
Louis metro area science educators who utilize GBL score their perceptions of students’ science self-perceptions significantly higher than
their non-GBL science educator peers (Figure 1). According to selfdetermination theory, these factors may increase student classroom
engagement and achievement (Skinner et al., 2012; Ryan & Deci,
2017; Williams et al., 2018). The results of this study build on existing evidence of increased student intrinsic motivation in programs
that utilize local garden opportunities by educating and deepening
connection to a felt sense of place (Skinner et al., 2012; Williams
& Dixon, 2013; Singleton, 2015; Ballard, 2017; Jagannathan et al.,
2018). Results of a similar study conducted by Lloyd (2018) attributed increased student motivation with GBL to educators connecting students to elements of personal understanding embedded in the
environment. GBL may facilitate this through observing the fruits,
vegetables, and animals or through activities within the garden that
may carry historical, social, and cultural significance for students
(Cutter-Mackenzie-Knowles, 2009; Gibbs et al., 2013).
Differences between GBL and non-GBL science educators’ student
science self-perception scores are significant across the elementary, middle, and high school levels but lack interactions of GBL teacher within
the grade levels (Figure 1). There is a graphical trend that suggests GBL
offers enhanced science self-perceptions for older students; however, as
our high school sample for GBL teachers was too small to compare to
non-GBL teachers, future studies would be needed to resolve this. In a
longitudinal study of adolescent self-esteem, Kort-Butler and Hagewen
(2011) found that students participating in extracurricular activities
scored higher in metrics of self-esteem in middle and high school years
than nonparticipating groups. Similarly, Ruiz-Gallardo and colleagues
(2013) found that intervention programs with GBL for at-risk secondary students substantially improved student behavior, perseverance,
and responsibility due to the increased confidence created by work that
students felt was meaningful, built competence, and was personalized
to their individual needs.
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31

Total
28

25

53

Science Engagement
Generally, our study participants indicated that elementary school
students demonstrate significantly more engagement in science than
middle and high school students. Science educators’ perceptions of
student science engagement scores across K–12 grade levels suggest
that as students’ progress in education they become less engaged
in their science classes (Figure 2). This aligns with a recent nationwide poll of K–12 educators reporting steady declines in classroom
engagement from elementary to high school (Hodges, 2020). Middle
school is a transition period that portends decreased engagement
and loss of perceived value of the importance of learning in school
(Wigfield et al., 2015). Higher average scores for GBL s cience educator perceptions of middle school student science engagement are a
positive signal that GBL may be creating opportunities to alleviate this
decline. Adopting GBL in secondary school science may help mitigate
anxieties, improve relationships within schools, and improve overall
well-being (Ruiz-Gallardo et al., 2013). Extracurricular programs that
actively cultivate students’ perceived autonomy, such as GBL, may be
a necessity for early adolescents, as perceived autonomy in this age
group is found to strongly predict academic engagement (Nikou &
Economides, 2018). Engagement further builds perceived self-efficacy and confidence in science, which is supported by Solberg (2018)
documenting these effects in elementary girls transitioning to middle
school participating in an aerospace outreach program designed with
engaging hands-on learning experiences.
These results suggest that GBL increases student science
engagement by providing a physical space as a contextual anchor
for science lessons (Singleton, 2015). Early childhood educational
leaders such as Piaget, Dewey, and Wilber emphasized connecting
practical elements of learning to intellectual pursuits in the classroom by connecting to childhood curiosity and active engagement
(Singleton, 2015; Burt, 2016). If GBL serves as a context for place,
then students may be more engaged in science taught with GBL
because they are encouraged to explore the world and connect their
discoveries to lessons in class. These authentic interactions include
environmental, social, and cultural dimensions that awaken their
unique talents and guide their preferences in learning.

Science Outcomes
Science outcomes indicate levels of science learning and science
identity. They can be used to gauge students’ belief in their affective
learning and interest in science. GBL science educator perceptions
of elementary school students in the Saint Louis metro area show
VOLUME 84, NO. 4, APRIL 2022

positive trends toward increased science outcomes (Figure 3); however, overall grade-level differences are negligible between GBL and
non-GBL science educator groups. Williams and colleagues (2018)
posit these outcomes in science as desired factors in student performance and achievement in science classes and personal interest
in pursuing science as a successful and meaningful career. Many
studies document the positive effects of GBL on student science
achievement (Klemmer et al., 2005; Skinner et al., 2012; Williams
& Dixon, 2013; Patchen et al., 2016); however, Jagannathan et al.
(2018) also found uneven results when comparing GBL and nonGBL students’ science achievement and concluded that there might
be a school effect, grade-level effect, or interaction of grade level and
school on science achievement that accounts for lack of differences.

Describing Socioeconomic Status & GBL
The NSLP program provides food assistance for students whose
household income is 130%–185% below the federal poverty guideline (Harwell & Lebeau, 2010). The percentage of the student population participating in a school’s NSLP program is a proxy for its
students’ socioeconomic status because their eligibility is often determined by their household income, with student populations having
more than 50% NSLP program participation being defined as high
poverty schools (Aud et al., 2010). Numerous studies document the
association between high poverty to reduced student achievement
(Klemmer et al., 2005; Patchen et al., 2016; Rozek et al., 2019).
There were more non-GBL schools than GBL schools in middle
and high school at the high poverty level represented in the study
(Table 1). Our results suggest GBL programs may foster a supportive pedagogy for low-income middle and high school students, as
educators believe that their students have benefited emotionally and
behaviorally from garden experiences, and our results contribute
to similar findings in studies of adolescent students in GBL (Skinner et al., 2012; Ruiz-Gallardo et al., 2013; Williams et al., 2018).
Moreover, a recent analysis in over 1000 economically diverse high
school classes found that students in low socioeconomic brackets
may be assisted academically through emotionally regulating activities before given high-stakes examinations (Rozek et al., 2019).

Study Limitations & Future Research
Overall, this study measures three Likert scale variables: science selfperceptions, science engagement, and science outcomes. Each scale
contains subscales that can be measured separately to give better
descriptions of motivational experiences in science and science achievement. For example, educators can see their students relating more to
science through GBL, but simultaneously they may feel they are less
competent than non-GBL peers. Williams and colleagues (2018)
address this concern by independently measuring relatedness, competence, and autonomy. This study measures a single scale created by
combing subscales, due to considerations of survey completion time.
There are no significant differences between GBL and non-GBL
science educators’ perceptions of desired student science outcomes;
however, there may be other cofactors influencing this metric. In
their analysis of GBL on regional science achievement, Ray and colleagues (2016) found higher science grades in GBL-participating
5th graders when controlling for the NSLP program but no impacts
of GBL when controlling for race. Designing a future study controlling for demographic effects on GBL is recommended to more
accurately describe science outcomes in identity and learning across
the Saint Louis metro area.
THE AMERICAN BIOLOGY TEACHER

This study compares explanatory variables between science educators teaching with GBL and those who do not. It does not attempt
to make causative explanations between measured variables. Future
studies could make comparative predictions of variables between
GBL science educators and non-GBL educators and longitudinal
studies of student pretest and posttest differences. For this study,
we were unable to secure university institutional review board
approval, or the approval of each school district, school principal,
or parental consent in order to petition for this data. With limited
time and resources to answer our research questions, we opted for a
general approach. Moreover, a few schools in this survey have only
GBL as an extracurricular activity, but their count and distribution
among socioeconomic classes are too low to compare appropriately.
Future studies would focus on these GBL-only schools and compare
to schools that hosts additional school programs.
This study included a sufficient number of participants to give a
regional view of student performance metrics in science self-perceptions, engagement, and outcomes as judged by experienced K–12 science educators. However, sample sizes were uneven across GBL and
non-GBL study participants at the grade level. Notable low participation of high school GBL science educators (n = 4) versus high school
level non-GBL science educators (n = 35) is similar to a synthesis report
of 48 studies that found GBL programs concentrated at the elementary
and middle school levels (Williams & Dixon, 2013). A specific analysis
of high schools teaching with GBL would help explain this trend and
better investigate its potential benefits to older students.

cc Conclusion
Experienced K–12 science educators who teach with GBL perceive their
students with higher science self-perceptions and science engagement
than their non-GBL peers. Low-income students’ academic performance may especially benefit from the emotionally regulating activities
gardening provides. Future studies would modify the questionnaire
for a better estimate of desired outcomes in science achievement to
find potential differences between GBL and non-GBL educators across
the region. As the Saint Louis metro area is economically diverse, with
numerous cultural identities and differing resource needs and objectives, it may be helpful to evaluate students among differing demographics directly with the same metrics used in this study to better
understand GBL as a teaching platform in K–12 science education.
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Abstract
The winter-spring shoulder season, or vernal window, is a key period for
ecosystem carbon, water, and energy cycling. Sometimes referred to as
mud season, in temperate forests, this transitional season opens with the
melting of snowpack in seasonally snow-covered forests and closes when
the canopy fills out. Sunlight pours onto the forest floor, soils thaw and
warm, and there is an uptick in soil respiration. Scientists hypothesize
that this window of ecological opportunity will lengthen in the future;
these changes could have implications across all levels of the ecosystem, including the availability of food and water in human systems. Yet,
there remains a dearth of observations that track both winter and spring
indicators at the same location. Here, we present an inquiry-based, lowcost approach for elementary to high school classrooms to track environmental changes in the winter-spring shoulder season. Engagement
in hypothesis generation and the use of claim, evidence, and reasoning
practices are coupled with field measurement protocols, which provides
teachers and students an authentic research experience that allows for a
place-based understanding of local ecosystems and their connection to
climate change.
Key Words: Winter; snow; phenology; inquiry; curriculum; data

collection.

and the local investigations that are available focus on the growing
season and run well into summer vacation. As an alternative, the
winter-spring transition in an outdoor classroom provides a perfect opportunity for teachers to use inquiry-based learning to study
important science topics addressed in the Next Generation Science
Standards (see Supplement 1, The Winter-Spring Shoulder Season
Timeline Activity, available with the online version of this article),
perform longitudinal studies, build vertical science literacy, and spiral curriculum related to the local environment across grade levels.
As a group of five scientists and five science teachers in New
England, we partnered to create an authentic research experience
that enhanced student learning about ecosystems and climate
change (see Hagan et al., 2020; Zoellick et al., 2012; Dibner &
Pandya, 2018). Students tracked changes in the vernal window in
outdoor classrooms using low-cost measurement protocols. Using
the schoolyard or nearby sites allowed students to engage in inquiry
in their local environment, generate hypotheses based on observation, and answer research questions through teacher-directed or
self-designed projects.

cc Setting the Stage: The Winter-Spring

Shoulder Season Timeline
cc Introduction
The winter-spring seasonal transition opens with snowmelt and
concludes when the leaves of trees, plants, and shrubs reach their
maximum size and fill out their canopies. Commonly referred to as
mud season in seasonally-snow covered forested ecosystems, many
birds, insects, fish, and wildflowers take advantage of high stream
flows, rapidly warming soils, and abundant sunlight hitting the forest floor during this shoulder season. In a warming climate, this
window of ecological opportunity is expected to lengthen in some
locations and completely disappear in others (Grogan et al. 2020;
Contosta et al. 2017; Creed et al., 2015).
Many classroom studies of ecosystems and climate change
focus on global impacts and deal with examples in faraway places,

We used a 5E model of instruction to engage students in the concepts of ecosystem cycling and climate change in their local environment (see Supplement 1). First, we engaged by presenting
students with a primer on weather and climate, and then information about the winter-spring shoulder season, including data from
a scientific research site (see the “Engage” section in Supplement 1,
and see Supplement 2, Tracking the Vernal Window Using GLOBE
Protocols, available with the online version of this article). Next,
students explored by arranging eight ecological events (Table 1) that
take place within the winter-spring transition, represented by photos mounted on cards colored to correlate with the event’s role in
the ecosystem: energy flow (orange), water cycle (blue), and carbon
cycle (green). Students worked in small groups (four to six students) to arrange the cards into hypothesized sequence and timing.
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Table 1. Eight ecological events that take place within the winter-spring transition divided by the event’s role in the
ecosystem. Bolded events are those that students can most easily measure in their outdoor classroom/local environment.
Energy Flow (orange)

Water Cycle (blue)

Carbon Cycle (green)

snow-free date

peak streamflow

soil thaw

stream temperature warm-up

river/lake/stream ice-out

budburst

start of snow melt

As they worked in their groups, students used logical reasoning based on their prior knowledge of winter-spring seasonal transitions. Scientists emphasized that this is the same process used
when they developed their own hypothesized vernal window
timeline of ecological events studied in Contosta and colleagues
(2017). The students explained by regrouping to critique and
defended their timelines and identify patterns across groups. The
activity naturally elicited hypotheses and research questions that
could be investigated using teacher-directed or student-designed
research projects that elaborated on a variety of field measurements
outlined below. In this step, teachers considered their students’ age
and abilities to determine the appropriate level of inquiry (Banchi
& Bell, 2008).

cc The Outdoor Classroom
We made sure to communicate with teachers that the outdoor
classroom should be accessible in a safe location tucked away
from heavy foot traffic. We encouraged them to work with school
administrators and facilities/grounds personnel to get approval
prior to installation of instruments. Schools that participated in our
program set up their research sites in the late fall in forests adjacent
to the school, on school lawns, or in protected courtyards. Signage describing the student experiment was implemented at one of
the five schools to help deter vandalism and/or other interference
(Clarin et al., 2014).

cc Field Measurement Protocols:

Elaborate

In this study, we primarily used GLOBE measurement protocols to
gather information about the winter-spring transition in outdoor
classrooms. GLOBE stands for Global Learning and Observations to
Benefit the Environment, a global citizen science program for students (globe.gov). Participation in GLOBE is optional but provides
students with an opportunity to report their data to an international
database with other students from around the world.
Although it may be possible for students to complete field measurements on all eight ecological events used to determine the vernal window, it is not necessary to do so. As indicated above, you can
get an accurate picture of the winter-spring transition by collecting data exclusively on snow melt and canopy closure. In addition,
there are many ways to obtain data on these topics, including using
GLOBE Protocols, using similar measurement protocols developed
by other groups of scientists, or accessing online data (see the “Elaborate” and “Extensions” sections in Supplement 1). The protocols
used during this study are briefly described below and are available
in more detail in Supplement 2.
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canopy closure

Figure 1. Protocols used to track environmental change
during the winter-spring transition include (A) snow depth,
(B) canopy green-up, and (C) soil frost depth. Photographs A
and C by E. Burakowski. Photograph B by R. Pinnsoneault.

Snowpack Depth (ages 5+)
Students collected snowpack-depth data by inserting a metal meter
stick ($5 to $10) vertically into the snowpack (Figure 1a). In regions
with ephemeral snow, it is important to report zeroes during periods of no snow coverage between snowstorms. Snowpack is important for soil frost due to its insulation properties. In the absence of
snow, soil frost can deepen substantially when temperatures plummet well below 0°C.

Canopy Green-Up (ages 5–7 budburst only, ages 8+
expanding)
For many temperate, midlatitude tree species, the timing of budburst and canopy leaf out depends largely on temperature (Cleland
et al., 2007). In the fall, students identified dominant tree species
in their outdoor classroom while the leaves were still present. They
selected and flagged a branch accessible at eye level. In mid to late
winter, students were introduced to the four phenophases (dormant,
swelling, budburst, expanding) by forcing dormant buds indoors
on plants like forsythia (Forsythia sp.). At the outdoor classroom,
students tracked the phenophase of buds on each flagged branch
as they progressed from dormant to swelling, burst, and expanding
(Figure 1b). Canopy closure is declared when the leaf length is no
longer changing, indicating they have reached maximum size.

Soil Frost Depth (ages 8+)
Soil frost depth was measured using a soil frost tube (Figure 1c),
which consists of a two-layer tube constructed out of clear, flexible aquarium tubing housed in rigid PVC tubing (Gandahl, 1957;
Rickard & Brown, 1972). The inner, flexible tube is filled with a dye
solution (e.g., food coloring, methylene blue, or fluorescein dye).
When soil frost forms, the solution in the tube freezes, extruding
the colored dye and clearly indicating how deep the soils have frozen. Participating schools installed three tubes in the fall before the
ground froze at the outdoor classroom, spaced 5–10 meters apart
VOLUME 84, NO. 4, APRIL 2022

to help capture spatial variability within the site and to provide
backup in the event of equipment failure. Detailed soil-frost tube
construction instructions are available in the Soil Frost Protocol at
globe.gov. Each tube costs about $30 to construct.

Soil Respiration (ages 14+)
Soil respiration results from the activities of roots and soil organisms
and is used as an indicator for soil biological activity. Winter soil respiration is a function of soil temperature and soil freezing, which in
turn are a function of snowpack depth. Shallower snowpacks provide
less insulation, thus potentially contributing to decreases in soil respiration (thus less carbon loss to the atmosphere) if soils are exposed to
more frigid conditions (Contosta et al., 2016; Monson et al., 2006).
We used an established protocol that employs the soda lime method
for measuring soil respiration (Grogan, 2012). With this method,
a “mini-atmosphere” is created over the soil by inverting a bucket
over a preweighed jar containing soda lime (Figure 2). As roots and
microorganisms in the soil respire, CO2 is released into the bucket’s
mini-atmosphere, and soda lime absorbs the CO2, gaining mass in the
process. In the fall, students installed three chambers and one blank
(control) at their monitoring site to measure cumulative soil CO2
emissions during winter and spring. At the end of the winter-spring
shoulder season, students retrieved and reweighed the jars to determine how much CO2 the soda lime absorbed, and thus was emitted
from the soil. Each chamber costs about $50 to construct. For more
details, see Supplement 3, Soil CO2 Flux Sampling Instructions, available with the online version of this article).

cc Data Analysis: Evaluate
Students evaluated their original hypothesized vernal window timelines, considering their collected data, and discussed possible reasons
for the discrepancies. During this step, the scientists emphasized that
revisiting and revising hypotheses was a key part of the scientific process. Students were asked to consider how the sequence and/or timing

of events would change in a warmer, less snowy winter compared to a
colder, more snowy winter. Students at some sites compiled data and
made graphs comparing differences in the length of the vernal window between multiple sites at the same school and/or over multiple
years (see student graphs in Supplement 2). Four students from Old
Town High School and two students from Newport Middle and High
School applied for and received travel funding support from GLOBE
to attend and present results at the 2019 Northeast GLOBE Student
Research Symposium (GLOBE SRS), one of six held across the United
States in 2019 (GLOBE, 2020, https://videohall.com/p/1841).

cc Teacher Feedback
Mr. Ed Lindsey’s high school classroom in Old Town, Maine, tracked
the vernal window using the bundled GLOBE protocols described
above in 2019 through 2021. “It starts with a phenomenon, in this
case the transition from winter to spring. Students engage in argumentation over competing models of how the natural world works
to explain a sequence of phenomena in the vernal window timeline
activity. After collecting data to confirm or reject their hypotheses, the
students either gain the comfort of resolution or the productive tension
of non-resolution.”
In Nashua, New Hampshire, Dr. Rob Pinsonneault noted about
his AP Environmental Science students, “Experiential learning
about their immediate environs paid dividends in terms of making
them care. The connection between the opening of the vernal window, and the now-seen actions below the surface [in soil respiration] were not lost on the students and served to give them a greater
systems-based understanding of their habitat, their home.”
In Newport, New Hampshire, Ms. Catherine Burke’s eighth-grade
students were very excited to find out if their hypothesized timeline
of ecological events during the vernal window was close to that year’s
data collection. This experience increased their interest in the climate
of their region and how it compared to the other sites in the state. “It
was a project that wasn’t specifically for an assigned unit, and it made
them feel like they were scientists,” Ms. Burke said.

cc Project Summary

Figure 2. Installation of a soda lime bucket to measure
soil respiration. (A) Students cut a “cookie” of soil around
the perimeter of the bucket using a serrated bread knife,
and then (B) a mason jar of soda lime is placed on a stand
underneath the bucket and left to collect soil emissions
of carbon dioxide until the canopy closes in late spring.
Photographs by E. Burakowski.
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Upon conclusion of this project there are a few notes for teachers
who want to try this work in their own classrooms. First to note is
that Supplement 1 provides detailed instructions on how to complete a project similar to the one discussed here. It also includes
information about where to find data that students might use
instead of collecting their own and provides extensions to connect
this work with other subject areas, including American history and
English. Included in its “Evaluate” section are instructions to help
students use the “claim, evidence, reasoning” model to share with
the teacher about what they expect the order of events to be next
year or in five years (McNeill & Krajcik, 2011).
Both the concepts and work encompassed in the winter-spring
transition season lend themselves well to curriculum spiraling (Bruner,
1960). Children as young as kindergarten can observe simple changes
in their environment as the season changes, while early elementary students can benefit from making basic measurements of snow depth and
budburst date. Older students can tackle more tedious measurements of
leaf length and more challenging equipment setup, such as frost tubes.
Finally, high school students are well poised to dig into the chemistry of
soil respiration and understand the more intricate connections between
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matter and energy cycling. When a whole school or district is involved,
there is also greater likelihood that data will be collected over multiple
seasons, which allows for both a deeper understanding by students and
a greater capacity for data analysis by students and scientists to track
environmental change. Spiraling, multiyear data collection, and lowcost equipment also make this project easily implemented in a variety
of other settings, including homeschool and nature centers. Major challenges posed by this project for teachers are similar to other outdoor,
classroom-based work, including time, availability of a forest plot near
the school, and student safety (e.g., tickborne disease and poison ivy),
but of particular note is that the timing of observations may overlap
with end-of-year standardized testing. As a result, alternative education
programs have been most successful in project implementation to date.
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Microplastics, Marine Copepods
& Freshwater Cladocerans:
Investigations for College
Biology Laboratory Classes

KATHRYN GODDARD

Abstract
Microplastic particles (MPs) less than 5 mm in size swirl and bob in
freshwaters and seas around the world. To familiarize college biology
students with the pressing issue of microplastic pollution and designing
their own experiments, I assigned investigatation into whether marine
copepods (Tigriopus californicus) or freshwater cladocerans (Daphnia
magna) ingest MPs in the laboratory.
Groups of students produced a title, hypothesis, and annotated
bibliography. They developed their experiments in a project planning
table. They carried out three weeks of experiments. Students wrote papers or gave poster presentations. They wrote reflections that revealed
expected gains, such as recognition of the importance of sample size, and
more nuanced gains, such as developing personal views on working with
live organisms.
The students found that 20 μm of blue MPs could be seen within
the digestive tract and released fecal pellets of Tigriopus californicus
within 24 hours. And, 20 μm of red MPs accumulated in the digestive
tract of Daphnia magna within two days. The ingestion did not increase
death rates over controls (in keeping with much published research on
this topic). Students had the opportunity to see and reflect on the direct
interaction of organisms with plastic pollution.
Key Words: Microplastics; zooplankton; marine; freshwater; plastic

pollution.

cc Introduction
Upper-level biology laboratory classes provide an opportunity
to indulge in inquiry-based projects designed to hone students’
experimentation skills while they learn about current issues at the
intersection of science and society. The two experiments for upperlevel biology students described here are designed to help students
investigate the potential effects of microplastic pollution in aquatic
ecosystems and provide students with the opportunity to design
their own experiments from start to finish, an opportunity that
they may not have even as undergraduate researchers in faculty
laboratories.

cc Microplastics
Microplastics (MPs) are plastic particles less than 5 mm in size.
First reported in the Sargasso Sea by Carpenter and Smith (1972),
MPs swirl and bob in untold numbers in both marine environments
(Andrady, 2011) and freshwater environments (Li et al., 2020). MP
particle counts are estimated at 12,000/m3 in freshwater environments and approximately 10,000/m3 in marine environments (Wu
et al., 2019). Quantity by weight has been measured as 1 × 10-3 to 1
× 10-6 mg/L (Lenz et al., 2016; cf. Huvet et al., 2016). Primary MPs
include microbeads manufactured for inclusion in personal care
products and for sandblasting (Andrady, 2011). The Netherlands
banned microplastic bead manufacture, import, and sales in 2014.
Other countries have followed suit, including the US where the ban
on MPs in personal care products took effect in 2017. However,
MPs, like plastics in general, do not break down easily, and we will
be finding them in soil and water for many centuries.
While a number of countries have banned primary MPs, secondary MPs formed by the degradation of plastic bags and anything
else made of plastic will continue to be generated (Cole et al., 2011;
Andrady, 2011; Rochman, 2018). Although wastewater treatment
plants remove MPs with high efficiency, MPs in wastewater effluent
nonetheless enter waterways (Mason et al., 2016). In addition, MPs
in sewage sludge spread on farm fields or landfills can also run off
into waterways (Zubris & Richards, 2005).
The stories of albatrosses feeding plastic toys and bottle caps to
their chicks (Kenyon & Kridler, 1969; Pettit et al., 1981; Auman
et al., 1997) and sea turtles inextricably wound in plastic debris
(Carr, 1987) are all too familiar. Research tells us that even as plastics break down to tiny particles they remain potentially dangerous. Microplastics are just the right size to be mistaken for food by
zooplankton—a group that is vital at the base of aquatic food chains
(Setälä et al., 2014; Lusher et al., 2017; Botterell et al., 2019). Adding to this danger is the fact that MPs take up chemicals including
carcinogens from the surrounding water (Rochman et al., 2013).
The chemicals become part of the mistaken meal.
The concept of “no free lunch” in the food chain—the idea
that each trophic level eats and is eaten in turn, is familiar to the
public and biology students (Figure 1). Indeed, several studies
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have documented trophic transfer of MPs (reviewed in Lusher et
al., 2017). Primary consumers, such as copepods and cladocerans
(water fleas), appear to be particularly susceptible to the effects of
microplastic ingestion (Cole et al., 2015; Yu et al., 2020). Copepods, cladocerans, and other zooplankton are eaten by larger organisms that are eaten in turn by even larger organisms. Although the
effects of MPs are not fully understood, humans may also be affected
by MPs as they continue to be more common in the environment
and return to us via the food chain (Setälä et al., 2014). Microplastics have been detected in human tissues (reviewed in Miller et al.,
2020), and some immunological effects on human cells have been
documented (Hwang et al., 2020).
In recent years some foreign countries, US states and cities
have banned single use plastic bags in response to our greater
understanding of the environmental hazards of plastics in general
(Povich, 2021). However, the COVID-19 pandemic necessitated
greater use of plastics in health care and carryout food. As the
world continues to grapple with the pandemic, the pedagogy on
plastic pollution described in this article and in Brander and colleagues (2011) is likely to be even more attractive to educators
and students in both secondary and post-secondary educational
settings. The scientific community and the public have learned in
recent years that we are paying a high price for the convenience
of plastics.

cc The Value of Independent

Investigation in Laboratory Courses
The several benefits for students of research-based laboratory
courses include honing lab techniques, growing confidence in oneself as a scientist, and understanding the way that scientific information is amassed. Active learning in general is recommended
widely (Brewer & Smith, 2011; Olson & Riordan, 2012) to increase
students’ retention of concepts (Weaver et al., 2008; Brownell et al.,
2012; Freeman et al., 2014).

Here I describe two multiweek experiments, one used in a 300level biological oceanography class and one used in a 300-level freshwater biology class, in which students investigated whether marine
and freshwater zooplankton eat MPs in the laboratory. To provide an
idea of the results that instructors who adopt these lessons for their
own classes can expect, data obtained by Ursinus College students
are presented. Beyond learning about MPs, the second reason for
developing these investigations was to give students the opportunity
to design their own experiment from start to finish, mirroring the
scientific research process. These experiments could easily be modified for high school or first-year biology classes as well.

cc Introduction to the Two Investigations
The foundational question in the marine copepod experiment is:
Do copepods (Tigriopus californicus) eat MPs in the laboratory, and
do they suffer ill effects? Likewise, the question in the freshwater
experiment is whether cladocerans (Daphnia magna) make this
mistake as well. In carrying out these projects each student group
may decide on their own research question, their procedures, and
statistics. The written assignments associated with these investigations ask students to practice their skills in presenting their data in
a poster or paper, researching the literature, and reflecting on the
scientific process (see Supplement 1 and 2 available with the online
version of this article).

cc Investigation Design & Weekly

Schedule

The two courses in which these experiments are conducted at Ursinus College enroll 16–22 students and meet for three hours of lecture and three hours of laboratory per week. The experiments fill
over half of the semester of weekly laboratory periods. All enrolled
students have taken the introductory ecology and evolution course.
Some students have also taken the introductory cell biology,
genetics, and statistics courses.

Week 1
In Week 1 the students become familiar with the organisms and
film them under the dissecting or compound microscope (40–
100×). The instructor can expect a lot of excitement when the students see the copepods (T. californicus), particularly the females
carrying eggs, darting around. The cladocerans (D. magna) generate even more wonder—students can see the anatomy of not
only the adult but also the eyes and heartbeat of offspring that are
moving within the brood pouch of the parent.

Week 2
The groups of three or four students per group turn in a title and
hypothesis and revise them if necessary while doing an unrelated
laboratory exercise in Week 2. At Ursinus, most groups hypothesized that the copepods and cladocerans would mistake the MPs
for food, feeding on appropriate food would decrease due to MPs
in the gut, and that the copepods would die as a result.

Figure 1. There is no such thing as a free lunch. This
illustration, drawn by a student, shows students the possible
repercussions of microplastic pollution. Illustration by
Matthew Fontanese.
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Week 3
Each group turns in an annotated bibliography in Week 3 and
a “project planning table.” The table challenges the students to
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think through and report the hypothesis, the number of individuals in each experimental group, the number of groups, the controls, the length of the experiments, how frequently the animals
will be fed, how frequently data will be collected, what will be
measured (e.g., death rate, number of plastic MPs ingested), and
the statistical analysis. The project planning table provides the
instructor with the opportunity to provide abundant feedback.
Students learn by rethinking their own experiments. This process greatly increases the rigor of their experimental designs (see
Supplement 1).

Weeks 4–6
Experimentation occurs during the laboratory periods during
Weeks 4, 5, and 6. The instructor can circulate the room to brainstorm about problems that arise.

Weeks 7 & 9
The instructor can use these experiments to build scientific writing and speaking skills. In BIO310 biological oceanography, each
student writes an individual paper in two drafts in scientific style
(See Supplement 1). The first draft is due in Week 7, and the final
draft is due in Week 9. In BIO336 freshwater biology, each pair
of students produces and presents a poster rather than writing a
paper. The pairs of students present their posters in Week 6 (See
Supplement 2). Each student completes an evaluation of the other
posters. Students in both classes write an individual reflection in
Week 9 in which they are invited to reflect on what they wish they
had known when they started the experiment, what they wish they
had done differently, and what ethical dilemmas they encountered
in the experiment or data reporting.

cc Methods
The marine copepod T. californicus and the freshwater cladoceran
D. magna can be purchased from Carolina Biological Supply, Burlington, North Carolina. Three jars of mixed adult and juveniles
containing 30–40 individuals of T. californicus or D. magna purchased weekly for six weeks are enough for 3–4 lab groups of 3–4
students each. Purchasing mixed adult and juvenile cultures allows
the students to view the two life stages and provides more adults as
the juveniles develop.
The T. californicus can be maintained for a few days prior to
experimentation in the jars in which they were shipped. Lids must
be loose to allow air to enter the jar. Many websites provide instructions on how to maintain them in long-term culture. They can be
fed Tetraselmis and Nannochloropsis purchased from Carolina Biological Supply. The phytoplankton should be cultured in Carolina
Biological Supply Alga-Gro Seawater medium according to the Carolina Biological Supply instructions. Concentrations can be quantified with hemocytometers.
At Ursinus College all student groups did 6–7 day experiments
in which 8–10 T. californicus in each control group (given food
only) and experimental group (given food and MPs) were fed Tetraselmis (300 cells/mL final concentration) or Nannochloropsis
600 cells/mL (final concentration). They were cultured in 15 mL
or 50 mL of seawater at 35 ppt. MPs were added from 0 to 20 mg/L
(final concentration) on Day 1. Feeding and adding MPs every other
day resulted a total maximum final concentration of 60 mg/L.
Prior to experimentation D. magna can be kept for a few days
in the jars in which they are shipped. Lids must be loose to allow
THE AMERICAN BIOLOGY TEACHER

air to enter the jar. Many websites provide instructions on how
to maintain them in long-term culture. We cultured them in a 10
gallon aquarium in pond water with live plants in natural light
and fed them Roti-Rich food from Florida Aqua Farms. A pump
attached to a 3/16-inch diameter tube that was weighted down with
a rock in the aquarium provided aeration. Air stones should not
be used because small bubbles can become trapped under Daphnia spp. exoskeletons. During the experiments at Ursinus College,
the students fed D. magna the Roti-Rich food and exposed them
to concentrations of MPs up to 4 mg/L on Day 1. Food and MPs
were added every other day for a final maximum concentration of
20 mg/L at the end of 7–10 days.
Clear, blue, and red polystyrene 5 µm and 20 µm 10mg/mL
MPs can be purchased from Degradex by Phosphorex Hopkinton, Massachusetts. Overall, the blue MPs seem most visible in the
experiments. The clear MPs are difficult to see through the microscope. The red MPs are difficult to see in stressed Daphnia that
become redder through increasing their hemoglobin concentration (Fox, 1948). Students may confuse the red lipid droplets in
T. californicus with red MPs in the gastrointestinal tract until they
are familiar with the anatomy of the organism.
The T. californicus and D. magna can be viewed in depression slides in seawater under a dissecting microscope at up to
40× or a compound microscope at 40× or 100×. Shredded gauze
creates a “fishing net” in the slide that immobilizes the organisms. Students can take photos holding their phones up to the
eyepiece or may use a camera attached to the microscope. We
used an AmScope MU300 camera attached to the microscope.
The experiments can be carried out in 30 mL plastic conical tubes
or glass dishes on a bench or rotating platform (to provide aeration). Lids or coverings should be loose to allow airflow yet slow
evaporation. Pasteur pipette with the tips cut off can be used to
transfer the organisms into other containers without harm. At
Ursinus College all unused T. californicus and D. magma were fed
and maintained until they reached the end of their natural lives.
The small number of organisms that ingested MPs went into the
regular waste.
The students can propose statistical analyses if they have
already taken statistics, or statistical methods can be suggested by
the instructor. Ursinus College students used t-tests, linear regression analyses, Fisher’s exact tests, or chi-square contingency tables
appropriate for their experimental design using R (The R Project
for Statistical Computing), JMP Statistical Software, Excel, or IBM
SPSS software.

cc Results
In this investigation, students had the opportunity to design their
own experiment from start to finish. Their experiments focused on
whether zooplankton actually ingest the MPs known to be contaminating both freshwater and marine ecosystems.

Tigriopus californicus Investigation
Data from a few semesters of running these experiments are presented here so that instructors who adopt these experiments for
their own classes have an idea what to expect. In the fall of 2020, six
groups of three or four students each designed a unique experiment
based on the experimental design of studies in the literature. All student groups did six- to seven-day experiments in which there were
eight to ten T. californicus in each control group (given food only)
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and experimental group (given algal food and MPs). The starting
MP concentrations on Day 1 selected by the various groups were
from 0 to 20 mg/L (final concentration). Feeding and adding MPs
every other day resulted a total maximum final concentration of
60 mg/L.
The 20 µm blue or red MPs were evident in the gastrointestinal tract of some individuals (Figure 2A) and in fecal pellets (Figure 2B) in the culture vessels within 24 hours. Although
deaths in experimental conditions were higher than in the controls, linear regression and Fisher’s exact tests did not show a
significant difference in death rate over the controls even at the
end of the experiment at the highest concentration of MPs exposure (p < 0.05).

Daphnia magna Investigation
In the spring of 2020, two research groups in the freshwater
biology class carried out this investigation. The D. magna accumulated the 20 µm MPs in their gastrointestinal tract (Figure 3).
Although more individuals died in the experimental conditions
than the controls, there was no statistically significant increase in
death rate due to MP ingestion, as determined by a chi-square or
Fisher’s exact test (p > 0.05).

Figure 3. (A) Daphnia magna with food in gastrointestintal

tract. (B) D. magna with 5 µm red polystyrene microplastic
spheres in gastrointestinal tract after two days. (C) D. magna
with MPs in gastrointestinal tract after seven days. Photos
provided by V. Bearden and A. Schwerdt.

cc Discussion
Tigriopus californicus Investigation

Figure 2. (A) Tigriopus californicus with a 20 µm blue bead in
gastrointestinal tract. (B) T. californicus feces containing eight
20 µm blue polystyrene microspheres. Photos provided by D.
Briggs, M. Fuchs, A. Pham, and J. Siberski.
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In the classes for which these experiments were developed, students tested whether T. californicus and D. magna would ingest
MPs and thus incur a higher death rate than control individuals and
related hypotheses. Although the highest MP concentrations that
some students tested in this study were several orders of magnitude
higher than the commonly reported concentrations at sea (Lenz et
al., 2016), the death rate was not statistically significantly higher
due to MP ingestion in either T. californicus or D. magna. While our
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sample sizes were small, this finding is in accordance with some of
the research published on this question (Lee et al., 2013, Cole et al.,
2015; Yu et al., 2020). The microspheres seemed to pass through
the digestive system without gut impaction or other acute harm
in the test organisms. However, longer term effects are known: a
semester-long study could test for the higher death rates and longer development time in F1 offspring as well as decreased numbers
of F1 (Lee et al., 2013) and lower F1 hatching success (Cole et
al., 2015), which have been reported. The concept of MP ingestion
could even be done as a single-lesson demonstration rather than a
long-term project for students.
An instructor adapting these investigations may also choose
to ask students to explore potential effects of zooplankton ingestion of MPs on other ocean communities. In addition to directly
observing that organisms can mistake plastic for food, students can
observe the MPs in fecal pellets. MPs in fecal pellets have been
reported in the ocean (Katija et al., 2017). Students can discuss
the implications of sinking fecal pellets on organisms in the deep
sea that depend on food raining down on them from surface communities. Some deep-water fish are important fishery species. This
brings the lesson back to the idea of no free lunch in aquatic food
chains—pollution we deliver to the lower trophic levels may come
right back to us.

Daphnia magna Investigation
The two student groups that investigated D. magna did not find
a significant increase in the death rate of D. magna exposed to
MPs and simultaneously fed Roti-Rich food at even the highest
MP concentration, which was several orders of magnitude higher
than found in freshwaters. This is in keeping with some published results (Ma et al., 2016; Horton et al., 2018; cf. Zhang et
al., 2019; reviewed in Yu et al., 2020). However, as with copepods, the story does not end here: a semester-long study could
mimic published studies that show that MP exposure decreases
feeding rate, F1 number, and F1 survival (Martins & Guilhermino, 2018), number of broods and other effects (Pacheco et al.,
2018, cf. Ogonowski et al., 2016; Rist et al., 2017). We used
spherical MPs; irregularly shaped particles appear more harmful
than microspheres, perhaps due to gut injury (Yu et al., 2020).
Indeed, we conducted some preliminary experiments with irregularly shaped microplastic shards. They were lethal within minutes to D. magna that ingested them.

cc A Rapidly Evolving Field of Research
While it is commonly believed by the public that plastics do not
break down, the billions of particles collectable from aquatic environments contradicts that notion. Research on the effects of MPs
has burgeoned since 2015. Students can become aware of MPs
and discuss the complex body of research on them as part of these
experiments. As described, copepods and cladocerans, among all
invertebrates studied, are considered very sensitive to MPs, but
results vary with species, size and shape of MP particles, length
of study, and whether the exposed organisms or subsequent generations are studied as described in this article (Yu et al., 2020).
Further, use of higher concentrations of MPs than found in aquatic
systems by both the students and researchers can lead to a conversation about the principles behind ecological risk assessment. A call
for standard operating procedures in measuring MP concentrations
in aquatic systems (Lenz et al., 2016) and for testing the effects of
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MPs in the laboratory (Botterell et al., 2019; O’Connor et al., 2020;
Yu et al., 2020) also make this an excellent body of literature for
students to examine to contemplate best practices in environmental
research.

cc Pedagogical Gains
Discussions of environmental issues can make students feel like
throwing up their hands in despair; there are so many environmental issues of concern. To help them maintain perspective, instructors
can ask students to generate in class discussion a list of ideas to
prevent MP pollution.
Another lesson to be learned from this investigation is about
using animals in experiments. At Ursinus College, some students
worked for the first time with living organisms in these investigations. No student declined to participate, but some students
expressed concern about disposing of the organisms at the end of
the experiment. This is a weighty consideration. They were told that
if they did not wish to experiment using living organisms that their
view was respected and they would be given data to analyze with
no effect on their grade. Other students remarked in their written
reflections that they valued the opportunity to gain experience with
husbandry of organisms.
Certain pedagogical gains really stood out in conducting these
experiments. Students reported that it was valuable to examine
posters that addressed the same research question and note the
difference in data expression (e.g., bar graph versus table) and
choice of statistical analysis. In their written reflections the students
reported learning about the importance of sample size and mentioned nuanced aspects of experimental design, such as the time
interval between multiple data point collections and the number
of data points. Their comments reinforced the value of multiweek
independent projects in laboratory courses. Students remarked,
“I loved the Daphnia lab as it was student-ran and we could
pick our own research topics and investigate water quality issues.”
“The project was difficult to come up with our own idea and
conduct the experiment on our own, but it was realistic for when
we go to grad school or out into the real world.”
The most poignant remark was from a senior undergraduate
who said that in her honors research she had picked up an oar and
rowed on the research question that was the focus of the faculty
member’s laboratory, and that she was happy for the opportunity to
design an experiment completely from scratch, including the methodology. Sometimes a simple remark lets the instructor know: Mission Accomplished.
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INQUIRY &
INVESTIGATION

An Ecological Succession Lesson
from a Beaver’s Point of View

HANNAH SCHMIDT, KALEB K. HEINRICH, JENNIFER
REYNOLDS, JENNIFER G. HOWETH

Abstract
Ecological succession explored at the secondary and postsecondary level
is often limited to terrestrial ecosystems. The emphasis is traditionally
placed on how deforestation leads to ecological succession. However,
aquatic ecological succession is just as important and allows for many
connections to be made with other ecological concepts. Succession initiated by beavers (Castor canadensis) in particular links both aquatic
and terrestrial ecosystems over time. We present a guide to an inquirybased lesson for AP Environmental Science and undergraduate ecology
courses that explores the effects of aquatic and terrestrial ecological
succession initiated by deforestation and beavers. Specifically, the focus is ecological succession and its effects in both terrestrial and
aquatic ecosystems. In this lesson, students
(1) engage with a preassessment and broad
overview of ecological succession, (2) explore
authentic research data representing secondary succession in beaver ponds, (3) explain
data using detective activities, (4) elaborate
with a mystery pond, and (5) evaluate their
new understanding by comparing a pre- and
postassessment. This lesson plan meets the
objectives for AP Environmental Science Biology courses as well as the core concepts
and competencies for undergraduate biology
education from the Vision and Change report
by the American Association for the Advancement of Science in 2011.
Key Words: ecological succession; inquiry;

Placement (AP) Environmental Science classrooms. Comprehension of ecological succession allows students to grasp the concept
of how biological systems influence one another, which is essential
to understanding further scientific topics (American Association for
the Advancement of Science [AAAS], 2011). Specifically, succession
helps students understand that ecosystems are dynamic, so they can
better understand predicted changes due to various disturbances,
including but not limited to climate change and biodiversity loss.
In educational settings, based on our experience, ecological succession is most often described in terrestrial habitats and is simplified to demonstrate the shift
from grass, to shrub, and then to forest after
a wildfire or logging event. These traditional
examples sometimes overlook or oversimplify
aquatic habitat succession, and students may
fail to recognize that aquatic and terrestrial
ecosystems are linked. Here, we present a lesson plan for an inquiry-based activity that can
be applied to both AP Environmental Science
and undergraduate ecology courses and that
aligns with the AP Environmental Science
Course and Exam Description (College Board,
2020), the core concepts and competencies for
biology education identified in the Vision and
Change report (AAAS, 2011), and the Ecological Society of America’s (ESA) Four-Dimensional Ecology Education Framework (4DEE)
for teaching ecology (Klemow et al., 2019).
Students will gain a greater understanding of
ecological succession, be able to compare and
contrast primary versus secondary succession, and be able to differentiate between pioneer, indicator, and keystone species. The lesson
employs the 5E Learning Cycle, an effective method for teaching
students scientific concepts (Bybee et al., 2006), and includes case
studies with authentic data of aquatic and terrestrial succession
from the Talladega Wetland Ecosystem (TWE) to promote student
active learning and critical thinking (Herreid, 2004).

Students will gain a
greater understanding
of ecological
succession, be able to
compare and contrast
primary versus
secondary succession,
and be able to
differentiate between
pioneer, indicator, and
keystone species.

vision and change; 5E learning cycle; AP
environmental science; beaver ponds.

cc Introduction
An understanding of ecological succession is important for the success of students in both undergraduate biology classes and Advanced
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cc Background

cc Content Overview

The TWE is one of the most well-studied and valuable sources
of information concerning ecological succession (Cherry et al.,
2009). This system, located in Hale County, Alabama (32º55'N,
-87º26'W), was formed by beaver (Castor canadensis) activity
approximately 80 years ago from a second-order stream with
surrounding coniferous and deciduous forest areas (Chaubey &
Ward, 2006). The entire ecosystem is composed of a multitude
of small ponds and stream channels spanning 384 hectares of
forested catchment. The TWE has been marked by the appearance and disappearance of ponds since its conception (Cherry
et al., 2009). Five major forms of vegetation dominate throughout the TWE and surrounding areas. These include areas of
forest with primarily deciduous trees, a mix of coniferous and
deciduous trees, a mixture of alder (Alnus serrulata) and willow trees (Salix spp.), grassland of soft brush (Juncus effusus),
and six perpetual ponds of differing sizes (Chaubey & Ward,
2006).
In 1996, one pond in the TWE was drained of water due to
the failure of a beaver dam. This gave researchers the opportunity
to closely analyze succession once a pond has dried up, as well
as document the speed with which ecological succession in this
ecosystem took place. In 1997, a small grass-like plant known as
soft brush (Juncus effusus) first appeared where pond water had
previously stood. Shrubs subsequently began to establish in 2000,
after the soil had dried from the previous wetland habitat, and
in 2008 hardwood tree species successfully colonized this area
(Figure 1). This case study of the TWE represents an ideal example of aquatic and terrestrial ecological succession—one that is
remarkably suitable for teaching and learning opportunities. More
information on the TWE can be found at https://twe.as.ua.edu/
research-chronology/.

Ecological succession is the change in species composition over
time, the natural replacement of one group of species by another
group of species (Morin, 2011). There are two major types of
ecological succession: primary succession and secondary succession. In primary succession, a site that is initially absent of
species becomes colonized for the very first time. In secondary
succession, a site that supports an existing assemblage of species
experiences a disturbance that changes the composition of species. Both types of succession can occur in terrestrial and aquatic
ecosystems.
Primary succession in terrestrial ecosystems can initiate after
rock is newly exposed, such as from glacier retreat or volcanic
island formation (Walker & Del Moral, 2003). The first colonizers are microscopic organisms and lichens that can survive on
bare rock. Over time, soil begins to develop as the rock weathers and breaks down from precipitation and wind erosion. The
formation of soil provides opportunity for the establishment
of plants that require substrate to anchor roots and a source of
nutrients and water accessible for root uptake. The first species to
arrive and colonize the newly formed habitat are pioneer species.
These early colonizers contribute nutrients to the soil through
organic matter accumulation from decomposition (Chapin et al.,
1994). Some early successional plant species can fix atmospheric
nitrogen and thereby increase nitrogen availability in the soil for
other plants. As soil nutrients increase over succession it allows
for the colonization of previously nutrient-limited species that
were unable to establish initially (Bishop, 2002). This facilitates
the turnover in species composition over time. In terrestrial ecosystems, this compositional shift corresponds to a change in life
forms and distinct species assemblages transitioning from small
herbaceous plants, to shrubs, and ultimately to stands of trees

Figure 1. The Talladega Wetland Ecosystem in the Talladega National Forest, Alabama as (A) an active beaver pond in 1992;
(B) and (C) abandoned and dewatered (aerial view of former wetland, 1997, and close-up of view, 1996); (D) transitioned to a
meadow in 1997; (E) meadow after shrub establishment in 2001; and (F) after hardwood tree establishment and conversion to
forest in 2008. Photos by G.M. Ward.
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over the course of succession (Morin, 2011). Species that are
primarily associated with early, mid, or late stages of succession
are considered indicator species of those stages because they are
unique to a particular aspect of the ecosystem (in this case, successional stage). Primary succession also occurs in aquatic ecosystems (Walker & Del Moral, 2003). For example, newly formed
rock pools (water-filled rock depressions) and newly formed
ponds are initially colonized by wind-dispersed algae that facilitates the colonization of aquatic animal species over time yielding
distinct species assemblages by successional stage (Louette et al.,
2008; Vanschoenwinkel et al., 2010). The limiting resource that
was initially absent for species to thrive in these ecosystems was
not soil but fresh or saltwater.
Secondary succession in terrestrial ecosystems can begin after
fire, tornadoes/hurricanes, or human disturbance of an already
established plant community, removing most species but leaving
the soil intact (Horn, 1974; Prach & Walker, 2011). The disturbance changes exposure of the habitat to sunlight, wind, and water
that alters colonization and the assemblage trajectory of the new
plant community (Tilman, 1994). Some plant species may arrive
to the disturbed site from dispersal (animal, water, wind) while
other species may establish from the existing seed bank (Meiners
et al., 2015). Over time, species replacement yields successional
stages similar to primary succession (Hart et al., 2008). Secondary
succession in aquatic ecosystems can initiate after a habitat dries
and refills, after sedimentation occurs, or after a natural or artificial (human-imposed) dam is constructed. For example, beavers
(Castor canadensis) disturb stream ecosystems and initiate succession by building dams that convert the habitat to pond ecosystems
(Naiman et al., 1988). The dams increase aquatic habitat area and
depth while reducing stream flow (Rosell et al., 2005). This provides pond habitat for aquatic species with different niche requirements than those that inhabit streams. A new community forms
from a combination of existing species that can tolerate the changes
in the habitat to pond-adapted species that colonize from nearby
pond sites (Olinger et al., 2021). Through the process of dam construction on streams and the corresponding pond formation, beavers have large effects on aquatic community structure and diversity
and are therefore considered keystone species and ecosystem engineers (Naiman et al., 1988).

cc Learning Objectives
The concept of ecological succession goes beyond grasslands shifting to shrubs and eventually forests after a wildfire or logging. Ecological succession occurs in both aquatic and terrestrial habitats,
often linked together. Here, students are encouraged to explore
their own scientific intuition while drawing on AP Environmental
Science objectives, Vision and Change core concepts and competencies for biological processes, and ESA’s 4DEE Framework. These
include, for AP Environmental Science (College Board, 2020)
1. ERT-2.I—Describe ecological succession.
Students master this objective by reading the case studies and
completing Data Detectives Activities 1 and 2.

1. Systems: Students learn this concept by examining how
species and environment interact within an ecosystem
undergoing ecological succession.
2. Ability to apply the process of science: Students acquire
competency in this area by examining ponds in various
stages of ecological succession and reasoning information
from data given.
3. Ability to use quantitative reasoning: Students build
competency in this area by comparing and using data in
Data Detectives Activities 1, 2, and 3.
4. Ability to understand the relationship between science
and society: Students develop competency in this area
by exploring Case Studies 1 and 2, connecting human
disturbance to secondary succession in forests and aquatic
ecosystems.
ESA’s Four-Dimensional Ecology Education Framework (4DEE) for
teaching ecology (Klemow et al., 2019) includes
1. Core ecological concepts: Students master the concept of
succession by reading the case studies and completing Data
Detectives Activities 1 and 2.
2. Ecology practices: Students practice basic components
associated with the scientific process, including making
observations and connections, evaluating claims, and
generating new hypotheses by examining and comparing
ponds in various stages of ecological succession in Data
Detectives Activities 1, 2, and 3.
3. Human-environment interactions: Students recognize
the connections between humans and the environment by
exploring Case Studies 1 and 2.
4. Cross-cutting themes: Students explore systems and
spatial and temporal scales by examining how species and
environment interact within an ecosystem undergoing
ecological succession through time.

cc Description of Lesson
This activity follows the stages of the 5E Instructional Learning
Cycle: engage, explore, explain, elaborate, and evaluate (Bybee et
al., 2006). It can be used in the classroom, in-person or virtually,
and with slight modification can be converted to a hands-on field
exercise.

Engage (~10 minutes)
This lesson will challenge students to think critically about ecological succession and its effects in both terrestrial and aquatic ecosystems. The instructor should first direct students to complete a
preassessment assignment to elicit their prior knowledge on the
subject of ecological succession by having them write down their
answers to the following questions (see rubric, Table 1):
1. Describe ecological succession.
2. Define keystone species and provide one example.
3. Describe the effect of ecological succession on ecosystems.

2. ERT-2.J—Describe the effect of ecological succession on
ecosystems.
Students show mastery of this objective by completing the
questions associated with Data Detective Activity 3.
The Vision and Change core concepts and competencies (AAAS,
2011) include

Instructors should quickly review students’ answers to gauge
level of competency prior to the exercise. Once the preassessment
is completed, introduce the TWE and facilitate discussion that
provides a brief overview of ecological succession, primary succession, secondary succession, pioneer species, keystone species,

THE AMERICAN BIOLOGY TEACHER

An Ecological Succession Lesson from a Beaver’s Point of View

231

Table 1. Pre- and postassessment rubric with definitions.
Succession Assessment
Question

Exceptional (3)

1. Describe ecological
succession.

Mastery (2)

Needs
Improvement (1)

Unsatisfactory (0)

Correctly defines
Correctly defines
ecological succession and ecological
includes an explanation
succession.
of primary and secondary
succession.

Discusses how
ecosystems can
change over time.

No clear
understanding of
ecosystems and how
species can play
a role in changes
through time.

2. What is a keystone
species?

Correctly defines
keystone species and
gives an example.

Correctly defines
keystone species.

Gives only an
example of a
keystone species.

Incorrect definition
and no example.

3. Describe the effect of
ecological succession on
ecosystems.

Answer includes
disturbance and effects
on community structure
(richness, diversity) and
ecosystem structure/
function (biomass,
productivity) over time.

Answer includes
changes over time
but only some
of the effects
(structure or
diversity changes,
not both).

Answer includes
changes over time
but no details
on community
or ecosystem
structure.

No effects described.

and indicator species (information included in previous Content
Overview section). The discussion should explicitly address the following (these questions may also be used to further gauge student’s
previous knowledge of ecological succession):
1. Describe how aquatic and terrestrial ecosystems differ in
terms of ecological succession.
2. List examples of species that may be able to first colonize
an area following a disturbance.
We developed a PowerPoint, Appendix S1, to aid in the presentation of the Content Overview material (see the Supplemental Material available with the online version of this article).

Example Definitions
ecological succession—The change in species composition over
time; that is, the replacement of one group of species by another
group of species. There are two major types of ecological succession: primary succession and secondary succession.
primary succession—A site that is initially absent of species
becomes colonized for the very first time.
secondary succession—A site that supports an existing assemblage of species experiences a disturbance that changes the composition of species.
keystone species—Organisms that have large effects on community structure and diversity within ecosystems.
pioneer species—The first species to arrive and colonize the
newly formed habitat.
indicator species—Species that are associated with a particular
community or ecosystem state, or in the case of an ecological experiment, a particular treatment. As an example, an indicator species of
succession would be primarily associated (based on incidence and/
or abundance) with an early, mid, or late stage of succession and
would be an “indicator” of that particular stage.
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Explore (~20 minutes)
Students will explore Case Studies 1 and 2 to develop an understanding of secondary succession initiated by animals and human
disturbance, respectively in aquatic ecosystems and forests. These
case studies explore real-world examples from the TWE previously
described in the Background section. (For further exploration,
an exhaustive list of research publications citing the TWE can be
found at https://twe.as.ua.edu/publications/.) A handout is available
to give to students encompassing the explore, explain, and elaborate stages (Supplemental Material Appendix S2, available with the
online version of this article).

Case Study 1: Aquatic and Terrestrial Secondary Succession
Initiated by Beavers
Although beavers can initiate the process of aquatic
secondary succession through the construction of dams
across streams, they can also indirectly catalyze terrestrial
secondary succession from dam failure. When beavers
abandon a pond and stop maintaining their constructed
dam, the pond transitions back to a stream ecosystem.
At this time, terrestrial secondary succession ensues as
the desiccated pond site gives way to a terrestrial plant
community. Documented examples of aquatic and
terrestrial secondary succession initiated by beavers can
be found throughout the Talladega National Forest in
Alabama (Cherry et al., 2009; Sferra et al., 2017; Olinger et
al., 2021). Within the forest there are several beaver-formed
ponds of different ages and in different stages of aquatic
succession in addition to ponds that have transitioned
back to streams and forested habitat. The TWE was
constructed by beavers in the 1940s and was abandoned in
1996 (Figure 1).
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To students, highlight the dramatic changes in the
terrestrial vegetation at the site as a consequence of
secondary succession, and emphasize the timeline—as
soils dried from pond recession, grasses established after
one year, the terrestrial plant community transitioned to
shrubs four years after drying, and eventually to hardwood
tree species twelve years after drying. For instructors in
other geographic regions of the US, expand focus beyond
the TWE to include your region. Beavers were historically
found in nearly all aquatic habitats in North America prior
to European settlement (Rudemann & Schoonmaker, 1938)
and have been recolonizing their historic habitats (Naiman
et al., 1988).

Explain (~10 minutes)
At this stage, students will move to Data Detectives activities, where
they will learn more about some of the specific characteristics of
the stages of succession and will begin to apply their understanding of ecological succession accrued from the case studies. Instructors should guide students through the different variables so that

students begin to recognize and evaluate the different stages of succession. Students will need to answer questions related to aquatic
ecological succession stages and provide reasoning for their answers.
Data Detectives Activity 1: Previous studies demonstrate
that beaver ponds in different stages of secondary succession have
contrasting abiotic and biotic characteristics. Notably, older ponds
(those in late succession) are deeper than younger ponds (Sferra
et al., 2017). Through evaluating the composition of pond zooplankton (crustacean) species, Daphnia spp. were determined to be
indicator species of old ponds. Let’s compare the data in Figure 3,
collected from two beaver ponds in the Talladega National Forest,
Alabama (data and pond identification numbers from Sferra et al.,
2017). Questions for Data Detectives Activity 1 (Figure 3) are
1. What variables do these two ponds differ in most?
2. What other variables could be measured to compare the
different successional stages?

Elaborate (~15 minutes)
In this phase students will be given two additional Data Detectives
Activities. The second and third Data Detectives Activities will be in
the form of mystery ponds, and students will be asked to determine

Figure 2. Forest secondary succession in the Talladega National Forest, Alabama. (A) Former forest patch one year after
2018 clear-cut; (B) forest patch 4 years after 2015 clear-cut; (C) forest patch 15 years after 2004 clear-cut; (D) forest patch
27 years after 1992 clear-cut; (E) mature upland forest stand; (F) mature bottomland hardwood forest stand. Photos by J. G.
Howeth.
Case Study 2: Forest Secondary Succession Initiated by Human Disturbance
In addition to numerous beaver ponds undergoing secondary succession in the Talladega National Forest, the landscape
is composed of forest patches in different stages of secondary succession following intentional human disturbance—tree
clearcutting. In these scenarios, the standing trees are mechanically cut and removed for timber harvest and sale (Figure 2).
This disturbance removes the standing plant community but leaves the soil and seed bank mostly intact, although
erosion does occur from rain and wind after cutting. Early successional herbaceous plant species and fast-growing pine
species reestablish first (Emery et al., 2020). After decades of succession, the forest stand is composed of a mix of pine
and hardwood species (Cox & Hart, 2015). Because the Talladega National Forest actively manages forest habitat for the
endangered red cockaded woodpecker, some cut patches in the forest are replanted with longleaf pine seedlings to
improve nesting and foraging habitat (Martin et al., 2021).
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years but are no longer being collected by investigators. Questions
for Data Detectives Activity 3 (Figure 5) are
1. Based on these photographs of Mystery Pond B taken
in two different years (2014 and 2020), what has likely
occurred with this beaver pond?
2. What stages of succession are represented in 2014 and
2020? Carefully explain your answers. (Hint: Review Case
Study 1.)

Evaluate (~10 minutes)
Students will be given a postassessment in this stage to evaluate
their knowledge of material at the end of the lesson and compare
to their knowledge prior to the lesson. Give students the opportunity to rewrite their answers for the same questions from the
preassessment:

Figure 3. Data Detectives 1: Evaluating Beaver Ponds in

1. Describe ecological succession.

Different Stages of Succession. Data and pond number labels
from Appendix S2: Table S1 in Sferra and colleagues (2017).
Photos by J.G. Howeth.

3. Describe the effect of ecological succession on ecosystems.

their stage of ecological succession. Students will draw upon knowledge gained in the previous lessons to answer questions about these
mystery ponds. The instructor should ask students to further elaborate and justify their responses to the questions posed by the activity. Further, the Sferra et al. (2017) paper is open access (https://
esajournals.onlinelibrary.wiley.com/doi/full/10.1002/ecs2.1871)
and includes a lot more data about each pond in Appendix S2:
Table S1 that instructors could leverage.
Data Detectives Activity 2: Now that you have evaluated data
on two beaver ponds in different stages of succession, let’s determine the stage of succession of a “mystery” beaver pond (Figure 4).
The pond occurs in the same region of the Talladega National Forest as those in the previous exercise. Questions for Data Detectives
Activity 2 (Figure 4) are
1. What stage of succession (early, mid, or late) might be
represented by Mystery Pond A? Why?
2. What other data might be useful in making your
determination?
Data Detectives Activity 3: Here we have Mystery Pond B,
where data on beaver pond characteristics were collected for several

2. Define keystone species and provide one example.
As with the preassessment, the attached rubric (Table 1) can be
used to evaluate student answers in accordance with the AP Learning Outcomes (College Board, 2020). You may use this as a summative or formative assessment of your students. If there is time, allow
for group discussion of these concepts, and of misconceptions. Give
students the opportunity to view their preassessment answers and
compare them to their postassessment responses. Self-evaluation
will empower the students, increase their motivation, and identify
strategies to improve learning (McMillan & Hearn, 2008).

cc Broader Application of the Lesson
Based on our experiences from previously delivering this lesson at
the high school and undergraduate levels, students are engaged and
now able to apply their new knowledge to other regions and ecosystems. Instructors can apply the lesson to their respective geographic
regions and ecological settings, allowing for several opportunities
of further application and higher level thinking throughout. For
example, if there is access to grasslands, instructors might focus
on the role of wildfires. Instructors in urban settings can focus on

Figure 4. Data Detectives 2: Determining Different Stages of

Figure 5. Data Detectives 3: Determining Different Stages of

Beaver Pond Succession. Data from Appendix S2, Table S1, in
Sferra and colleagues (2017). Photo by J.G. Howeth.

Beaver Pond Succession. Data from Appendix S2, Table S1, in
Sferra and colleagues (2017). Photo by J.G. Howeth.
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human initiated succession with a direct focus on time and space.
Regardless of whether the focus is on the TWE or a local ecosystem,
advanced discussion can focus on the local ecosystem at several
spatial (the school, the community, the region, etc.) and temporal
scales. We have come up with some guiding advanced discussion
questions that are most appropriate for undergraduate ecology:
1. Give examples of ecological succession where you live.
Is succession being initiated by beavers, humans, or
something else?
2. What indirect impacts can humans have on ecological
succession?
3. Compare and contrast keystone species, pioneer species,
dominant species, and ecosystem engineers.
4. In what other ways are aquatic and terrestrial ecosystems
linked (even beyond ecological succession)?
Lastly, getting students out in the field, taking hands-on measurements, and making observations and predictions will greatly aid in
their understanding of the ecological succession concept and the
process of science in general (National Research Council, 2000).
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INQUIRY &
INVESTIGATION

Life for the Loam: A Soil Ecology
Game about Biodiversity &
Ecosystem Health
R E C O M M E N D AT I O N

MAXWELL S. HELMBERGER, MATTHEW J.
GRIESHOP

Abstract
Soils contain a vast biodiversity of organisms with critical roles in
maintaining ecosystem health, which remains unknown to many students. Soils are also a system well-suited to introduce broader ecological
concepts such as ecosystem services and the links between biodiversity
and ecosystem function. In the game Life for the Loam, designed for
students in grades 6–12 and early undergraduate audiences, students
strive to build the healthiest soil by introducing creature cards to boost
their soil’s structure, nutrients, and food web. Gameplay introduces
students to a wide array of soil organisms, and the ecosystem services
each provides, and lets them build diverse communities for maximum
environmental benefit.
Key Words: soil ecology; soil health; ecosystem services; biodiversity.

To fill this gap, we developed Life for the Loam, an educational
game communicating key aspects of soil biodiversity and ecology to
grades 6–12 and early undergraduate audiences. Games can enable
cooperative learning and increase social interaction between student players (Nadolski et al., 2008; da Silva Júnior et al., 2020),
as well as aid with student learning of subject matter (Cheng &
Annetta, 2012; Girard et al., 2013; Cagiltay et al., 2015). Recent
years have seen several novel physical games developed specifically
for science classroom use (Hopwood et al., 2013; Gibson & Cooper, 2017; Cosme et al., 2020; Martindale & Weiss, 2020; Wibking,
2020). In Life for the Loam, players compete in groups of five to
build the healthiest soil with the help of animals and microbes. The
game and associated activities align primarily to the Next Generation Science Standards (NGSS) Disciplinary Core Idea “Biodiversity
and Humans” (LS4.D) and NGSS Crosscutting Concepts “Systems
and System Models” (National Research Council, 2012).

cc Introduction

cc

Soils are extremely biodiverse, with high
species richness of microbes, nematodes,
earthworms, arthropods, and other organisms (Giller, 1996; Origiazzi et al., 2016).
These organisms perform vital and valuable ecosystem services (Nielsen et al.,
2015; Wall et al., 2015). Yet despite their
importance, many soil organisms are
almost unknown outside of scientific literature. In addition, students commonly
hold misconceptions about soil and soil
processes like decomposition, believing it
to be a wholly physical or chemical process instead of involving
animals and microbes (Causal Patterns in Science, 2008) or that
the remains of dead plants and animals simply disappear instead
of being broken down to provide nutrients for the soil (Helldén,
1995; Asshoff et al., 2020). They also may perceive soil as inert
or dead, hardly the impression anyone should hold in a society so
dependent on soil.

Background

In Life for the Loam,
players compete in
groups of five to build
the healthiest soil with
the help of animals
and microbes.

A playthrough of Life for the Loam is an effective introduction to soil biodiversity and ecology, though the game can also be played after
a lecture or reading introducing the topic. A
pre-game introduction should include some
or all of the following information.
Soil has many definitions (Hartemink,
2016). In physical terms, it is the coating of
mineral and organic material covering much
of the Earth’s land surface. In practical terms,
it is an important resource for human society. Soils support plant growth, store water,
and can even sequester greenhouse gases (Nielsen et al., 2015).
These ecosystem services are mediated and, in some cases, provided entirely by soil’s vast diversity of animals and microbes
(Nielsen et al., 2015; Wall et al., 2015). Three key functions of soil
organisms are decomposition and nutrient cycling, water storage
and filtration via a porous structure, and suppression of pests and
pathogens.
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Table 1. List of Life for the Loam’s learning objectives and related game mechanics.
Learning Objective

Basic Information

Associated Game Mechanic

Biodiversity of soils

Soils are extremely biodiverse, with high
species richness of microbes, nematodes,
earthworms, arthropods, and other organisms
(Giller, 1996; Origiazzi et al., 2016).

Creature cards representing 102 soil
organisms.

Ecosystem services provided
by soil organisms

Soil organisms perform valuable services for
soil, including decomposing dead organic
matter, improving the stability of soil’s
structure and its ability to admit air and water
flow, and keeping pests and pathogens in
check (Nielsen et al., 2015; Wall et al., 2015).

Creature cards representing organisms’
function in soil via their indicated
effects on soil structure, nutrients, and
food web.

Links between biodiversity
and ecosystem services

Higher biodiversity generally leads to
increased provision and stability of ecosystem
services (Nielsen et al., 2015; Wall et al., 2015).

Community bonus cards players may
claim after assembling groups of
creatures with specific characteristics.

Microbes are responsible for most organic matter breakdown in
soil (Seastedt, 1984). With few exceptions, plants cannot take up
nutrients from organic matter, instead relying on inorganic, ionic
forms of nutrients (nitrate, phosphate, ammonium, etc.) present
in the soil, so decomposition is important for nutrient availability (Manzoni et al., 2008). Animals that feed on microbes, such as
springtails and some nematodes, and ones that feed on organic matter itself, such as isopods and millipedes, influence microbial function and the decomposition process in other ways. These include
stimulating additional microbial growth through direct grazing, dispersing microbes through the soil, and physically and chemically
altering pieces of organic matter via consumption, gut fragmentation, and excretion (Seastedt, 1984; Wickings & Grandy, 2011;
Yang et al., 2020).
Soil organisms also maintain a porous and stable soil structure
that lets roots grow, animals move, and water flow without obstacle.
This improves the soil’s ability to support plant growth and store
water, which reduces surface runoff and flooding. Many macroinvertebrates aerate the soil through their burrowing and tunneling
activities. The most effective of these, such as earthworms and ants,
are often called ecosystem engineers (Lavelle et al., 1997). Though
microbes are too small to manipulate soil’s physical structure,
thread-like fungal hyphae and sticky bacterial secretions can keep
aggregates bound together and improve soil stability (Harris et al.,
1964; Forster, 1990).
Finally, diverse soil communities can suppress crop pests
and pathogens. Certain microbes found in or near plant roots
can outcompete or directly attack plant pathogens (Whipps
& Gerlagh, 1992; Datnoff et al., 1995) or induce increased
immune function in the plant (Sharma & Sharma, 2017). Predatory organisms like spiders and ground beetles may also prey
directly on pest species.
In addition, soil biodiversity is often more than the sum of its
parts. More diverse communities tend to deliver ecosystem services
more effectively due to different species providing the service in
complementary ways (Snyder et al., 2006; Manning et al., 2016)
and are more resilient in the face of some disturbances (Mace et al.,
2012; Nielsen et al., 2015).
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cc Materials & Gameplay
Full instructions and printable game materials are available in the
Supplementary Material with the online version of this article and
via Google Drive (https://drive.google.com/drive/folders/1cfLb8dy
pRkAxhef05Yw5NlBmWfyGOCGL). Each print-and-play includes
the 144 creature cards (Figure 1), 4 season cards (Figure 2), and 30
bonus cards (Figure 3) needed for a single group of five s tudents, as
well as soil stat trackers and stat counters to help students keep track
of their soil’s structure, nutrients, and food web. A free, digital version of Life for the Loam is also available via Screentop.gg (https://
screentop.gg/@Vermivorax/loam-class). Screentop.gg enables online
multiplayer gameplay when combined with voice or video chat,

Figure 1. Creature cards are shuffled into a central deck
that players draw from throughout the game. Each card has
a creature type, a name, and a level from 1 to 3, which along
with creature type determines its contribution to a soil’s
structure, nutrients, and/or food web stats when placed.
Higher-level creatures provide greater benefits, but each
Level 2 creature must be placed a top two Level 1s and each
Level 3 a top six lower-level creatures. Icons in the top left
indicate the stats it contributes to a player’s soil when placed
(blue for structure, green for nutrients, yellow for food web),
colored icons in the bottom left indicate the creature type,
and the number of pips beside the creature type icon
indicate the level.
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Figure 3. Each season, players place three or four creature

Figure 2. Season cards come in a deck of four, which the
game progresses through in order. The season determines
the number of creatures players draw, the number of
creatures they place onto their soil, and the number of times
they are allowed to scavenge (trade a creature in their hand
for one in the detritus pile, a collection of face-up creatures
next to the deck) during their turn.
but this requires a computer and reliable internet connection,
so we recommend ensuring your students are all able to access
the game before incorporating it into a course. We also include
in the Supplementary Material a brief explanation of the Screentop.gg platform and how to get students started with the digital
game.

cards from their hand onto their soil to increase its structure,
nutrients, or food web stat(s) and build stacks of seven
called communities. When a finished community fulfills the
condition listed on one or more community bonus cards, the
player may claim that card and add it to the community for
additional structure, nutrients, and/or food web stats. At the
end of the game, players count their soil stats. To encourage
balance, a player’s final score is equal to their lowest soil stat.
Whoever’s score is highest wins, with ties broken using the
middle soil stat. One full run of the game takes approximately
30 minutes.

cc Assessments
After playing the game, ensure students do not immediately shuffle their creature cards back into the deck. Some of our suggested
discussion/assessment exercises (Table 2) involve students analyzing their assembled communities, predicting their properties and
ability to provide ecosystem services in the face of environmental
disturbances, and comparing them to one another. Completing

Table 2. Discussion and assessment questions to give to individual students and/or small groups.
General Exercises
1. Which two seasons see most biological activity within soils of temperate regions? Why?
2. What are the differences between how plant mutualists and animal decomposers provide nutrients, how microbial
decomposers and ecosystem engineers improve structure, and how plant mutualists and large predators improve food
webs in real-life soils?
3. Why is decomposition important for ecosystems?
4. If you came across a new species of soil animal and had a chance to observe its anatomy and behavior, how might you
infer what ecosystem services it could provide?
5. What are some ways even two very similar organisms (for example, two species of woodlouse) could provide the same
ecosystem service in slightly different ways?
6. Come up with as many types of material as possible that could qualify as “soil organic matter.”
Exercises Involving Game Components
1. Consider the two communities you assembled on your soil. Which ecosystem service(s) (structure conditioning, nutrient
provisioning, and pest/pathogen control) would each be best and worst at providing, or would they be well-balanced
between the three? Why?
2. Design an experiment you could conduct to test which of your communities provides one specific service (structure
conditioning, nutrient provisioning, and pest/pathogen control) most effectively. In particular, how would you measure
how well each community provides the service?
3. How stable do you think your two communities are? If any single creature or all creatures of one type were removed,
would each still be able to provide the service(s) it does?
4. Arrange the creature cards in both of your communities into a food web on a sheet of paper, with soil organic matter at
the bottom left, plants on the bottom right, and pest organisms above plants. Draw arrows indicating what organisms
consume what.
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these assessments will further allow the students to develop a more
nuanced outlook on how biological features figure into soil structure and function. Potential answers to these exercises are included
in the Supplementary Material. We suggest students be evaluated
on their performance/participation in these exercises rather than
their game performance.
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TIPS, TRICKS &
TECHNIQUES

Role Reversal to Facilitate Social
& Moral Compassion: A Case
for Climate Change as an Ethics
Dilemma

BAHADIR NAMDAR, AYŞEGÜL OĞUZ NAMDAR

Abstract
Supporting socioscientific decision-making skills in science classrooms
is vital to the education of scientifically literate citizens. Character and
values play a key role in accomplishing this fundamental goal of science
education. However, students’ decisions about complex socioscientific
issues often lack social and moral compassion. In this study, we advocate
for the use of role reversal to facilitate such compassion. We illustrate
our proposal by providing a lesson plan on the construction of hydroelectric power plants to reduce carbon emissions and fight climate change.
Key Words: decision making; social and moral compassion; role r eversal;

climate change.

cc Introduction
Perhaps more dramatically than ever before, the COVID-19 pandemic has shown us how individual decisions can have global
consequences. Educating students in scientific literacy so that they
can engage in well-informed decision-making processes is not
only important for individual well-being but also for global public
health. Therefore, science education in the 21st century focuses not
only on encouraging students to have positive attitudes toward and
interest in science but also on developing their character and values
so that they “act responsibly with respect to human life and compassion for other human beings throughout the globe. This belief
system serves as a driving force for individuals to act responsibly as
citizens of technologically and scientifically advanced 21st century
society” (Choi et al., 2011, p. 681).
Socioscientific issue (SSI) based teaching can engage students
in decision making processes through evidence-based discourse,
which is a requisite for a scientifically literate citizenry (Zeidler et
al., 2019). SSI-based teaching, which focuses on using ill-structured
and open-ended problems, requires students to consider their
moral and ethical responsibility for these difficult decisions. In this
process, character and values serve as core guidelines for decision
making and responsible action in relation to global SSIs (Lee et al.,
2013; Choi et al., 2011; Herman et al., 2020).

As SSIs lack clear solutions, they help equip students with the
skills needed to consider multiple perspectives on an issue and to
develop empathy for others (Powell et al., 2021). To educate students as democratic citizens in the 21st century, and hence to foster
scientific literacy, Choi and colleagues (2011) suggests that students
ought to develop the following values and character traits: an ecological worldview (a belief that human lives and the environment
form a single, bounded system); a commitment to socioscientific
accountability (i.e., to taking sociopolitical actions to solve complex
problems); and social and moral compassion (feelings of empathy
and compassion for others).
Research on students’ character and values in the context of
SSI-based teaching and learning largely focuses on university students (Kim et al., 2020; Uzel, 2020), with less attention paid to
school-age students. These studies show different results regarding character and values. For instance, Gao and colleagues (2019)
developed and implemented an emotional competence SSI program
with 26 tenth-grade students. They used coltan mining and gene
editing technology as SSI contexts and found no statistically significant difference in empathetic concern. Similarly, in a more recent
study, Powell and colleagues (2021) investigated the character and
values of 77 seventh-grade students in relation to animal cloning.
The students were engaged in whole-group discussion, reading,
and argumentation tasks. The quantitative results showed that even
after instruction, the seventh-grade students’ empathetic concern
about animal cloning was not significantly improved.
Dramatic techniques have long been used to teach socioscientific decision making. Studies have focused on role-play scenarios
that give students opportunities to access different perspectives on
dilemmatic situations (Agell et al., 2015; Belova et al., 2015; Simonneaux, 2001; Lee et al., 2020). The psychodramatic technique of
role reversal uses the exchange of roles to encourage each side to
understand their counterparts’ views and feelings (Yaniv, 2012).
Although it does not ensure a full understanding of the other, role
reversal provides a space for exploration of and identification with
opponent’s feelings, attitudes, and experiences (Kellerman, 1994).
Role reversal is therefore a tool for considering alternative arguments (Zeidler & Nichols, 2009) and for considering the emotional
dimensions of an issue as experienced by the other. However, our
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understanding and practical knowledge of role reversal is limited
because only a small number of studies have examined its use to
explore socioscientific issues in biology classrooms (e.g., Walker &
Zeidler, 2007). In this paper we defend the value of role reversal as
a dramatic technique that facilitates social and moral compassion in
high school students, focusing specifically on empathetic concerns
relating to hydroelectric power in the context of climate change.

framework can help students to formulate a holistic view of a given
SSI by considering different aspects of the issue, which can, in turn,
enhance students’ informal reasoning and decision making. Next,
we explain a five-step instructional sequence prepared for engaging
students in socioscientific decision making and facilitating students’
social and moral compassion.

cc Instructional Sequence Following the

First, give the following short explanation to students and ask them
to answer the following question, in order to identify their positions
on hydroelectric energy. “On a scale of 0–5 (where 0 is strongly disagree and 5 is strongly agree), explain to what extent you support
the construction of a new hydroelectric power plant in our town to
fight climate change?” Ask students to individually note their initial
ideas and remind them to fill out Table 2 as they progress in the
activity. Then, put the students into six groups according to their
responses. In order to expose students to different views and counterarguments, make sure to group students with opposing views
as much as possible. To initiate students’ thinking about the issue,
give students 10 minutes to discuss the issue in their small groups.

SEE-SEP Model

We chose the topic of climate change as a focus for bioethics education because of its direct relevance to health, values, and individual responsibility and its global consequences (Cox Macpherson,
2013). We chose the specific topic of adopting hydroelectric energy
as an alternative energy source in order to reduce fossil fuel use
and thus mitigate climate change. The Turkish eighth-grade standard addressed is “F.8.6.3.3. Discusses the causes and possible
consequences of global climate changes. (a) Explains greenhouse
effect. (b) In the context of global climate change, it is questioned
how environmental problems can affect the future of the world and
human life.” (Ministry of National Education, 2018).
This unit is based on the SEE-SEP model suggested by ChangRundgren and Rundgren (2010). The model advocates holistic
teaching of SSIs by incorporating six subject areas (sociology/culture, economics, environment/ecology, science, ethics/morality,
policy—hence SEE-SEP) grounded in the three associated aspects
of values, personal experiences, and knowledge. They further
argue that these aspects are integrated with the subject areas. This

Step 1. Knowledge Organization

Step 2. Preparation for Role Play
Give each student a role associated with one of the six subject
areas in the SEE-SEP model (Table 1). Assign three students in the
groups to argue against and three to argue for the construction of
a hydroelectric power plant. During this step, assign students to
opposing positions based on their rankings in step 1. For example if
the student chose 0, indicating that they strongly disagree with the
power plant construction, assign them a role that advocates for the
construction. Remind students that they will be participating in a

Table 1. Roles regarding the hydroelectric power plant scenario.
Sociology/Culture—Local Resident
You are a local resident and are
concerned that the construction of
the power plant may threaten an
endangered species in the region. You
are also concerned about the impact
of the power plant on the local tea
farming industry. You believe that tea
farming has cultural importance, as
your family has been farming tea for
four generations and come together
every summer for harvesting.

Environment/Ecology—
Environmental Activist
You are an environmental activist who
opposes the construction of the power
plant because it will reduce the water
in local stream beds. This will harm
amphibians living in these streams and
hasten the extinction of endangered
species such as red-spotted trout.

Ethics/Morality—Ethics Professor
You are an ethics professor. You argue
that the consumption rate of goods is
increasing in industrialized countries.
This increases the carbon footprint
of producing and delivering these
goods. Building more power plants will
increase industrialization and decrease
the cost of goods, so that people will
consume more and energy demand will
rise further. This will, in turn, increase
the carbon footprint even more.

Economy—Tea Farmer
You are a tea farmer in the area, and
you only work during the months
of April, June, August, and midSeptember. Due to climate change, Rize
has received less precipitation, and tea
was harvested only three times this
year. You fear that in the near future
the region will become less and less
suitable for tea cultivating. You support
the construction of the power plant as
it will create job opportunities, as well
as provide cheap energy.

Science—Physics Professor
You are a physics professor at a
university. You have evaluated different
types of power plants and support the
construction of the hydroelectric power
plant on the grounds that it will provide
clean energy and reduce carbon
emissions.

Policy—Policy Maker
You are a policymaker in the
department of energy. You support
the construction of the power plant,
as it will provide cheap energy
that will contribute to economic
growth. As a signatory of the Paris
Agreement to reduce carbon emissions,
constructing the plant will help foster
a positive image of the country in the
international political arena.
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fictional TV panel. Tell students to construct their arguments based
mainly on the subject area assigned to them. The teacher acts as
the moderator of the TV show. If some groups have fewer than six
students, more than one role can be assigned to each student. There
will thus be two groups with different positions. Here is a sample
scenario followed by role cards designed for the six subject areas
suggested in the SEE-SEP model.
Scenario: Rize, a city located in northeast Turkey, has a humid
subtropical climate, which makes it suitable for tea farming. The
region receives high levels of precipitation and is rich in water
sources. The government has recently begun to increase the number of hydroelectric power plants to meet demand for energy and
fight against climate change. A new power plant construction is
to begin in Ikizdere province, and there will be a televised debate
about the construction on a local channel.
Ask students to search on the internet for relevant information
about their assigned subject area. Make sure that students identify
the source, writer, and date of publication of the information they
use. After they finish their initial search, ask students to write down
their values, experiences, and what they know about the subject
and to formulate a position on the issue from the perspective of
their assigned role (Table 2).

Step 3. Role Play
Remind students that they should add more information to their
role cards based on their research. Then, engage each group in
improvisation. When each group performs, remind students in
the other groups to write down the overall argument and the
main points of the performing group’s arguments. The teacher

acts as a facilitator of the debate. Begin by asking students to
present their claims and evidence, including information about
their values and personal experiences. Then challenge students’
ideas through the counterarguments put forward by the other
students in the group.

Step 4. Role Reversal
After the role play finishes, students switch roles and pass their role
cards to group members who have an opposing role. Give the groups
about 15 minutes to prepare. This will give students a chance to
consider their opponents’ point of view, including their knowledge,
values, and experiences. Later, repeat the fictional TV show with the
roles reversed. When the role reversal finishes, ask students to write
down how they feel about the opposing role’s values and experiences
(Table 2). Furthermore, ask them to explain whether their views
about the construction of the power plant have changed.

Step 5. Whole-Class Discussion
When the role plays finish, ask students to summarize the arguments in writing, incorporating evidence that both supports and
counters their own positions about the proposed construction of
a hydroelectric power plant to mitigate climate change (Table 2).
Initiating a whole-class discussion, the teacher challenges students
to consider alternatives and specifically encourage students to formulate answers that take into account other people’s values, experiences, and feelings. Finally, ask students how this issue will affect
humans globally. The teacher also reminds students that ongoing
inquiry is essential to SSIs and that there are no definitive solutions
to such complex issues.

Table 2. Argumentation worksheet.
My Initial Ideas about the Hydroelectric Energy Subject
o
o
o

o
o
o
o
o
o
o

My initial position (mark one):
For
Against

Knowledge
(What does current scientific research tell us
about the role of hydroelectric energy in the
fight against climate change?)

My assigned subject area role (mark one)
Sociology/culture
Economy
Environment/ecology
Science
Ethics/morality
Policy

Values
(What type of societal
values and personal
attitudes one could have
regarding the issue?)

Personal Experience
(What type of experience one could have
regarding the issue?)

What could be the overall argument for my role?
What was the main argument I presented when I reversed my role?
How do I feel about my reversed role’s values and experiences regarding the issue?
Has my initial claim changed after the role
reversal? Explain why or why not.

Considering the perspective of both roles, what do I now think about the
hydroelectric power plant construction regarding my assigned subject
area?

What will be the global effect of constructing this hydroelectric power plant?
My conclusion and final argument about whether or not to build the hydroelectric power plant:
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THE AMERICAN BIOLOGY TEACHER

VOLUME 84, NO. 4, APRIL 2022

cc Conclusion
In the context of socioscientific decision making, existing practices
usually follow a sequence where teachers assign roles to students
and organize a debate and a whole-class discussion, without actually
exposing students to opposing views. The current lesson is novel as
it assigns students to opposing roles and follows explicitly the SEESEP model for students to form a holistic view about the issue by
considering different aspects. In this activity we chose the topic of
renewable energy and, specifically, hydroelectric power. The type
of energy and the roles can be revised based on the local context.
This activity provides a space for students to formulate high-quality
arguments by incorporating counterarguments and rebuttals into
their reasoning. To increase the quality of the arguments put forward by the students, different computerized argumentation scripts
can be used to make sure students use rebuttals and counterarguments before they engage in role playing. Furthermore, to use this
lesson plan at the high school level, roles could be written by the
students, which makes them reflect on their ideas and knowledge
about the subject. This type of lesson plan sequence creates opportunities for students to see others’ points of view and thus develop
empathy and sympathy for others, which is an important aspect
of social and moral compassion. Students thus not only engage in
evidence-based argumentation but also develop their character and
values as 21st-century global citizens participating in socioscientific
decision making.
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BOOK
REVIEW
KIRSTIN MILKS & FRANK BROWN CLOUD, DEPARTMENT EDITORS

Greetings from the new book editor team for
The American Biology Teacher! I’m Kirstin
Milks, an AP Biology teacher in Indiana.
My spouse, Frank Brown Cloud, is a public
scholar. We both hold PhDs in biochemistry,
have a wide range of research and teaching
experiences, and enjoy reading and sharing
books on science and education from academic and popular presses. As such, we are
delighted to be taking on this role together.
We’re grateful to Amanda Glaze, Bill
McComas, Athena Lakri, and Valerie Haff
for helping us to learn the ropes in this new
adventure; to our NABT network of reviewers, from whom you’ll learn much more in
months to come; and to you, for continuing
to love books and what they have to teach us.
We welcome your feedback, suggestions for
books to review, and offers to join the NABT
book reviewer network at kmilks@mccsc.
edu. ~ Kirstin

x + y: A Mathematician’s Manifesto for
Rethinking Gender. By Eugenia Cheng.
2020. Basic Books. (ISBN 9781541646506).
288 pp. Hardcover, $28. Ebook and audiobook also available.
Eugenia Cheng’s x + y is marketed as a
book about feminism and gender, but Frank
and I feel as though it’s actually more radical
and universal than that. In this slim, plainspoken, pellucid book, you will find—after
a brief section on mathematics—a charmingly practical approach to utopian philosophy, alongside specific recommendations
for ways to improve your classroom practice
to better serve all learners (including you!).
Cheng grew up as a competitive pianist.
“Competitive pianist” is such an innocuous
phrase, but by the end of the book, Cheng
would like for this to give us pause. Cheng
believes that music performance—the act of
creating something beautiful—shouldn’t be
competitive. There is no limit to the amount
of beauty that can exist in the world, so why
approach music with a scarcity mindset?
But we often do. The Greek myth
of Arachne depicts her competing with
Athena to create beautiful tapestries. In
recent years, auction prices for works
of fine art have been reported like sport
scores. And televised cooking shows are
spiced with competition: even on days
when the contestants’ preparations are all
judged to be absolutely delicious, someone
is still eliminated after each taste testing,
since the structure of the show requires
that only one person win.
Cheng posits—persuasively, in my
opinion—that our reflexive tendency to
introduce competition makes learning environments worse, all the way from elementary or high school classrooms up to our
postdoctoral careers. Cheng bolsters her
message with both statistical evidence from
the latest educational research and with personal anecdotes from her own journey as a
student and instructor in a wide variety of
academic environments.

Cheng describes her efforts to create a
more collaborative learning environment,
in which she relies heavily on group discussions and student-led pedagogy (which
still seems something of a rarity in STEM
classrooms). And she justifies her approach
soundly: “Education involves a resource
that can never be scarce: one person having
knowledge and wisdom does not prevent
someone else from having it. It might be
scarce in the sense that not many people
have it, especially when it comes to very
specialized knowledge, but the whole point
of education should be to share knowledge
and wisdom with the next generation and
thus ensure that it keeps growing. So the
fact that we make education competitive is
at worst contradictory and at best a choice
that we should acknowledge and question.”
Even the introductory section on mathematics should prove helpful for many biology teachers. Cheng provides a charming
summary of several important ideas from
statistics. Personally, I find that the statistical backbone of contemporary biological research to be among the most difficult
topics for my own students to grasp, so I’m
always happy to see how other instructors
share this information.
The statistical primer leads into a key tip
for interpreting data: Cheng warns readers
about what can go wrong when we mistake
a study subject’s response to its environment
with its innate characteristics.
Cheng makes this point in connection
with students: “The received wisdom is that
self-confidence helps you do better. However, students’ lack of belief in themselves
can lead to them being much better at recognizing their weaknesses and improving themselves, as well as being cautious
enough to check their work thoroughly
and back everything up with evidence and
strong arguments; they just need more
encouragement and support to get there.
Whereas students who are very confident
might be better at persevering in an unsupportive environment, but they are always in
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danger of putting forth shoddy work and
baseless claims owing to their confidence.”
That has certainly felt true in my experience. Some students, for reasons of neurobiology or traumatic experiences, might need
more encouragement than others. If students like this feel isolated in a competitive
classroom environment, they often perform
worse than their peers. But that doesn’t
reveal an innate characteristic like aptitude
or intelligence: if the very same student was
educated in a properly supportive environment, they might be among the best.
Reflecting on the crucial importance of
our environment, I thought about examples
of biological research that were marred by
insufficient attention to the outside world.
For instance, laboratory mice exhibit different behaviors if they’ve been in a room with
male or female handlers. Sorge and colleagues (https://www.nature.com/articles/
nmeth.2935) found that the apparent pain
response of mice can appear muted depending on who does the measuring (or even
depending on who fed the mice earlier in
the day) because the stress of being near a
human male already felt painful. We can’t
study the full range of mouse physiology
when we’re subjecting them to a constantly
stressful environment.
Nor will a constantly stressful environment allow many of our students to reach
their full potential.
And we do ourselves no favors by presuming that a “sink or swim” mentality will prepare students for their future careers, because
in an ideal world, all STEM practice would be
intensely collaborative. Sometimes we might
find ourselves side by side with a colleague
who is teaching a new technique; at other
times, we’re sharing data to get more opinions
about what our discoveries might mean. And
we are always building on the results of others, the many generations of scientists, doctors, and inventors who came before us.
Although it’s easy to get swept up into
competitive thinking about the scientific
literature—“publish or perish,” the compulsion to submit work before it gets scooped—
journal publication is fundamentally a vast
collaborative exercise. It’s a way to make our
findings available for others to use.
As teachers, we have a huge influence
on the environment where our students will
be learning. That’s why I’d encourage you to
read Cheng’s book and then engage in serious reflection: Are there ways that we can
enhance our students’ educations by conducting our courses in more collaborative
and nurturing ways? (Cheng even provides
some suggestions in an appendix.)
THE AMERICAN BIOLOGY TEACHER

Then, if you feel like your hard work
has earned you a fun treat, I might recommend Naomi Novick’s recent Harry
Potter-esque fantasy series, beginning with
the book Deadly Education. These are fun,
fast young-adult novels that consider what
could happen if students in an extremely
cutthroat, competitive environment (their
school of magic is out to kill them) adopted
a more collaborative mindset.
I know, fantasy novels might not make
you a better biology teacher, but if you’re
still teaching during this pandemic (and
even if you aren’t), you have definitely
earned making space in your life for something fun.
Kirstin Milks, science teacher
Bloomington High School South
1965 South Walnut Street
Bloomington, IN 47401
kmilks@mccsc.edu
Why Fish Don’t Exist: A Story of Loss,
Love, and the Hidden Order of Life. By Lulu
Miller. 2020. Simon & Schuster. (Paperback ISBN 9781501160349). 256 pp. $17.
Ebook and audiobook also available.
Physicist Steven Weinberg, a central contributor to our current understanding of the
elementary particles and forces that compose our universe, passed away last year. He
was a brilliant researcher and devoted scientific communicator, attempting to convey
the relevance of contemporary findings to
people’s lives.
Unfortunately, Weinberg is most known
for a single quote: “The more the universe
seems comprehensible, the more it also
seems pointless.”
From the example of Weinberg’s life,
it’s quite clear that he felt our existence had
meaning. The ways we treat each other matter. Weinberg strove to live ethically, even in
the face of intense criticism.
Still, it’s perilously easy for someone
with a materialistic view of the universe to
sink into despair. I could go on about this,
but surely I don’t need to: as we slump
through our third year of global pandemic,
probably most of us are far too familiar with
despair.
Lulu Miller’s quirky little scientific biography, Why Fish Don’t Exist, begins with
despair. Miller grew up with depression and
found herself searching for ways to maintain
hope in the face of a seemingly uncaring
universe. Eventually, she drew inspiration

from the life of taxonomist David Starr
Jordan.
Like all scientists, Jordan faced some
awful setbacks, both in his personal life and
in his research. The 1906 San Francisco
earthquake destroyed years of his work,
scattering painstakingly labeled samples
all over the lab. And yet—like all successful scientists—Jordan refused to give up.
That same day, he resumed his work: from
then on, he labeled biological specimens
by stitching an identifying tag directly to
the flesh of preserved creature (rather than
labeling the outsides of their jars of alcohol
or formaldehyde).
Miller wondered how Jordan had found
the strength to go on.
I’m uncertain whether I should include
a disclaimer. Rather than read Why Fish Don’t
Exist by sitting down with the hardback or a
tablet in my hands, I listened to the audiobook. Kirstin and I have young children; the
pandemic has made our lives harder and
more stressful, with significantly less access
to outside childcare or other help; chores
pile up, and I’ve found that it’s often easier to
force myself to fold yet another bin of laundry at night if I can put on headphones and
listen to a book while doing it.
That said, the audiobook version of
Why Fish Don’t Exist is charming, narrated
by the author. You can hear the smile in
Miller’s voice even as she discusses hard
topics, which feels like quite the gift in a
book about overcoming despair.
Through the hagiographic first half of
Why Fish Don’t Exist, I often found myself
thinking about Sisyphus, condemned to
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push a rock uphill for all eternity, and his
long history as an inspiration for hope
despite calamity. In The Myth of Sisyphus,
philosopher Albert Camus wrote (as translated by Justin O’Brien), “The struggle itself
toward the heights is enough to fill a [person’s] heart. One must imagine Sisyphus
happy.”
To keep going into the lab, or a classroom—to keep doing anything at all—we
have to find joy in our work. It’s good to
have goals, to value the product of our
efforts, but we also need some measure of
happiness from the process itself.
I read Camus’s The Myth of Sisyphus during my senior year of high school, and I fell
in love with this idea. Sisyphus was struggling. It must have hurt for him to know that
he’d never succeed. And yet, there he was, on
the slope, smiling. How easy it felt to picture
that glint of teeth and adopt him as a hero!
And yet Sisyphus was also awful. I
loved the myth and conveniently only
recalled that Sisyphus was condemned by
the gods for daring to dream. He tricked
death itself! But Sisyphus was also a despot
and murderer, a rather problematic source
of inspiration.
Similarly, David Starr Jordan provides a
more inspirational figure when you remember only his scientific perseverance. Kirstin
and I completed our PhD studies at Stanford then moved to a home within walking distance of Indiana University. Both
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these schools featured monumental biology
buildings named after Jordan.
In addition to his successful research
career, however, Jordan also promoted ruthless ideas about eugenics. His ideas caused
life-altering harms to uncountably many
people (among other tragedies, inspiring
some of the most virulent forms of antiSemitism that physicist Steven Weinberg
worked against). We’ve only recently begun
to reckon with these harms. After Kirstin and
I left California, a nearby Palo Alto middle
school divested itself of Jordan’s name. This
year, a Jordan Street two blocks away from
our house in Bloomington will be renamed.
Biological research can tell us what the
natural world is like. But that’s very different
from claims about what the human world
should be like!
And Jordan’s biological argument wasn’t
even correct. Jordan adopted a teleological
interpretation of evolution that continues to
mislead many students. Evolution doesn’t
make organisms better, because there is no
such thing as better. Evolution by natural
selection can only enrich populations for
the local genetic variants that cause individual organisms to be more likely to produce
surviving offspring.
The final comeuppance of Why Fish
Don’t Exist—the revelation that contemporary taxonomists have used DNA evidence
to rearrange the tree of life—won’t shock a
biology educator. A virtue of the scientific

method is that we expect to revise or discard our theories when presented with new
evidence. Once upon a time, whales were
considered fish—in Moby Dick, Captain
Ahab is chastised “for persisting in fighting
a fish that had too much persisted in fighting him”—though we now know that their
closest relatives are hippos. From genetic
sequences, we now know that some fish are
more closely related to us mammals than to
their fellow ocean dwellers.
Jordan’s classifications were incorrect,
but these (taxonomical) missteps were reasonable given the tools he had at his disposal. The way forward was more research.
New data helped us better understand the
world. Biological boundaries are far fuzzier than the crisp categorizations we often
intuitively believe in—political maps drawn
in blocks of red or blue, newborn babies
decreed at birth to be boys or girls, a whole
slew of different animals all called fish.
Miller’s little book has a lovely message
for scientists, students, and citizens: observe
the world as best you can. And then, once
you think that you understand, look a little
more closely still, ready to feel humbled
when you learn which of your previous
assumptions were wrong.
Frank Brown Cloud, public scholar
fcbrowncloud@protonmail.com
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CLASSROOM
MATERIALS
& MEDIA
REVIEW
JEFFREY D. SACK, DEPARTMENT EDITOR

Puff: Wonders of the Reef
(2021, Netflix, 62 minutes)

When people think of coral reefs, the first
things that come to mind are the vast colors
of the corals, the plentiful fish swimming
about, and the appearance of creatures like
sharks and sea turtles. While this view does
an adequate job of describing what can be
easily seen, it does not take into account
that many things, especially on the coral
reef itself, are far too small for the human
eye to perceive.
A new Netflix documentary called Puff:
Wonders of the Reef shows the reef as it has
never been seen before—examining the vast
microverse that exists out of normal view.
It follows the adventures of a sharp-nosed
pufferfish from the time it hatches from an
egg through adulthood. Like most marine
life, Puff starts out as part of the plankton,
growing until it settles out on the reef, using
the tiny passages formed by the coral heads
to hide from predators and to find food.
The film provides stunning close-up
photography in brilliant high definition.
One event caught on camera is the coordinated spawning of the corals that make
up the Great Barrier Reef. Unlike other
documentaries that just show the gametes

being released from the coral polyps, this
one zooms in very closely to show the
sperm and egg packets getting ready to be
released, and then it follows them out into
the water. Once there, viewers see fertilization taking place and then the transformation of the new coral in a water column. The
new zygote is then shown settling out of the
water, back onto the reef, hoping to find a
safe place to start to grow.
As Puff grows, it transverses from the
coral reef, across the sand flats, to a mangrove lagoon, where it finds shelter and
food. Along the way it encounters an anglerfish, sitting and waiting for its next meal.
The anglerfish is perfectly camouflaged,
so Puff swims right into its awaiting jaws.
However, the predator soon realizes that it
has captured the wrong prey, as Puff inflates
its body, poking the inside of the anglerfish’s
mouth with its spines. The anglerfish spits
Puff out and swims off.
Several months later, Puff returns to the
coral reef from the mangrove lagoon. Once
there, it is discovered that a lot of the corals that were once home are now gone. This
leads to an explanation of how devastating
climate change and warming waters are
on corals. The camera actually shows the

zooxanthellae being lost from the corals as a
result of the warming waters. At around two
years old, Puff is fully grown and in search
of a mate on the reef.
Puff: Wonders of the Reef covers many
biology topics, including predation, food
chains and the transfer of energy, symbiosis,
photosynthesis, and climate change. While
only the transfer of energy and climate
change are covered by the Next Generation
Science Standards, this film would be a great
asset to any biology, environmental science,
or marine biology class. It is appropriate
for students in grades five and up. The film
does have a few tense moments (like when
Puff gets eaten by the anglerfish), but there
is nothing within it that would be objectionable to most students.
Puff: Wonders of the Reef is an excellent
documentary that could be used to introduce students to the amazing marine life on
the Great Barrier Reef, as well as to show
that there is a lot more diversity on a reef
than what can be seen with the naked eye.
Jeffrey D. Sack
Science Education Consultant/Writer
Westbrook, CT 06498
sack.jeffrey@comcast.net
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