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      Abstract
Effective teaching and learning of population ecology requires integration of quantitative literacy skills. To facilitate student 
learning in population ecology and provide students with the opportunity to develop and apply quantitative skills, we 
designed a clicker-based lesson in which students investigate how ecologists measure and model population size. This 
lesson asks students to “engage like scientists” as they make predictions, plot data, perform calculations, and evaluate 
evidence. The lesson was taught in three sections of a large enrollment undergraduate class and assessed using a pre/
post-test, in-class clicker-based questions, and multiple-choice exam questions. Student performance increased following 
peer discussion of clicker questions and on post-test questions. Students also performed well on the end-of-unit exam 
questions.
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Lesson

INTRODUCTION

Quantitative reasoning and literacy skills are essential for 
many careers, particularly those in biology, where individuals 
encounter a diversity of challenges that require application 
and integration of approaches (1,2). Biology education 

researchers have advocated integrating quantitative skills 
with biology content to prepare students to address such 
challenges, which span sectors including health, education, the 
environment, and complex social issues (3,4,5). Incorporating 
quantitative reasoning into lessons where students also develop 
science process skills (e.g., posing questions, analyzing and 
interpreting evidence, developing models, and generating 

Learning Goal(s)

• How do populations change over time? 
• Students will know that many different growth curves and patterns 

exist for organisms in nature. They will understand that modeling 
helps to describe and predict population growth over time.

Learning Objective(s)

Students will be able to:

• Calculate and compare population density and abundance.
• Identify whether a growth curve describes exponential, linear, and/

or logistic growth.
• Describe and calculate a population’s growth rate using linear, 

exponential, and logistic models.
• Explain the influence of carrying capacity and population density 

on growth rate.
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testable predictions) encourages interdisciplinary thinking 
and problem-solving (1,6). However, previous studies have 
revealed that students have difficulties transferring skills 
between math and science courses. Undergraduate biology 
students struggle with higher-order quantitative thinking (e.g., 
analyzing, evaluating, and drawing conclusions) in biological 
contexts, for example, using raw data to generate graphs (3,7); 
interpreting bar graphs and scatterplots (3); understanding 
independent and dependent variables (7); summarizing 
trends from data with variation (7,8); and articulating data 
driven arguments (3). Introductory biology students also have 
difficulty performing simple calculations (such as calculating a 
mean) and representing calculations graphically (3).

Population ecology is a topic well suited for the development 
of quantitative reasoning and literacy skills. At both the 
introductory and advanced levels, students are asked to model 
population growth using graphs, measure population size, and 
estimate carrying capacity (9,10). However, students often 
struggle with integrating quantitative skills with conceptual 
understanding and practical application (11,12). For example, 
undergraduate students have incorrectly predicted that a 
population would likely exceed carrying capacity if a non-
limiting factor increased (11) and that all population sizes 
will level off regardless of the resources available (13). They 
have also incorrectly explained that competition only occurs 
between organisms of the same species (11,12). Although 
instructional tools currently available target some of these 
persistent conceptual difficulties (14-19), there is a need for 
materials that have been explicitly designed to investigate 
student thinking and learning progressions. In addition, 
because the available instructional materials on this topic 
are largely computer models and lab based activities, there 
is a need for tools that integrate quantitative skills in a lecture 
format.

Here we describe an interactive in-class lesson that targets 
conceptual difficulties in population ecology and seeks to 
develop students’ quantitative reasoning. This 50-minute 
clicker-based lesson focuses on exploring population growth 
in a barnacle population using authentic data from a seminal 
study in ecology (20). Throughout the lesson, students predict, 
plot, calculate, and interpret data to learn the methods used 
by ecologists to measure, describe, and model population 
growth.

Intended Audience
This lesson is intended for undergraduate introductory 

biology courses. It was given to students in a large enrollment 
Introductory Biology course for majors and non-majors at 
the University of Maine (n=766; students divided into three 
class sections). In this class, the mean SAT Math score was 
525 (range from 320-770; 87% of students took the SAT) and 
mean ACT Math score was 23 (range 14-33; 18% of students 
took the ACT).

Required Learning Time
This lesson was designed for a 50-minute class period.

Pre-requisite Student Knowledge
Before this lesson, students participated in an interactive 

lecture with clicker questions that was focused on the following 
topics: abiotic and biotic factors responsible for determining 
population size, the definitions of carrying capacity and 
regulation, and different examples of populations that exhibit 
logistic and exponential growth. They were also asked to 

complete an assigned textbook reading (9) that introduced 
population ecology and an overview of biotic and abiotic 
factors, density, exponential population growth, logistic and 
exponential growth curves and equations, carrying capacity, 
and density-dependent regulation.

Pre-requisite Teacher Knowledge
We recommend that instructors are familiar with how 

ecologists study population growth and the main concepts 
covered in the lesson (measurements of population size; the 
equations that describe linear, exponential, and logistic growth; 
the role of carrying capacity; and examples of different growth 
models and their applications). Instructors will also benefit 
from basic knowledge about barnacles and the intertidal 
zone. Information about each concept, barnacles, and the 
intertidal zone are included in the instructor notes within the 
lesson slides (Supporting File S1: Lesson Presentation Slides 
with Instructor Notes). Recommended population ecology 
resources are also provided in Supporting File S2: Instructor 
Population Ecology Resources.

We also suggest that instructors familiarize themselves 
with common and persistent conceptual difficulties related 
to population growth. We used the EcoEvo-MAPs assessment 
tool (11) at the beginning of this course to identify some of 
the ecology and evolution concepts with which our students 
struggle.

SCIENTIFIC TEACHING THEMES

Active learning
Students are actively engaged in their learning throughout 

the lesson. Students make predictions, answer clicker 
questions, engage in peer discussion, participate in group 
problem-solving, answer questions in their own words on a 
worksheet, and respond to instructor questions. The instructor 
(author KP) who taught this lesson was observed using the 
Classroom Observation Protocol for Undergraduate STEM 
(COPUS) (21). This observation protocol uses a series of codes 
to characterize instructor and student behavior in the classroom 
and documents those behaviors in two-minute intervals 
throughout the duration of the lesson (21,22). The summary 
of COPUS results (Figure 1) highlights the diversity of student-
centered instructional practices and student participation in 
this lesson. For example, throughout the lesson more than 25% 
of the codes were “students talking to the class” (asking and 
answering questions) and more than 25% of the codes were 
“students working” (working individually, answering clicker 
questions, and working in groups). Similarly, for the instructor, 
nearly 75% of the codes were “guiding” (posing questions to 
students, asking clicker questions, following up with students, 
and moving and guiding).

Assessment
Students were assessed using formative and summative 

questions aligned with the learning outcomes: quantifying 
population size, plotting and predicting population growth, 
calculating growth rate, and incorporating carrying capacity 
in logistic growth curves. We used clicker-based questions 
for formative, real-time assessment of student understanding 
during the lesson. Student responses are included in the lesson 
plan and in Supporting File 3: Clicker Questions and Student 
Responses. Summative assessment of student understanding 
included a pre/post-test and exam questions. We administered 
the pre/post-test on-line and each contained ten multiple-
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choice questions. Students were required to complete the pre-
test in the 24-hours preceding the lesson. Students were given 
five days to complete the post-test, starting five days after the 
lesson. Pre/post-test questions are included in Supporting File 
S4: Pre/Post-Test Questions and Student Responses. Students 
also answered three multiple-choice exam questions three 
days after the lesson. Multiple-choice exam questions are 
provided in Supporting File S5: Exam Questions and Student 
Responses.

Inclusive teaching
This lesson seeks to create a learning environment where 

students’ academic, social, and cultural backgrounds can be 
an asset to their learning. We fostered this inclusive teaching 
environment through incorporating a variety of different 
teaching methods to meet the needs of students with diverse 
learning preferences, abilities, and backgrounds (23,24). 
For example, the concepts were presented and available to 
students on projected slides, the student worksheet, and 
through instructor and peer-led discussion. When questions 
were presented, students were given the opportunity to first 
think and write on their own, then discuss in small groups, 
and finally report out to the entire class. In addition, we used 
an anonymous response system (clickers) with peer discussion 
to reduce student discomfort (25) and promote a collaborative 
learning environment (26-28).

LESSON PLAN

This lesson is designed for a 50-minute lecture and is 
intended to introduce students to quantitative skills used in 

population ecology. It can follow an introduction to population 
ecology provided either in a previous class session or as a 
pre-class assignment. Table 1 provides the progression of the 
clicker-based lesson with estimated timing.

Pre-class Preparation

We recommend that students are familiar with and able 
to recall the following terms before the lesson: density; 
abundance; carrying capacity; density dependence; and 
linear, exponential, and logistic growth (Supporting File S2: 
Instructor Population Ecology Resources). This preparation can 
be achieved through prior readings, homework assignments, 
or lectures.

Instructors will need to facilitate conversations among 
students during this lesson. Additional instructional resources 
on the content and quantitative skills covered are provided in 
Supporting File S2: Instructor Population Ecology Resources.

Think-Pair-Share and Use of Clickers

Think-Pair-Share (TPS) is a classroom-based active learning 
strategy in which students think about a problem posed by an 
instructor individually, work in pairs to solve the problem, and 
finally share their ideas with the entire class (29). This model 
allows students to think individually about the questions 
posed, reflect on their own thinking, and obtain immediate 
feedback from their peers and instructor (30). During the in-
class lesson, students answered nine questions using the TPS 
model. Clickers were often used to facilitate TPS. Students first 
answered individually (“think”) followed by discussion with 

Figure 1. Average collapsed Classroom Observation Protocol for Undergraduate STEM (COPUS) (21, 22) codes from three sections of a 
University of Maine introductory biology course in which this lesson was used. Collapsed student codes: Receiving (Listen- Listening), Students 
Working (Ind- Individual Work, CQ- Clicker Question Discussion, WG- Worksheet Group Work), Students Talking to Class (AnQ- Answering 
Question, SQ- Student Question). Collapsed instructor codes: Presenting (Lec- Lecturing, RtW- Real Time Writing), Guiding (FlUp- Follow-up, 
PQ- Posing Questions, CQ- Clicker Question, AQ- Answer Question, MG- Moving and Guiding), Administration (Adm- Administration).
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Table 1. Progression through the clicker-based lesson with approximate time stamps. Classroom-discussion open-response 
opportunities and clicker questions identified by “TPSQ” (Think-Pair-Share Question) and “CQ” (Clicker Question).  The pre/
post-test and lecture slides are available in Supporting Files S1 and S4. 

Activity Description Time

Preparation for Class

Introduction to 
population ecology 
concepts and 
terminology

Prepare students to define and recall the following terms: 

a. Density

a. Abundance 

b. Carrying capacity 

c. Density dependence 

d. Linear, exponential, and logistic growth 

Prior to this lesson, students should be exposed to the concepts listed 
above either through reading or information presented in a previous class. 

Pre-test Provide students with the pre-test to complete before the start of class. ~ 20 min

Class Session- Progressing through the Activity

1. Introduction 
and assessing prior 
knowledge 

Slides 1-5

1. Provide background information on the intertidal zone and barnacles.

2. TPSQ1: Students brainstorm in small groups followed by a facilitated 
classroom discussion of abiotic and biotic influences on barnacle 
population size.

~ 10 min

2. Quantifying 
population size

Slides 6-10

1. Introduce density and abundance as two ways that ecologists can 
measure population size.

2. CQ1: Students answer and discuss a clicker question that reinforces the 
difference between measuring density and abundance. Following facilitated 
group discussion, provide an explanation of how to calculate density and 
abundance.

~ 5 min

3. Predicting and 
plotting population 
growth

Slides 11-16

1. Introduce the relevant methodology used in Connell, 1961 (20) to study 
barnacle population size.

2. TSPQ2: Students graph their prediction of barnacle population growth 
over the 30-day experiment. 

3. CQ2: Students answer and discuss a clicker question selecting the 
growth curve that most resembles their prediction of barnacle population 
growth.

4. TPSQ3: Students use data from the scientific study to plot barnacle 
population growth.

5. CQ3: Students answer a clicker question selecting the growth curve that 
most resembles the plot generated from the data. 

~ 10 min

4. Identifying and 
discussing growth rate

Slides 17-22

1. Introduce growth rate and how it differs between linear, exponential, 
and logistic growth curves.

2. CQ4: Students answer and discuss a clicker question investigating how 
the growth rate is changing over time in all three growth curves. Show the 
different equations used to describe the growth rate and emphasize how 
growth rate differs between each (constant over time in linear, increasing 
over time in exponential, and increasing initially, then decreasing in 
logistic). 

3. Demonstrate how to calculate the growth rate at different time-points 
or population sizes for a linear and exponential growth curve. Explain 
the variables used in linear and exponential growth models: population 
size (N) and time (t), and the intrinsic rate of increase (r). Introduce the 
technique of changing the values of the variables to examine how the 
growth rate changes. Emphasize how the exponential equation results in an 
increasing growth rate over time.

~ 8 min
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Activity Description Time

5. Incorporating 
carrying capacity 

Slides 23-29

1. Identify predicted carrying capacity on the Connell, 1961 (20) data 
plot. Define regulating mechanisms and ask students to volunteer likely 
regulating mechanisms for the barnacle population. 

2. Explain the variables used in the logistic growth model: intrinsic rate of 
increase (r), population size (N), and carrying capacity (K). Emphasize how 
K influences the growth rate in this model.

3. CQ5: Students answer and discuss a clicker question where they 
calculate the growth rate of the barnacle population over time using given 
values for r, K, and N. Provide an example of how to calculate the growth 
rate for one population size in a logistic growth curve.

Emphasize how the equation models what happens to the growth rate as 
the population approaches carrying capacity (the growth rate increases 
initially, is the fastest at half the carrying capacity, and decreases as the 
population approaches carrying capacity). 

4. Show students the growth rates for the plot of the Connell, 1961 (20) 
data. Focus on how the growth rate resembles the trend of logistic growth - 
increasing then decreasing as the population approaches carrying capacity. 

~ 10 min

6. Synthesis

Slides 30-34

1. Summarize the three mathematical models discussed in the activity and 
how the change in growth rate differs for each.

2. Explain the applications of growth models to economic, medical, and 
conservation predictions and decision-making.

3. TPSQ4: Students use data from four different types of organisms 
(bristlecone pine trees, grey wolves, bacteria, and red foxes) to describe 
and discuss each population’s growth. Students identify if abundance 
or density is shown, what is happening to the population over time 
(increasing, decreasing, etc.), and if the growth curve most closely 
resembles linear, exponential, or logistic growth. Facilitate a whole-class 
discussion focused on problem-solving techniques. For example, using 
the y-axis to determine if abundance or density is measured; considering 
population size and rate of growth separately; and identifying the role of 
carrying capacity in producing logistic growth.   

4. Review the learning outcomes and summary slide of the activity and 
answer any student questions.

~ 7 min

Follow-up

Post-test Provide students with the post-test following the activity. ~20 min
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a neighbor and revote (“pair”). After the revote, the instructor 
asked for students to volunteer their thinking (“share”) and 
then discussed the correct answer and student thinking. This 
combination of peer and instructor-led discussion has been 
shown to result in greater student gains than either peer 
discussion or instructor explanation alone (27). In the instructor 
slides and student worksheet, each classroom-discussion open-
response TPS question opportunity is identified by “TPSQ” and 
each clicker question TPS opportunity is abbreviated “CQ” 
(Supporting File S1: Lesson Presentation Slides with Instructor 
Notes, and Supporting File S6: Student Worksheet). Specific 
advice on the administration of each of these questions is 
given in the “Progressing Through the Lesson” section of this 
article and in the notes section of the lesson slides.

Progressing Through the Lesson

1. Introduction and Assessing Prior Knowledge (~10 
min)

The lesson begins with an overview of population dynamics 
and engaging students’ prior knowledge about barnacles. 
The instructor first defines population dynamics and informs 
students that they will be learning some of the methodology 
used by population ecologists: collecting and analyzing 
descriptive data and generating and evaluating mathematical 
models (Supporting File S1: Lesson Presentation Slides with 
Instructor Notes, slide 2). The instructor describes modeling 
and then explains that although ecologists in general seek 
to understand how all organisms in an ecosystem interact, 
population ecologists approach this goal by focusing on 
individual populations that they can observe and manipulate 
with experiments (Supporting File S1: Lesson Presentation 
Slides with Instructor Notes, slide 3). The instructor can also 
introduce the seminal role that barnacles played in developing 
the field and methodology of population ecology, and why 
barnacles are a good system for studying population growth 
(20). Since most of the lesson focuses on barnacle population 
growth, the instructor next gives students the opportunity to 
engage their prior knowledge about barnacle biology and 
what affects their population size.

TPSQ1. What affects barnacle population size?

For approximately four minutes, students brainstorm in 
small groups and write (on their worksheet) the factors that 
they think might affect barnacle population size (Supporting 
File S1: Lesson Presentation Slides with Instructor Notes, 
slide 4). This time allows students to review and ask questions 
about barnacles before seeing data related to barnacle 
population growth. In our introductory biology course 
students mentioned: temperature, salinity, human disturbance 
(crushing), competition, food availability, exposure to the air, 
wave action, predation, and disease as likely factors affecting 
barnacle population size. Typical questions that arose about 
barnacles included, “How long can barnacles live outside 
of the water? (answer: up to about 6 weeks); “Do barnacles 
reproduce sexually?” (answer: yes, most species of barnacles 
are hermaphroditic); “What type of animal are barnacles” 
(answer: Arthropoda, Crustacea) and “What preys on 
barnacles?” (answer: fish, limpets, crabs, sea stars, and marine 
snails such as whelks).

Following small group discussion, the instructor can solicit 
answers from students. If desired, the instructor can write 

these answers on a board and identify biotic versus abiotic 
factors. A summary slide of factors that students mentioned in 
the lesson is provided (Supporting File S1: Lesson Presentation 
Slides with Instructor Notes, slide 5). To transition to the next 
section of the lecture, the instructor focuses students’ attention 
to the variable of interest on the summary slide - the number 
of barnacles.

2. Quantifying Population Size (~5 min)

This section of the lesson focuses on how ecologists 
measure and describe population size. The instructor first 
introduces density and abundance, explaining that the choice 
of using density or abundance depends on the organism and 
study design (Supporting File S1: Lesson Presentation Slides 
with Instructor Notes, slide 6). For example, when observing a 
population of elephants in the Savannah, abundance is likely a 
more useful measure of population size because you can easily 
count every individual. If, however, bacteria in a flask are being 
observed, density is a more appropriate measurement due 
to the constraints of counting every single individual. Since 
having a clear understanding of these two measurements is 
important, the instructor next gives students the opportunity to 
compare and calculate density and abundance.

CQ1. Which of the following statements describes the two 
study sites below?

Students observe a diagram and compare the density and 
abundance of barnacles. Using their clicker, they select 
from the following answer choices: A) site two has a greater 
abundance and density than site one; B) site one has a lower 
abundance but equal density to site two; C) site one has a lower 
abundance but greater density than site two; or D) the density 
and abundance are equal for both sites (Supporting File S1: 
Lesson Presentation Slides with Instructor Notes, slides 7-8). 
After responding to the question individually, students discuss 
in small groups and revote. During this time, the instructor 
should encourage students to discuss their reasoning and how 
they calculated density and abundance. In our class, 70% of 
students answered correctly before peer discussion (answer C) 
and 93% were correct following peer discussion (Supporting 
File S3: Clicker Questions and Student Responses). These 
results suggest that students had a good understanding of 
density and abundance after receiving the definition of both.

After small group discussion, the instructor can ask students 
to describe how they arrived at their answer. In our class, 
students described two different ways of determining the 
correct answer. Some students calculated the density while 
others used the diagram to visually compare the density and 
abundance of barnacles in each study site. After restating 
different problem-solving techniques, the instructor provides 
an explanation of how to calculate density and abundance 
using mathematical equations (Supporting File S1: Lesson 
Presentation Slides with Instructor Notes, slides 9-10).

3. Predicting and Plotting Population Growth (~10 min)

Students are asked to make a prediction using a graph and 
then plot data of population growth over time. The instructor 
first introduces the methodology used by Connell, 1961 
(20) to study barnacle population growth in the intertidal 
zone (Supporting File S1: Lesson Presentation Slides with 
Instructor Notes, slide 11). The slide includes a diagram of the 
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experimental set up to illustrate that the number of barnacles 
increases over time. Emphasis on the following experimental 
features is important for this lesson: 1) the author measured the 
density of the population (y-axis); 2) the study was conducted 
over two months (x-axis); and 3) cages were used to prevent 
predation during the experiment (20).

To provide students with the opportunity to think about the 
x-and y-axes on the graph, and also how barnacle populations 
might grow over time, the instructor next asks students to 
predict barnacle population size over the course of the 
experiment (Supporting File S1: Lesson Presentation Slides 
with Instructor Notes, slide 12).

TPSQ2. Draw on your paper what you would expect 
the growth of this population to look like over the 30-day 
experiment.

CQ2. Select the growth curve that most resembles your 
prediction for barnacle population growth.

Students use the blank graph on their worksheet (with 
the y- and x-axis provided and labeled) to predict barnacle 
population size over the course of the study. To easily quantify 
student predictions, students answer a clicker-question (CQ2) 
where they individually vote for the growth curve - A) linear, 
B) exponential, or C) logistic - that most resembles their 
prediction (Supporting File S1: Lesson Presentation Slides with 
Instructor Notes, slide 13). During the individual vote in the 
lesson, students chose all three growth curves (23% linear, 
43% exponential, and 34% logistic). Students then talk with 
their peers and revote using their clickers. The instructor can 
encourage students to discuss their reasoning and what they 
think may influence the type of growth shown in the curve 
they selected. Following peer discussion in the lesson, 7% of 
the students voted for the linear growth curve, 33% selected 
exponential, and 60% chose logistic.

After peer discussion, the instructor can solicit answers from 
students by having them raise their hands and share their initial 
prediction and reasoning. In the lesson, student reasoning 
for each of the growth curves included: (1) linear - “The 
population will increase steadily over time;” (2) exponential - 
“I don’t know what the carrying capacity of the rock is, there is 
not enough information to know if or when the population will 
level off;” and (3) logistic - “Since the study was conducted 
on a single rock, I figured eventually the barnacles would run 
out of space, and there would be no more room for additional 
barnacles to settle, therefore the graph would level off.” 
After discussing students’ responses, the instructor provides 
students with the experimental data to plot and compare to 
their prediction.

TPSQ3. Use the data provided to plot the barnacle 
population growth.

CQ3. Select the growth curve that most resembles the 
curve you generated from the data provided.

Students use data from Connell, 1961 (20) to plot barnacle 
population density over time on their worksheet (Supporting 
File S1: Lesson Presentation Slides with Instructor Notes, slide 
14). To check that students are plotting the data correctly, 
students answer a clicker question (CQ3) where they select 
the growth curve - A) linear, B) exponential, or C) logistic - 
that most resembles their plot of the provided data (Supporting 

File S1: Lesson Presentation Slides with Instructor Notes, slide 
15-16). In our class, 99% of students answered correctly 
(C logistic) during the individual vote and the instructor 
skipped peer discussion. The instructor next says that while 
logistic growth is common, other mathematical models (e.g., 
linear and exponential) can be used to describe growth 
in populations. Also, since there are periods of linear and 
exponential growth in the barnacle data, all three of types of 
growth will be discussed further.

4. Identifying and Comparing Growth Rate (~8 min)

This part of the lesson targets the mathematical equations 
used to describe growth rate. The instructor first defines growth 
rate and then describes how it differs for the three growth 
curves (linear, exponential, and logistic), showing, but not yet 
explaining, the three mathematical equations (Supporting File 
S1: Lesson Presentation Slides with Instructor Notes, slide 17). 
The instructor can emphasize that ecologists may be interested 
in determining how the growth rate changes, or might change, 
over time. The instructor then uses a clicker question to help 
students distinguish how growth rate differs in the three growth 
curves.

CQ4. The growth rate (or change in the population density) 
is:

Students use a diagram of the three different growth curves 
(linear, exponential, and logistic) and infer how the growth 
rate is changing over time in each. Using their clickers 
(CQ4), students select from the following answer choices: A) 
increasing over time in all three growth curves; B) increasing 
over time in the linear and exponential growth curves only; C) 
constant over time in all three growth curves; or D) constant 
in the linear growth curve and changes over time in the 
exponential and logistic growth curves (Supporting File S1: 
Lesson Presentation Slides with Instructor Notes, slides 18-19). 
In our class, 74% of students answered correctly (D) before 
peer discussion, while 15% selected choice B. After peer 
discussion, the number of correct responses increased to 86%.

After small group discussion, the instructor solicits answers 
by having students raise their hands and explain how they 
arrived at their answer. In the lesson, student reasoning for 
selecting choice A included: “It looks like the growth rate 
is increasing in all three graphs, because the population 
size is getting larger over time.” Reasoning for B included: 
“The population is increasing over time in the linear and 
exponential growth curves, however it is leveling off in the 
logistic.” Reasoning for the correct answer D included: “If you 
look at the slope of the line, you will see that it is constant in 
the linear growth curve, however it changes over time in both 
the exponential and logistic growth curves.”

Next, the instructor demonstrates how to calculate the 
growth rate at different time-points and population sizes using 
a linear and exponential growth model (Supporting File S1: 
Lesson Presentation Slides with Instructor Notes, slides 20-
22). The instructor first explains the variables used in the linear 
growth model: population size (N) and time (t), and introduces 
the technique of changing the values of the variables in the 
equation to see how the growth rate changes. By selecting two 
points on the linear growth curve, the instructor demonstrates 
to students how the growth rate is constant over time. This 
slide is also a good time to say that the slope of the line is the 
growth rate.
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The instructor then introduces the variables used in the 
exponential growth model: population size (N), time (t), and 
the intrinsic rate of increase (r). The instructor describes the 
intrinsic rate of increase (r) as a value that ecologists estimate. 
The instructor explains that the simplest way to interpret r in 
the context of exponential growth is that if r=2/day, for every 
barnacle present, two additional barnacles will be added per 
day. The instructor can then use the technique of changing 
the values of the variables to see how the growth rate will 
vary. Here it is important that the instructor emphasizes that 
in exponential growth when the intrinsic rate of increase stays 
constant, as the population size increases, the growth rate 
increases.

5. Determining the Influence of Carrying Capacity (~10 
min)

This section of the lesson addresses limitations to population 
growth. Using the Connell, 1961 data (20), the instructor 
provides an estimate of the carrying capacity (Supporting File 
S1: Lesson Presentation Slides with Instructor Notes, slide 23). 
Here the instructor highlights that the first portion of the graph 
resembles exponential growth, but that there is a decrease 
in the growth rate as the barnacle population approaches 
~80 barnacles per cm2, our estimate of carrying capacity 
(Supporting File S1: Lesson Presentation Slides with Instructor 
Notes, slide 24). The instructor defines regulating mechanisms 
(those that influence population growth rate) and density-
dependent regulation (which occurs when population growth 
rates are influenced by the density of the population). Here 
the instructor can ask students to volunteer likely regulating 
mechanisms for the barnacle population. In our class, students 
mentioned: food availability, predation, disease, and/or space. 
Given the experimental set-up, where food is plentiful and 
predation is prevented, the most likely regulating mechanism 
is space.

After discussing regulating mechanisms, the instructor 
shows students the logistic growth equation (Supporting File 
S1: Lesson Presentation Slides with Instructor Notes, slide 
25). First, the instructor notes that the beginning of the graph 
resembles exponential growth. The instructor then draws the 
connection that the first portion of the logistic equation is 
the same as the exponential growth equation (rN). Next, the 
instructor can ask students to identify the new variable in the 
second part of the equation (1-N/K) [answer: carrying capacity 
(K)]. The instructor can then request that students notice that 
the second part of the equation including K is (1-N/K).

CQ5. If r=2 per day and K=80 barnacles per cm2, how 
does increasing the population size (N) affect the population 
growth rate (dN/dt) in the logistic growth model?

Students now investigate why the equation is (1-N/K) and 
how the new variable (K) can result in a decreasing growth 
rate. They do so by calculating the growth rate for different 
population sizes (N), given values for the intrinsic growth 
rate (r) and carrying capacity (K). In this way, they determine 
what happens as the population approaches carrying capacity 
(i.e., as N increases) (Supporting File S1: Lesson Presentation 
Slides with Instructor Notes, slides 26-28). Students work 
on these calculations in their small groups and select from 
the following (CQ5): A) as N approaches K, the growth rate 
increases; B) as N approaches K, the growth rate slows; or C) 
as N approaches K, the growth rate stays constant. If students 

are having difficulty, the instructor can provide an example 
calculation using a population size (N) of 40 (Supporting File 
S1: Lesson Presentation Slides with Instructor Notes, slide 27). 
In our class, students struggled to use the logistic equation to 
calculate growth rate on their own, so the instructor allowed 
students to work together in pairs to answer the question 
(Supporting File S1: Lesson Presentation Slides with Instructor 
Notes, slide 27). After the instructor-led example and group 
problem-solving, 76% of students correctly answered choice 
B. Students could have arrived at the correct answer to this 
question through reasoning or calculation.

After small group discussion, the instructor emphasizes 
how the equation models what happens to the growth rate as 
the population approaches carrying capacity (the growth rate 
increases initially, is fastest at half the carrying capacity, and 
decreases as the population continues to approach carrying 
capacity). Next, the instructor shows students the growth rates 
calculated for the Connell, 1961 data (20) (Supporting File S1: 
Lesson Presentation Slides with Instructor Notes, slide 29). 
Here the instructor focuses on how the growth rate increases 
then decreases as the population approaches carrying capacity.

6. Synthesis (~7 min)

To conclude, students are given the opportunity to 
synthesize the concepts covered throughout the lesson. The 
instructor summarizes how the growth rate differs in linear, 
exponential, and logistic growth curves (Supporting File S1: 
Lesson Presentation Slides with Instructor Notes, slide 30). 
Then, the instructor provides a few examples of how the 
growth model can be applied, including economic, medical, 
and conservation predictions and decision-making (Supporting 
File S1: Lesson Presentation Slides with Instructor Notes, slide 
31). Students are presented with growth curves showing the 
population size over time for four different types of organisms 
(Supporting File S1: Lesson Presentation Slides with Instructor 
Notes, slides 32-33).

TPSQ4. Describe the following populations over time:

In small groups, students discuss the population growth 
curves for bristlecone pine trees, grey wolves, bacteria, and 
red foxes. For each growth curve, they: 1) identify if density 
or abundance is shown; 2) describe what is happening to the 
population growth rate (increasing, decreasing, etc.); and 3) 
identify if the graph most closely resembles linear, exponential, 
logistic, or other growth. The goal is to allow students the time 
to synthesize all of the information gained throughout the 
lesson and to apply quantitative reasoning to different types 
of organisms.

After small group discussion, the instructor solicits answers 
from the class to determine the problem-solving techniques 
used. For example, the instructor can highlight looking at the 
y-axis to determine if abundance or density is measured, the 
importance of considering population size and rate of growth 
separately, and the role of carrying capacity in producing the 
logistic growth curve.

The instructor concludes the lesson by reviewing the 
learning outcomes and by answering any student questions 
(Supporting File S1: Lesson Presentation Slides with Instructor 
Notes, slide 34).
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TEACHING DISCUSSION

We used formative, real-time, and summative assessment 
to reflect on the effectiveness of this lesson. Here we discuss 
student responses to pre/post multiple-choice questions, exam 
questions, and a student attitudinal survey. Student responses 
to in-class questions are provided in the Progressing Through 
the Activity Section.

Student Performance and Conceptual Difficulties

Pre/Post Multiple Choice Questions

Introductory biology students answered ten pre/post 
multiple-choice questions (abbreviated PPTQ for Pre/Post Test 
Questions) (Supporting File S4). The questions can be grouped 
into four main categories that correspond with the parts of the 
lesson: 1) quantifying population size, 2) predicting population 
growth, 3) identifying and comparing growth rate, and 4) 
determining the influence of carrying capacity (Table 2). We 
report the percent correct for each question for those students 
who completed all components of the activity (n=433).

Across all three classes, the overall average pre-test score 
was 69% and the average post-test score was 78%. To calculate 
the normalized gain for overall scores on the pre/post-test, we 
used the following formula (31): (% of students who scored 
correct on the post-test - % of students who scored correct on 
the pre-test) / (100% - % of students who scored correct on 
the pre-test). The normalized gain for the pre/post-test is <g>= 
0.32. We also calculated normalized change (32) for overall 
scores for each individual student and averaged the scores. For 
normalized change, individual student positive changes from 
pre-to post were calculated using the normalized gain formula 
(31); individual student negative changes was calculated: (% 
of students who scored correct on the post-test - % of students 
who scored correct on the pre-test) / (% of students who scored 
correct on the pre-test); and students who scored 0% or 100% 
on both the pre and post test are removed. The normalized 
change for the pre/post-test is <c>=0.33.

We also calculated normalized gain scores (31) at the 
individual question level and found a range from <g>=0.14 
to <g>=0.94 (Figure 2). Student performance on individual 
questions is discussed below.

1. QUANTIFYING POPULATION SIZE

Two pre/post-test questions (PPTQ1 and PPTQ2) were 
designed to investigate students’ ability to calculate density 
and abundance of a population (Table 2, Supporting File 
S4: Pre/Post-Test Questions and Student Responses). Experts 
would generally approach these questions by calculating 
density [density (D)= number of individuals (n) / unit volume 
(v)], and counting the number of individuals for abundance. 
After instruction, students showed improvement on both 
PPTQ1 and PPTQ2 (Figure 2).

All wrong answer choices for PPTQ1 and PPTQ2 targeted 
incorrect calculations and included incorrect units (Supporting 
File S4: Pre/Post-Test Questions and Student Responses). 
For PPTQ1, the density of the sunflowers is the same in two 
different quadrats even though they take up different areas 
(answer C), but students who missed this question on the post-
test were roughly evenly divided between incorrect answer 
choice A (quadrat 1 has greater density, 19%) and answer 
choice B (quadrat 2 has greater density, 17%). For PPTQ2, the 
most common incorrect answer on the post-test was D (24%), 
where the density was incorrectly written as “5 individuals” 
and abundance was written as “20 individuals per square 
meter.” These incorrect answers suggest that some students 
were still confused about what density measures and the 
correct units, and how density differs from abundance.

2. PLOTTING POPULATION GROWTH

One question on the pre/post-test (PPTQ3) asked students to 
plot data and select which of three given growth curves (linear, 
exponential, and logistic) their plot most resembles (Table 
2, Supporting File S4: Pre/Post-Test Questions and Student 
Responses). Before and after instruction the percentage of 
students answering PPTQ3 correctly was high (Figure 2). This 
result suggests that students were able to successfully generate 
a plot when provided data and a graph with pre-made x-and-y 
axes.

3. IDENTIFYING AND COMPARING GROWTH RATE

Two pre/post-test questions (PPTQ4 and PPTQ5) asked 
students to determine how growth rate changes over time in 

Figure 2. Student percent correct before and after instruction on pre/post-test questions (abbreviated PPTQ). Normalized gain <g> is provided for each question. 
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Quantifying 
Population Size

Predicting Population 
Growth

Identifying and 
Comparing Growth 
Rate

Determining the 
Influence of Carrying 
Capacity

Targeted Student Thinking Calculate density and 
abundance for different 
populations.

Use data to generate a 
population growth curve.

Use slope to predict 
where the growth rate 
is greatest in linear, 
exponential, and logistic 
growth curves.

Select the areas on a 
growth curve where 
carrying capacity is most 
likely shown. 

Pre/Post-Test Questions PPTQ1

PPTQ2

PPTQ3 PPTQ4

PPTQ5

PPTQ6

PPTQ7

PPTQ8

PPTQ9

PPTQ10

Clicker Questions CQ1 CQ2

CQ3

CQ4

CQ5

Exam Questions EQ1

EQ2

EQ3

EQ4

Table 3. Students responses to attitudinal survey questions asking how useful each of the lesson components were to their 
learning (n=433). 

Lesson Components Not useful at all Somewhat useful Useful Very Useful

Clickers 2% 23% 52% 23%

Peer Discussion 7% 41% 38% 14%

Whole Group Discussion 5% 37% 46% 12%

In-Class Worksheet 3% 25% 45% 27%

Table 2. Formative, real-time, and summative assessment questions used to examine student understanding of population 
growth, organized by the four main learning targets. Questions are abbreviated PPQT (Pre/Post-Test Question), CQ (Clicker 
Question), and EQ (Exam Question).
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exponential and logistic growth curves (Table 2, Supporting 
File S4: Pre/Post-Test Questions and Student Responses). 
Experts would generally approach these questions using the 
slope of the line. On the post-test, students were far more 
likely to predict the growth rate for an exponential growth 
model (PPTQ4, 99% correct) compared to a logistic growth 
model (PPTQ5, 52% correct) (Figure 2). The most common 
incorrect answer for PPTQ5 is that growth rate increases over 
time in a logistic model (incorrect answer A), where students 
likely equated a larger population size with a faster growth 
rate. This conceptual difficulty was previously reported for 
college students who were asked to compare speed at two 
different points along a graph; more than half of the students 
answered incorrectly, stating that the speed was fastest at the 
furthest distance on the graph, regardless of the slope (33,34).

For pre/post-test questions PPTQ6, PPTQ7, and PPTQ8 
students compared growth rates within and between linear and 
exponential growth curves (Supporting File S4: Pre/Post-Test 
Questions and Student Responses). On the post-test, students 
performed well on a question that asked them to compare 
the growth rate between two points on a linear growth curve 
(PPTQ6, 92% correct) and on a question that asked them to 
compare two points on an exponential growth curve (PPTQ7, 
93% correct). However, it was a more challenging for students 
to compare a point on a linear growth curve with a point 
on an exponential growth curve (PPTQ8, 73% correct). The 
most common incorrect answer is that that the growth rates 
were equal (answer C), which suggests that students are not 
consistently using the slope of the line to estimate growth rate.

4. DETERMINING THE INFLUENCE OF CARRYING 
CAPACITY

Two pre/post-test questions investigated students’ ability to 
integrate the concept of carrying capacity in logistic growth 
curves (PPTQ9 and PPTQ10). For PPTQ9, students were 
asked whether carrying capacity impacts logistic growth 
curves (answer A, correct), exponential growth curves (answer 
B), both growth curves (answer C), or neither growth curve 
(answer D). The majority of students on the post-test (96%) 
answered this question correctly (answer A). However, 
in PPTQ10, where students were asked whether density-
dependent growth impacts logistic growth curves (answer A, 
correct), exponential growth curves (answer B), both growth 
curves (answer C), or neither growth curve (answer D), only 
63% of the students answered correctly. This result suggests 
that while students generally understand carrying capacity, 
they are more uncertain of the role of density-dependence.

Exam Questions

Students were given four exam questions (abbreviated EQ) 
about population growth (Supporting File S5: Exam Questions 
and Student Responses; Figure 3). Students used the logistic 
model to calculate growth rate (EQ1), determine when growth 
rate would be fastest (EQ2, EQ3), and estimate carrying 
capacity (EQ4). For EQ1, 75% of students who completed 
the activity answered correctly while 55% of students who 
did not complete the activity provided the correct answer. 
70% compared to 64% (completed activity/did not complete 
activity) answered correctly for EQ2, 97% compared to 96% 
for EQ3, and 99% compared to 98% for EQ4.

Student Perceptions

Students were given a short survey on their perception of 
the lesson’s usefulness immediately following the post-test 
(Supporting File S7: Attitudinal Survey Questions). Overall, 
students stated that participating in this lesson increased 
their understanding of how ecologists measure and model 
population size (88% agree/ strongly agree). When asked to 
explain, students provided reasons such as: “I learned about 
the different models of population growth and how to calculate 
growth rate for each;” “It gave me a clear understanding of 
how ecologists measure and model population size by giving 
me real-life examples and visuals to help me understand;” 
and “This lesson helped increase my understanding of how 
ecologists measure population size because it was hands on, 
fun, and engaging to do the calculations as an entire class.”

The majority of students found the clicker questions, peer 
discussion, whole group discussion, and the in-class worksheet 
to be useful/very useful (Table 3). When asked to describe what 
parts of the population growth lesson were particularly useful 
to their learning, representative student comments included: 
“I found the peer discussion to be helpful because it helps 
me see different viewpoints that I would not have otherwise 
thought of;” “I really liked having the worksheet in the lesson 
because it made us more engaged with the problems in the 
lesson;” and “the clicker questions, class discussions, and 
worksheet all combined to help me better learn the material.” 
Together, these results suggest that students enjoyed the lesson 
and perceived it as useful to their learning.

Additional Suggestions to Enhance Student Learning 
While Using this Lesson

Based on the student performance on the clicker, pre/
post-test, and exam questions, we make the following 
recommendations to further improve student learning:

1. Density and abundance. Some students had difficulty 
calculating density, distinguishing between density and 
abundance, and identifying the correct units for density and 
abundance (Figure 2, PPTQ1 and PPTQ2). We recommend 
explicitly discussing the units of density and abundance 
as a valuable tool for students and providing more practice 
problems distinguishing between the two.

Figure 3. Student percent correct for exam questions (abbreviated 
EQ).
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2. Calculations. A subset of students struggled in the lesson 
to understand and use equations to calculate growth rate 
for the three different growth curves. For example, it was 
our intention to use the suggested calculations that are part 
of CQ5 (Supporting File S1: Lesson Presentation Slides with 
Instructor Notes, slide 26) as an exercise to allow students 
to explore how changing the variables results in changes to 
the population model. Many students were unable to input 
values for the variables and their attention focused on this 
skill rather than conceptually understanding the equation. 
Students also requested more practice using the equations 
on a post-attitudinal survey (Supporting File S7: Attitudinal 
Survey Questions). There are a few online resources (e.g., 15) 
that students could complete as a homework assignment to 
increase familiarity with the variables.

3. Estimating growth rate. The pre/post-test revealed that 
students were more comfortable thinking about growth rates 
in exponential models than in logistic models. We also found 
that students could more easily make comparisons between 
points on the same growth curve than between points on 
different growth curves (Figure 2, PPTQ6-8). We therefore 
recommend emphasizing slope and additional opportunities 
for students to practice and complete problems where they 
estimate or calculate the slope in the context of population 
growth models.

4. Integrating density-dependent growth. Many students 
could not identify and explain how density influences the 
population models (Figure 2, PPTQ10). We think students 
would benefit from more time focused on density-dependence 
to help them connect the concepts of density-dependence, 
carrying capacity, and logistic growth.

Conclusions

This clicker-based lesson engages students in quantitative 
reasoning skills essential for population ecology: calculating 
and interpreting density and abundance; generating graphs 
from existing data; calculating growth rates from linear, 
exponential, and logistic growth curves; and making inferences 
about population growth over time using mathematical 
models. A diversity of inclusive teaching practices are used 
throughout the lesson, including clicker questions with 
the think-pair-share model, worksheets, and instructor led 
discussions. Assessment results reveal student learning and 
identify persistent areas of conceptual difficulty.

SUPPORTING MATERIALS
• S1. Population Growth Ecology-Lesson Presentation Slides with 

Instructor Notes
• S2. Population Growth Ecology-Instructor Population Ecology 

Resources
• S3. Population Growth Ecology-Clicker Questions and Student 

Responses
• S4. Population Growth Ecology-Pre/Post-Test Questions and 

Student Responses
• S5. Population Growth Ecology-Exam Questions and Student 

Responses
• S6. Population Growth Ecology-Student Worksheet
• S7. Population Growth Ecology-Attitudinal Survey Questions
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