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Instructors’ Guide to Integrating Concepts in Biology 

 

Over the past 50 years, research in biology has undergone a dramatic transformation, becoming 

more quantitative and interdisciplinary, and relying more heavily on the other sciences, including 

physics, chemistry, mathematics, and geology. For example, to understand large, rapidly 

changing ecosystems, or to make sense of the massive amounts of data produced by the Human 

Genome Project, biologists must use modern mathematical, statistical, computational, and 

technological tools.   

Yet during this time of dramatic transformation in our understanding of biology, biology 

textbooks have not kept pace, except in the volume of content to be memorized. Introductory 

biology textbooks de-emphasize the process of science and are not consistent with research into 

how people learn. Instead, textbooks contain ever-expanding lists of vocabulary words that most 

students will forget soon after the course is completed. A book that passively presents large 

volumes of information deprives you of the opportunity to learn the way real scientists learn–– 

through discovery. Despite more than a century of recognized need for change, introductory 

biology textbooks have failed to evolve.  

 

Re-envisioning the Introductory Biology Textbook Experience 

 

Recent initiatives have called for evidence-based approaches to teaching.
2-4,10

 Efforts with 

significant support have focused on precisely what needs to change and why.
2,3

 Recent 

publications have called for active engagement with students, inquiry-based approaches, and 

teaching biology as a process and not just a set of disjointed facts.
11,12

 Inquiry- and process-based 

approaches lead to long-term learning gains.
12

 Traditional textbooks reinforce the misconception 

that science is merely a collection of facts, and deprive your students of the opportunity to learn 

the way real scientists learn––through discovery. 

Integrating Concepts in Biology (ICB) is an e-text that presents the core concepts of 

biology in a new way for majors’ introductory biology courses. ICB 1) focuses on “big ideas” 

rather than disjointed facts; 2) emphasizes experimental design and data interpretation––the 

process of science; 3) presents information in a way that maximizes your learning and retention; 

4) allows you to interact with mathematical models and simulations so that you can see how 

basic mathematics can yield profound insights into biological concepts; 5) and includes case 

studies on important modern topics such as adaptive immunity, origin of life, flocking behavior, 

and bioinformatics, which are not typically included in an introductory course. The core 

recommendations of BIO 2010 and Vision and Change are the foundation for ICB.
2,3

 Those 

recommendations include focusing on core concepts (i.e., Big Ideas) and core competencies, 

which include quantitative reasoning, critical thinking, the ability to apply the process of science, 

and understanding of the link between science and society. Students using ICB will learn core 

concepts and analytical skills simultaneously. 
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Students learn and retain new information better when they are actively engaged in 

constructing their own knowledge and when new information is connected to what they already 

know.
4,5

 Students engage original data from the literature, and Integrating Questions (IQs) guide 

students to construct their own understanding. ICB presents cases where student interact with 

mathematical models and simulations, helping students realize how even very basic mathematics 

can yield profound insights into biological concepts. The table of contents contains all the core 

concepts, but the order of topics will be different. 

We have documented learning gains and attitudinal changes in our students based on the use 

of ICB and without overhauling the way we run our classes.
1
 By changing books, our classroom 

has been converted from a place where students memorized facts in the absence of data to a 

place where the scientific process provides the context and substance of the teacher-student 

interaction. ICB can transform your classroom and lead to sustained learning gains in your 

students. If you want your students to experience their first college biology course the way you 

experience biology in your professional life, then take the leap and be a part of a national 

movement to improve introductory biology education. We believe the time is right and teachers 

are ready for meaningful change. Bring the passion of science back into your class and watch 

your students discover why biology is so amazing.  

 

How does this book help your students achieve their learning potential? 

 

How do people learn? What is the best way to retain information? A study led by Daniel 

Udovic at the University of Oregon
13

 compared two introductory biology courses: one was an 

active-learning course where students constructed their own knowledge, and the other was a 

traditionally taught lecture course. Udovic and his colleagues measured the mean percentage 

change in a pretest versus a posttest for each of the two courses (Figure 1). The test covered 

basic concepts in evolution, natural selection, ecosystems, communities, and populations. 

Changes in individual performances between pretest and posttest are plotted on the y-axis. Purple 

bars are means for the active-learning course, and teal bars are means for the traditional course. 

Class sizes were 61 for the active learning course and 62 for the traditional course.  

 
Figure 1 Average change in test 

scores organized by type of 

question. Changes are the 

difference in individual 

performances between pretest and 

posttest. Purple bars are averages 

for the active-learning course, and 

teal bars are averages for the 

lecture course (+ 1 SE). * = p < 

0.05; ** = p < 0.01; *** = p < 

0.001; p > 0.05. Figure 1 from 

Udovic et al., 2002, by permission 

of Oxford University Press and 
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AIBS.) 

 

These results are supported by other studies, as well as a meta-analysis of active learning 

studies.
11,12

 Years of research has shown how people learn best: 1) people learn best if they are 

actively engaged in constructing their own knowledge, 2) people retain information better when 

new material is directly related to information they already know through previous study or their 

world experience, and 3) comprehension is greater when people are interested in the material.
15

 

These insights and findings are not new; thousands of years ago, a ancient Chinese Confucian 

philosopher is credited with this educational advice: “Tell me and I'll forget. Show me and I'll 

remember. Involve me and I'll understand.” Active learning allows students to construct their 

own knowledge, which enhances acquisition and retention of information and concepts. Prior 

knowledge and interest are leveraged through Ethical, Legal, and Social Implications readings in 

each chapter. ICB enables your students to achieve their full learning potential by helping them 

to control their own education and encouraging them to “discover” content and concepts for 

themselves by analyzing real data in the context of thought-provoking research questions.   

ICB encourages your students to construct their own knowledge using published figures and 

tables. The data are from peer-reviewed scientific research as they appeared in the original 

publications. In traditional textbooks, the words are presented as fact, and figures are used 

merely to illustrate the words. ICB uses figures to supply the facts while words help your 

students extract the essential elements from the experimental data. In short, your students will 

construct their own knowledge so that they can learn and retain the information. As they gain 

knowledge in biology, your students will find that they can learn more and retain new 

information more easily. 

ICB uses case studies as context to help your students connect to the new information. You 

can reinforce major concepts by covering fewer examples in more depth so that your students 

can spend more time learning and less time memorizing. The text will guide you and your 

students in interpretation and analysis, and will help them contextualize their new knowledge 

into a framework that we call the five Big Ideas. The ready-to-use PowerPoint files make it easy 

for you to implement this approach to learning in your everyday classroom sessions.  

 

What are the five Big Ideas of biology?  

How are they connected to each other and the five levels of biology? 

 

ICB helps your students learn biology the same way that practicing biologists carry out 

research and look for connections between key concepts. With the explosion of new discoveries 

in biology, a focus on major concepts is more beneficial than memorization of growing lists of 

facts.
3,8,16

 The structure of ICB is built on five Big Ideas of Biology in which all biological 

concepts are embedded (Figure 2). The five Big Ideas presented in this textbook are: 

1. Living systems have multiple mechanisms to store, retrieve, and transmit information. 

2. The diversity and unity of life can be explained by the process of evolution. 
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3. Cells are a fundamental structural and functional unit of life. 

4. Interdependent relationships characterize biological systems, and these interactions give 

rise to emergent properties. 

5. Biological systems maintain 

homeostasis. 
 

  

Figure 2. The five Big Ideas of biology, with the 

five size scales embedded in each Big Idea.  

 

Each Big Idea is examined at five size scales 

of life. The five size scales considered in this 

text, from smallest to largest, are: 

 Molecular 

 Cellular 

 Organismal  

 Population  

 Ecological system 

 

An ecological system, also known as an ecosystem, is a biological system composed of 

communities of organisms, which are composed of populations, which are composed of 

individuals. Individuals are composed of cells that perform functions determined by the 

molecular composition. ICB contains 30 chapters. Chapters 1–15 explore all five Big Ideas at 

molecular, cellular, and within-organismal scales. Chapters 16–30 explore all five Big Ideas in 

organismal, population, and ecological system scales. In each chapter, students are reminded of 

connections to other chapters so that they can see the continuity of life across all size scales.  

In ICB, the key concepts of biology do not exist in isolation from each other; rather, they 

interact with each other at all scales of life. For instance, individual animals maintain and 

regulate homeostasis in response to information received from interactions with their 

environment. The mechanisms for maintenance are often at the cellular and molecular levels. 

The ability to maintain a particular condition or composition can be altered by evolutionary 

processes, and the interactions can lead to emergent properties. Biologists know that the five Big 

Ideas overlap with each other across all size scales. ICB connects many concepts as they pertain 

to different Big Ideas and size scales. For example, students will explore information at the 

molecular level of DNA in Chapter 1, but soon realize that information is a key component of 

life at every size level as they read Chapters 2 and 3 and then Chapters 16–18.  

 

Hallmark Features of ICB 

 

ICB uses many tools to help your students construct their own knowledge and relate new 

concepts and information to their existing knowledge. The first tool they will encounter in each 
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chapter is the Learning Objectives. The objectives are divided into several categories: Biology, 

Bio-Math Exploration, and Ethical, Legal, Social Implications (ELSI). Research tells us that 

students learn better when they know what is expected of them. The Learning Objectives help 

your students focus their reading and identify the outcomes and abilities they should gain from 

the reading. The best way for your students to use the Learning Objectives is to keep them in 

mind as they read, and refer back to them as they complete each section of a chapter. The 

Learning Objectives cover a range of Bloom’s taxonomy, with comprehension and application as 

the most common.  

Following the Learning Objectives and the chapter table of contents, your students will find a 

You Are Here road map (Figure 3). Road maps help your students recognize the Big Idea and the 

size scale of life that will be the focus of the chapter. Your students can also see where they’ve 

been and which level is next. 

 

Figure 3 Chapter 19 map of the five Big Ideas of biology, with the five levels embedded in each Big Idea. 

The Big Idea and level for each chapter will be highlighted as shown in this example. 

 

Each chapter is organized into sections that pose questions that scientists have asked in the 

past and should pique your students’ curiosity. Observations of nature led scientists to ask 

questions about the mechanism that affected life. The questions for each section will lead your 

students down a path of individual discovery that revolves around an experiment or series of 

experiments designed to answer each scientific question. Within each section, students will 

construct their knowledge as they interpret the data published in the scientific literature. Students 

will learn the content and process of science simultaneously. As the instructor, you may adopt 

your preferred combination of chapters and sections to suit your needs. Sections can also be used 

to augment upper-level courses when you want to include original data to supplement your 

current textbook.  

The writing style of this book is deliberately informal because market research shows 

students are more likely to read a more comfortable style of textbook. ICB minimizes the use of 

jargon, but students will undoubtedly come across terms they have not seen before. Essential 

terms appear in bold, and their definitions will appear in pop-up boxes when bold words are 

clicked. You can also click on any word and add a personalized annotation. Connections are 

hyperlinks within the book that indicate the relationships between Big Ideas and size scales. 

Connection links take readers to another section of the book to help students integrate the key 

concepts across the chapter structure of ICB. When one Big Idea is referenced to explain a result 
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or concept in another Big Idea chapter, ICB makes these connections to help students recognize 

the integrated nature of their growing knowledge.  

ICB will help your students learn to analyze experimental data. After the main question of a 

section has been introduced and data have been presented, students will encounter Integrating 

Questions to facilitate their learning. Here is an example of how Integrating Questions will help 

students construct their own knowledge.  

  

Integrating Questions  

1. Examine Figure 1 and interpret the results from Udovic’s study. What do you conclude about 

the difference between the two types of learning environments? 

2. Are there any categories of questions where active learning reduced student comprehension? 

Hypothesize why traditional courses are still the most common format for teaching.  

 

Students should use the information and data in the book, and sometimes on the Internet, to 

answer Integrating Questions before continuing with the readings. Integrating Questions will 

help your students extract information from the data. The text immediately following the 

Integrating Questions discusses the highlights so that students can confirm or adjust the answers 

they constructed, but does not take the place of students constructing the answers for themselves. 

The text will continue to explore the section’s question with more data followed by more 

Integrating Questions. By reading ICB this way, your students will participate in the process of 

science.  

To enhance students’ understanding of biology, Bio-Math Explorations (BMEs) apply 

mathematical concepts to biological problems. ICB does not assume students have had calculus, 

but they should be familiar with fractions, decimals percentages, and very basic algebra. Each 

BME includes a description of the knowledge or skills students need to get the most out of that 

BME. Many BMEs include pre-populated Excel files so that students can explore real datasets 

and get a feel for how mathematics can help you understand biology. Here is an example of a 

BME that further explores concepts from Figure 1. This BME is essential reading for students; 

the concepts in BME 0.1 are used throughout ICB. 

 

Bio-Math Exploration 0.1: Is there a significant difference in two learning environments? 

 

The goal of this Bio-Math Exploration is to help you interpret data like the learning gains in 

Figure 1. You need to know the concept of a mathematical average. You will learn the concepts 

of standard deviation, standard error, p-value, and significant differences, all of which are used 

throughout ICB. 

 

In Figure 1, class environment had a much greater effect on learning for some questions than 

for others. Student change in understanding is displayed graphically by the height of the bars. If a 

purple bar is much taller than the corresponding teal bar, then the active-learning course resulted 
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in more learning gains, on average, than the traditional course. However, to conclude that there 

was a significant increase in average learning gains in one environment versus the other, you 

need to consider both the size of the sample, and the variation among different students. If the 

variability is high, or the sample size is small, then the difference in averages might be due to 

chance. Let’s walk through an example to illustrate this idea. {Definition: In science, a 

significant change is one that is very unlikely to have occurred by chance, indicated by a small 

p-value.} 

Suppose two small classes of 10 students each (Class A and Class B) are tested for learning 

gains on Question 1. Pre-test and post-test scores increase by the following amounts in Class A: 

19, 17, 21, 16, 18, 20, 15, 19, 15, 20 

and by the following amounts in Class B: 

8, 26, 11, 33, –2, 15, 28, 14, 42, 5. 

 

The students in a class are a sample from the population of students who might have taken that 

class in the past, or might take it in the future. Larger samples (more students) will more 

accurately represent the total population. The number of data points in a sample is the sample 

size, and the average of the data points in a sample is called the sample average or sample 

mean. {Definitions: The sample size is the number of data points in a sample. The sample 

average, also called the sample mean, is the average of the data points in a sample. The sample 

mean, also called the sample average, is the average of the data points in a sample.} 

 

Bio-Math Exploration Integrating Questions 

1. What does the negative number mean about the pre-test and post-test scores of student #5 in 

Class B?  

2. Calculate the average learning gains among the 10 students in Class A and in Class B.    

3. How would you describe the differences between these two samples? 

 

These two hypothetical classes of 10 students have the same average learning gains of 18 

points on Question 1, but the second class has much greater variability in their learning gains 

than the first class. One student in Class B even performed worse on the post-test (–2) than on 

the pre-test (a negative learning gain). Variability in a data set can be quantified by computing 

the standard deviation(s) of each sample. The formula for the sample standard deviation, 

illustrated in CH00_SE.xlsx, is essentially the square root of the average of the squared 

differences between the data points and sample average. Another way to quantify variability in a 

sample is the standard error (SE). SE is the standard deviation divided by the square root of the 

sample size. The standard error represents how much the average (not the individual data points) 

is expected to vary, and SE gets smaller with increasing sample size. {Definitions: The sample 

standard deviation is a measure of variability in a set of data points in a sample. The standard 

error (SE) is a measure of variability in the sample average, equal to the sample standard 

deviation divided by the square root of n, where n is the sample size.} 
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The error bar on each column in Figure 2 represents a distance of one standard error. For 

example, the average learning gain on Question 1 in Figure 1 in the active-learning environment 

was approximately 18, and the standard error was about 4.5. The standard error was 

approximately 0.68 in the Class A, and 4.36 in Class B. Error bars reflect how much variability 

there is in the sample, and provide much more information than the average alone. The data in 

Figure 1 are averages for 61 or 62 people, and a highly variable sample indicates that a different 

group of 61 or 62 people could have quite different outcomes.  

 

Bio-Math Exploration Integrating Questions 

3. Use the data from Figure 1 to estimate the sample averages and standard errors for learning 

gains on Question 4 for both the lecture and active-learning environments.  

4. Based on the data presented in Figure 1, would it be possible for one student to have learned 

more in the traditional lecture environment than one in the active-learning environment? 

Would you expect this exception to the overall trend to be true for many students? 

 

The p-value displayed for each question in Figure 1 goes a step further than the error bars, 

addressing the uncertainty in the difference between learning gains in the two learning 

environments. Specifically, the p-value is the probability that average learning gains as different 

as those displayed in the graph could be observed if there were no difference in the learning 

environments. A small p-value, such as 0.05, means there is a low probability that there is no 

difference between learning environments. In other words, there is a high probability the two 

learning environments are truly different. A large p-value, such as 0.3, means there is a high 

probability that there is no difference between score changes in the two classes. In summary, a 

small p-value means there is a significant difference, and a large p-value means there is no 

significant difference. {Definition: p-value is the probability that outcomes as different as those 

displayed in the graph could be observed by chance rather than because of significant 

differences.}   

Computing p-values requires a statistical method such as a chi-squared test (see BME 17.2) 

or a t-test (see BME 23.1). A rough rule of thumb is that if the standard error bars overlap, the 

difference is not significant, as seen in Figure 1 for Question 11. The important thing to 

remember is that a meaningful comparison of two populations always requires making several 

observations and comparing the averages of the observations in light of the variability within 

each sample. You should be very skeptical of a graph that does not include error bars or describe 

the variability in the results. 

<#End of BME 0.1> 

 

Mathematics is integral to biology, and a biologist who shuns mathematics in his or her 

research will be less successful than biologists who have mastered the appropriate mathematics. 

Each Bio-Math Exploration focuses on the biological concept of its associated section. Students 

may think, “Math is not my subject,” or “I’m not good at math.” However, they probably have 



 9 

never seen applied math in action like they will in ICB. Math is easier to understand when 

students build on what they already know (e.g., arithmetic, fractions, Excel files). Bio-Math 

Explorations apply basic math, not calculus, to biological data to help your students learn more 

biology and appreciate the math they have already learned.  

Bio-Math Explorations will tie directly to the data and methods in the text, yet each Bio-

Math Exploration is self-contained.  For biology instructors, the math is explained well enough 

that you do not have to study mathematics to prepare for class. BMEs provide the content 

necessary to understand the math as well as the relevant biology under consideration. Bio-Math 

Explorations help students better understand the biology through the lens of mathematics.  

In each chapter, you will find Ethical, Legal, Social Implications sections (ELSIs). ELSIs 

raise student awareness about the real-world aspects of case studies as they learn them. ELSIs 

help students grapple with their own ethical perspectives on emotional topics that relate to 

biology, such as evolution, stem cells, the definition of life, a species’ right to exist, and the costs 

and benefits of genetically modified organisms. There are many “real world” implications for 

learning biology concepts. ICB helps students integrate the ELSIs with the biological case study. 

Students in traditional lecture classes often complain that what they are learning has no relevance 

in their lives. ICB explicitly shows how their biology course connects to their everyday lives. 

 

Conclusion 

The way students use ICB may very well determine their long-term success in biology. ICB is 

designed to foster critical thinking skills and your construction of students’ knowledge. 

Occasionally, students may feel frustrated as they struggle with challenging Integrating 

Questions or Bio-Math Explorations, but the potential rewards are great. When information is 

passively given to students, the content is difficult to remember. When they actively assemble 

the information into a coherent concept, it will stay with them longer.
4,5

 As their teacher, you 

want your students to become critical thinkers who are able to analyze and interpret scientific 

data, even if they don’t become scientists. We hypothesize that students will be more likely to 

choose a career in science once they discover that science is not obsessed by memorization of 

facts, but emphasizes discovery, innovation, and problem-solving. Regardless of their vocation, 

your students will see the relevance of science to their lives. By using ICB, we have discovered 

that offering these opportunities to students enhances our teaching experience as well.  
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