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ore and more, teachers are asked

to make connections between

the STEM disciplines—science,
technology, engineering, and math-
ematics—while also addressing state
standards. Mathematics is an underap-
preciated but important tool for the life
sciences, from mathematically modeling
biological processes to making sense of
biological data. The activity presented
here was designed for a Girls in Science
camp, held at Tremont, Tennessee, in
the Great Smoky Mountains National
Park. The camp is designed to give local
girls entering eighth grade a chance to
become familiar with the natural world
by doing hands-on research in the park.
This particular exercise was designed to
show the value of mathematics for quan-
tifying and interpreting biodiversity data
that the girls had collected.

Biodiversity is important for ecosys-
tem health and productivity. Greater
biodiversity provides greater opportuni-
ties to find new organisms that can be
important food sources or new medicines
for people around the world. Also, high
biodiversity makes ecosystems more
resilient; with increasing threats to spe-
cies from global climate change or natu-
ral catastrophes, more species can mean

a greater potential that some organisms
will have the necessary traits to survive.

But what exactly is biodiversity?
How do we go about measuring whether
biodiversity in one place is greater than
biodiversity in another? Scientists and
ecologists do not simply count up all the
different organisms and compare the
totals. Measuring biodiversity involves
applying probability to obtain a more
meaningful index for comparison.

These two activities allow students to
apply tools from mathematics to life sci-
ence, raising awareness of connections
between STEM disciplines. The activi-
ties were developed for grades 9-12
and will take approximately one hour
each, depending on the students’ level of
experience with probability. Mathemat-
ics teachers using these activities are
encouraged to communicate or work
with biology teachers to strengthen the
activity. If time allows, students could
collect data and talk about biodiversity
as part of their biology class exercise and
complete the activity in a mathematics
unit on counting or probability. Group
work is also appropriate for this exercise
to allow students to discuss difficult ter-
minology and reduce the amount of class
time the activity will take.
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Activity 1 serves as an introduction
to quantifying biodiversity and can be
used alone for students in beginning high
school mathematics courses. This activ-
ity will be most successful in a classroom
in which students have a basic under-
standing of counting and probability. It
also provides a real-world application for
these skills. Students are introduced to
Simpson’s Diversity Index, which uses
principles of probability to determine
objectively which area has the greater
biodiversity. After being led through a
derivation of Simpson’s Diversity Index,
students then apply the equation to a
data set on their own. At the end, stu-
dents may discuss whether their results
support their original hypotheses. Activ-
ity 1 provides an opportunity to learn
and use knowledge connected with the
following Common Core State Standards:
seeing structure in expressions (algebra),
building functions (functions, modeling),
and conditional probability and rules of
probability (statistics and probability,
modeling) (CCSSI 2010).

For advanced classes (usually precal-
culus or higher), the module may be con-
tinued with activity 2, which requires an
understanding of how to calculate limits.
Students use mathematical practice skills
from the Common Core State Standards—
reasoning abstractly and quantitatively,
constructing viable arguments, and using
appropriate tools strategically (CCSSI
2010)—to discover how species richness
and species evenness affect the index.
Considering extreme cases of richness and
evenness that may not occur in a biologi-
cal scenario can aid students in under-
standing the constraints of this model.

This module may serve as an intro-
duction to measuring biodiversity and
then may be applied to a real-data set
gathered by students. Students could, for
example, count insects from two differ-
ent areas on the school grounds or learn
to inventory tree species found in their
yards at home or in a local park.

First, students will learn key vocabu-
lary and concepts. Teachers might begin
by asking students for their definition
of biodiversity. Already students may
implicitly understand that what they are
describing is a measurement and involves
quantification. The sample data set found
in table 1, tree species that were counted

Table 1 Number of Trees

Species Yard A | Yard B
Eastern redbud 3 5
Black oak 4 5
Post oak 5 5
White pine 3 5
Honey locust 1 5

in two yards, may be used to introduce
and illustrate the key concepts of species
richness and species evenness.

® Biodiversity is a measure of the differ-
ent kinds of organisms (species) in a
region or other defined area. Usually
when quantifying biodiversity, we
look at a group of similar organisms
(such as all insects), rather than all
the organisms in the ecosystem. This
term takes into account both species
richness and species evenness.

® Species richness is the number of
unique species in a region or specified
area. The data set shows five differ-
ent species of trees found in the back
yard (see table 1). Five is a measure-
ment of the richness value.

e Species evenness is the degree of equi-
tability in the distribution of individ-
uals among species. Greater evenness
signifies less variation in the numbers
of individuals of each species. Maxi-
mum evenness occurs when the num-
ber of individuals among all species
is the same. In table 1, we see that
yard B has exactly the same number
of each kind of tree and, thus, has
greater species evenness than yard A.

Although richness makes intuitive
sense for measuring biodiversity, students
may wonder why species evenness would
be important. Consider the example of a
forest where introduction of a new spe-
cies gives rise to a beetle infestation that
causes population decline in other insect
species. One additional species, adding to
the richness value of insects but reducing
the evenness, would thus have a negative
impact on the biodiversity.

A useful next step might be to assess
students’ understanding of the concepts
informally. Teachers can do so by pre-
senting another table of data and having
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students discuss species richness and
evenness.

After students are comfortable with
these concepts, ask them to imagine this
scenario: An ecologist collects informa-
tion from two separate experimental
plots of the same size but with one big
difference: Plot 1 is in the woods, and
plot 2 is in a nearby field. The ecologist is
interested in the types of insects that are
found in the plots. The first data table in
activity 1 is an example of the data that
might be collected. Before being shown
the table, students should think for a
minute about what they expect to find
and formulate a hypothesis.

A UNIVERSAL WAY TO
DETERMINE BIODIVERSITY
Students might wonder which would be
considered more biologically diverse—a
plot with more richness or a plot with
more evenness. What happens if one
plot has many more species—would it
be as easy to determine which plots had
more evenness?

To answer such questions, in 1949 the
British statistician Edward H. Simpson
devised an objective method to measure
biodiversity that is still used today. Simp-
son suggested that ecologists calculate
overall diversity in terms of probability.

Simpson’s Diversity Index can be
explained as follows: If we randomly
select an individual from a sample with-
out replacement and then randomly select
another individual from the same sample,
what is the probability that the two organ-
isms will be of different species? The
higher the probability of different species,
the higher the diversity. Simpson’s Diver-
sity Index, D, can be represented as

D:

;/Ll(nl—1)+n2

1 (n2—1)+~~~+ns(ns—1)
N(N-1) '
where S represents the number of spe-
cies, n, represents the number of individ-
uals in the ith species, and N represents
the total number of individuals. [The
quantity 1-D is also sometimes referred
to as Simpson’s Index, so careful refer-
ence to other resources is warranted.

D as given here is also known as the
Gini-Simpson Index.—Ed.]



MORE TO EXPLORE

Biodiversity can be quantified in more
than one way. Consider having students
do research on Shannon’s Index (Shan-
non 1948), an alternative method of
calculating a type of biodiversity index,
and compare it with Simpson’s Diver-
sity Index. Also, Simpson’s Diversity
Index is not as useful when represent-
ing biodiversity across trophic levels
(such as predators and prey). It does
not make ecological sense to expect the
same population sizes among predators
and prey, if one predator needs to con-
sume multiple prey species to survive.
Ask students to think about ways to
quantify total ecosystem biodiversity.
There is no single right answer, but
perhaps one student will publish a pos-
sible solution in a scientific journal
someday.

For a small real-data set to explore,
consider table 2, showing some of the
species of salamanders found in the
Great Smoky Mountains National Park.
Thirty-one species can be found within
the park’s boundaries (National Parks
Conservation Association, n.d.); thus,
the Smokies are often called the sala-
mander capital of the world.

MATHEMATICS AND BIOLOGY
Integration of mathematics with biology
can illustrate that the concepts learned
in mathematics class are not isolated
exercises but are used in real-world
applications that contribute to scientific
knowledge. Students may realize that
quantifying biodiversity could affect

conservation efforts and ecosystem man-

agement. Biology-based exercises can
provide an exciting and relevant way
to reinforce mathematical concepts and

explore the natural connections between

mathematics and science.
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Table 2 Number of Salamanders at Selected Locations in the Great

Smoky Mountains National Park

Species Lower Dorsey Stream | Pig Pen Stream
Spotted dusky salamander 7 18
Imitator salamander 6 3
Seal salamander 5 15
Black-bellied salamander 7 11
Desmognathus spp. salamander 4 17
Blue Ridge two-lined salamander 1 31
Spring salamander 2 1
Northern slimy salamander 0 1
Black-chinned red salamander 0 0
Santeetlah salamander 1 0
Southern red-backed salamander 2 0

ask them to collect their own.

Note: These salamanders were identified in submerged bags filled with leaf litter from
two different streams (Lower Dorsey and Pig Pen) in 2008. Data were collected as
part of a citizen science program at the Great Smoky Mountains Institute at Tremont.
After your students explore these data, have them look for more data on the Web or
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These activity sheets are
available to teachers as Eﬂ'lﬂ
Word documents that may

be copied and edited for

classroom use; go to www E
.nctm.org/mt. For solutions B

to the activities, download one of the free
apps for your smartphone and then scan
this tag to access www.nctm.org/mt052.
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ACTIVITY 1: Behind Simpson's Diversity Index

Look at the data below and make a hypothesis. Do you think that biodiversity will be higher in the woods or in
the field? Why? Can you suggest a way to decide by using mathematics?

Species Plot 1: Woods Plot 2: Field
Pillbug 50 10
Monarch butterfly 36 50
Seven-spotted lady beetle 35 0
Western honeybee 55 39

Simpson’s Diversity Index was invented by a British statistician in 1949 and is based on probability. To see
how it works, you can derive the equation for the index. We will start with a very simple case:

Imagine that you went into your back and front yards and counted the insects in each area. You found only
two species of insects—the Western honeybee and the seven-spotted lady beetle (see chart below).

Insects Back Yard Front Yard Totals
Western honeybee 10 35
Seven-spotted lady beetle 50 40
Totals

You have totals of 60 individuals in the back yard and 75 individuals in the front yard.

1. Using the back yard data: Imagine that you put all those insects from the back yard into a bag. Suppose that
you reach into the bag and randomly remove an individual and then randomly remove a second individual
without replacement.

(a) What is the probability that the two selected individuals are both Western honeybees?

(b) What is the probability that the two selected individuals are both seven-spotted lady beetles?

(c) What is the probability that the two individuals are from different species? Hint: This event is the
complement of the union of the two events in questions 1(a) and 1(b).

2. Using the front yard data: Imagine that you put all those insects from the front yard into a bag. Suppose that
you randomly select an individual and then randomly select another individual without replacement.

(a) What is the probability that the two selected individuals are both Western honeybees?
(b) What is the probability that the two selected individuals are both seven-spotted lady beetles?

(c) What is the probability that the two selected individuals are from different species?
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ACTIVITY 1: Behind Simpson's Diversity Index (continued)

3. Suppose that we now have 7, of one species and 7, of a second species in our area. The total number of
individuals is now N = n, + n,. See the chart below:

Species Type Number of Individuals
Species 1 n,
Species 2 7,
Total Individuals N

Suppose that you randomly select an individual and then randomly select another without replacement.
(a) What is the probability that the two selected individuals are both species 1?
(b) What is the probability that the two selected individuals are both species 2?
(c) What is the probability that the two selected individuals are from different species?

4. Suppose that you have a very large data set, with many more than just 2 species. You might also have monarch
butterflies, craneflies, praying mantises, and other insects, for a total of S species (see the chart below).

Species Type Number of Individuals
Species 1 7,
Species 2 1,
Species 3 7,
Species S Mg
Total Individuals N

Show that the probability that the two selected individuals are different species would be
nl(n1—1)+n2(n2 _1)"'"""”5(”5 —1)

b=1- N(N-1)

This is Simpson’s Diversity Index, D. Hint: Use your reasoning from question 3(c).
5. If D is close to 1, is the area’s biodiversity high or low? Justify your answer.

6. Calculate D for the plot 1 (woods) and plot 2 (field) data. Which plot has the higher D value? Does this
calculation support your original hypothesis?

7. Could biodiversity be quantified in other ways? Justify your answer. Make suggestions about other ways to
quantify biodiversity. Check the Web to find other indices that give alternative methods of calculating a

biodiversity index.
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ACTIVITY 2: Exploring the Effects of Species Richness
on Simpson's Diversity Index

De1_ ”1(”1_1)"'”2(”2_1)+"-+nS(nS—1)
N(N-1)
S (n-1)
—=1— 4=

N

Simpson’s Diversity Index (D) takes into account both species evenness and species richness. Species richness
measures the number of unique species in a region or specified area. Species evenness is the degree of equitabil-
ity in the distribution of individuals among species. But just how important is each factor in determining D?
Can you get a very high index value with just one of these factors? In this activity, we will explore these ques-
tions to better understand how this mathematical model of biodiversity works. Note that the cases below with
the same number of individuals in each species would not occur in nature. We are considering only the case of
complete evenness.

1. Suppose a plot has four species with

100 individuals of each species (see the chart Species Type Number of Individuals
at right). Calculate D for this example. Species 1 100
Species 2 100
2. Repeat exercise 1 to calculate D with 200 indi- Species 3 100
viduals in each species. Then calculate D with
500 individuals in each species. How do these Species 4 100
answers compare with each other and with the Total Individuals 400

answer from exercise 1? For S =4, how does D
change as we increase the total number of indi-
viduals but keep the proportions the same?

3. Suppose that a plot has four species and » individuals in each species. Calculate D for this example. Show
that as we increase n but keep the population proportions the same, the values of D will decrease.

4. Suppose that a plot has S species with 7 individuals in each species. In this case, find D as a function of S
and »n and simplify as much as possible.

5. Using your result from exercise 4, show how D changes as S gets large and n remains fixed. Varying S allows
us to see the effect of increasing species richness.
Find lim(D(S,n)).
S—oo

6. Using your result from exercise 4, show how D changes as n gets large but as S remains fixed. Varying n as
we have done previously allows us to see the effect of increasing the numbers of individuals when the

population proportions stay constant.
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