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Food Webs: Community Feeding Relationships

Food webs are abstract representations of feeding relationships in communities and use a series
of arrows from one species to another where the first is a source of food for the second. Discrete
mathematics provides a model for a food web using a directed graph (digraph) whose vertices
are the species and an arc goes from a to b if a is food for b. Digraphs representing food webs
make understanding predator prey relationships easier and various properties of digraphs provide
insight into properties of the food web and the species contained within. Overarching questions
in this module include, “What effect would the removal of a species have on the associated food
web?” and “Why are there so few top predators?”

Unit Goals and Objectives

Unit Goal: Gain a greater appreciation of the use of food webs to model the biological structures
of communities

Goal: Recognize various relationships between organisms and look for patterns across food
webs.
Objectives:

e Use the information provided in the introduction to interpret a food-web diagram that

shows relationships among a series of unknown species.

e ldentify a food web.

e Create a food web from given information.

e Interpret a food web.

Goal: Use graphs to model complex trophic relationships.

Obijectives:

Understand and explain the modeling process.

Recognize and draw a digraph.

Use digraphs to model and interpret food chains and food webs.
Identify paths and loops in digraphs.

Goal: Move between levels of trophic relationships within a food web.
Obijectives:
e Calculate the lengths of paths in a digraph.
e Use the shortest-path definition for trophic level to determine the trophic level of a
species in a food web.
e Use the longest-path definition for trophic level to determine the trophic level of a species
in a food web.
e Use the 10% rule to calculate energy loss within a food web.

Goal: Calculate the relative importance of each species (vertices) and each relationship (arcs) in
a food web.
Obijectives:

e Interpret the meaning of removing an edge or a vertex from a food web.
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e ldentify keystone species within a food web.
e ldentify arcs that are redundant within a food web.
e Explore the resiliency of a food web.

Goal: Extend the ideas derived from interpretation and use of food webs to other contexts.
Obijectives:

e Interpret weighted digraphs that are used to represent food webs.

e Translate the ideas of food webs to other resources.
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Lesson1 Introduction to Food Webs
What is Eating What?

. Have you ever played the game Jenga? It’s a game where towers are built
| from interwoven wooden blocks, and each player tries to remove a single
block without the tower falling. The player who crashes the tower of
blocks loses the game.

M Photo by Derek Mawhinney and Cafe Nervosa (en:File:Jenga.JPG) [CC-BY-SA-2.5 (http://creative commons.org/ licenses/by-sa/2.5) or CC-BY-
SA-2.5 (http://creativecommons.org/licenses/by-sa/2.5)], via Wikimedia Commons

Food webs are towers of organisms used by ecologists to represent the feeding relationships
within a community. Each organism depends for food on one or many other organisms in an
ecosystem. The exceptions are primary producers — the organisms at the foundation of the
ecosystems that use sunlight to produce their energy for photosynthesis or use chemicals as an
energy source for chemosynthesis. Factors that limit the success of primary producers are
generally sunlight, water, or nutrient availability. These are physical factors that control a food
web from the “bottom up.” On the other hand, certain biological factors can also control a food
web from the “top down.” For example, certain predators, such as a shark, lion, wolf, or a
human can suppress or enhance the abundance of other organisms. They can suppress them
directly by eating their prey or indirectly by eating something that would eat something else.

Understanding the difference between direct and indirect interactions within ecosystems is
critical to building food webs. For example, suppose your favorite food is a hamburger. The meat
came from a cow, but a cow is not a primary producer! It can’t photosynthesize! But, a cow eats
grass, and grass is a primary producer. So, you eat cows, which eat grass. This is a simple food
web with 3 players. If you were to remove the grass, you wouldn’t have a cow to eat. So, the
availability and growth of grass indirectly influences whether or not you can eat a hamburger. On
the other hand, if cows were removed from the food web, then the direct link to your hamburger
would be gone, even if grass persists.

So, food webs are important because everything you eat eats something else that can eat
something else that can eat something else (with any given number of steps) that eventually eats
something that is a primary producer.

e Primary producers are always at the bottom of the food web.

e Above the primary producers are various types of organisms that exclusively eat plants.

These are considered to be herbivores, or grazers.

e Animals that eat herbivores, or each other, are carnivores, or predators.

e Animals that eat both plants and other animals are considered to be omnivores.

e An animal at the very top of the food web is a top predator.

Through these various trophic interactions, energy gets transferred from one organism to
another.
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Food webs, through both direct and indirect interactions, describe the flow of energy through an
ecosystem. By tracking the energy flow, you can derive where the energy from your last meal
came from, and how many species contributed to your meal. Understanding food webs can also

help to predict how important any given species is, and how ecosystems change with the addition
of a new species or removal of a current species.

Now, imagine you’re not a human, but you’re a shark in the ocean. You eat fish, right? But you
might also eat sea otters. Sea otters might also eat fish. Do sharks and sea otters eat the same fish

species? Different fish species? What happens if a fish species disappears? What happens if a
new fish species is added? Food webs are complex!

In this module, you will explore the complexity of food webs in mathematical terms, using a
visual model, called a digraph, to help you map the interactions between organisms. A digraph
represents the species in an ecosystem as points or vertices (singular = vertex) and connects
some vertices to others with arcs and arrows on the arcs to indicate direction.

Food Web

The A-O food web below, with letters indicating names of species, is used several times

throughout this module. This diagraph depicts the feeding relationships of a community of 15
species (species A through O). The arrows show the relationships with the species at the tail of
the arrow being eaten by the species at the head/tip of the arrow.
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Figure 1.1: A-O Food Web

Food Webs Student 4



ACTIVITY 1-1  Exploring a Food Web
Objective: Interpret relationships displayed in a food web.
Materials:

Handout FW-H2: Exploring a Food Web Worksheet

In the real world, nothing lives in isolation. The diagram (digraph) below shows the predator-
prey relationships that exist among 15 species of plants and animals labeled A through O. The
“arrows” indicate a particular relationship that is being examined. In this diagram, the arrows can
be read “is eaten by.” For example, notice that there is an arrow between C and H. Because the

arrow goes from C to H, the relationship that is indicated here is that “species C is eaten by
species H.”
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Figure 1.2: A-O Food Web
Carefully examine the diagram in Figure 1.2 and answer the following questions.
1. Is species E eaten by species J? Is species M eaten by species 1? Explain your answers.

2. What is the relationship between F and E?

3. Why do you think the arrow points toward E rather than toward F? In other words, why did
they originally design food webs with the arrow pointing to the predator rather than the prey?

4. What is the direct relationship between K and H? Explain.

5. Are there any relationships between G and K? Explain.
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6. What does it mean when two arrows go from one species (letter) to two other species (letters)?
Find an example of this type of relationship.

7. Species O directly feeds upon how many different species? What are they?
8. What other observations can you make about species O?
9. What can you say about species A? Does this species eat others? How does it get its energy?

10. What other species in the web are like A? As a group, what would you call these types of
organism?

11. What species in the web are strictly carnivores? Herbivores? Omnivores?
12. What happens to other species in this diagram if J is removed?

13. What real-world events or circumstances might cause the removal of J?

ACTIVITY 1-2  Adjusting a Food Web
Objective: Evaluate changes made to a food web.
Materials:

Handout FW-H3: Adjusting a Food Web Worksheet

Working in groups use the following web to answer the questions below.

Figure 1.3: A New Food Web (A-J Food Web)
1. Does species B eat species D?
2. s there a direct relationship between G and F? Is there an indirect relationship?

3. Fis afood source for how many other species?
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4. What species in the web above are most likely herbivores?
5. Using your own experience, give a possible real life example of species F.
6. What happens to the other species if C is hunted to extinction?

7. Comparing this web to the one in class, which is more affected by the removal of species?
Explain your answer.

8. Add another primary producer and label it K.
9. Add a species (L) that is a predator of K and is prey for F and E.
10. Add a top-level predator (M) that feeds on any two of the current top-level predators.

11. Compare your new graph (with the changes from steps 8-10) to the original before the
changes. Is the new version more stable to the removal of a single species? Why or why not?

12. Give a possible real world list of species that could represent the section of this food chain
denoted by the letters A, B, C, D, E, and G.

Diagrams of Food Webs

The species that occupy an area and interact either directly or indirectly form a community. The
interactions and characteristics of these species define the biological structure of the community.
These include parameters such as feeding patterns, abundance, population density, dominance,
and diversity.

Acquisition of food is a fundamental process of nature providing both energy and nutrients. The
interactions of species as they attempt to acquire food determine much of the structure of a
community. Ecologists use food webs to represent the feeding relationships within a
community.

For example, in the partial food web below, sharks eat sea otters, sea otters eat sea urchins and
large crabs, and sea urchins eat kelp. These relationships can be modeled by the food web

shown in Figure 1.4.
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Figure 1.4: Partial Sea Community Food Web
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Said in another way, sea urchins and large crabs are eaten by sea otters (both are prey for sea
otters) and sea otters are prey for sharks.

ACTIVITY 1-3 Creating a Food Web
Objective: Develop a food web from a list of species and what they eat

Materials:

Handout FW-H3: Creating a Food Web Worksheet

Table 1.1 provides a list of sea species and the species they feed on.

Species Species They Feed On

shark sea otter

sea otter sea stars, sea urchins, large crabs, large fish and octopus,
abalone

sea stars abalone, small herbivorous fishes, sea urchins, organic debris

sea urchins kelp, sessile invertebrates, organic debris,

abalone organic debris

large crabs sea stars, smaller predatory fishes, organic debris, small

herbivorous fishes, kelp

smaller predatory fishes

sessile invertebrates, planktonic invertebrates

small herbivorous fishes

kelp

kelp

large fish and octopus

smaller predatory fishes, large crabs

sessile invertebrates

microscopic planktonic algae, planktonic invertebrates

organic debris

planktonic invertebrates

microscopic planktonic algae

microscopic planktonic
algae

Food Webs

Table 1.1: Sea otter food web datal!!
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1. Look carefully at table 1.1. Identify everything that eats organic debris or kelp.
2. Draw a food web to represent this entire table.
3. Look carefully at your graph. Identify everything that eats sea urchins or sessile invertebrates.

4. Compare and contrast the tabular model and the digraph representation of the food web.
Which is easier to understand? Which makes who preys on whom more obvious?

Questions for Discussion
Use the food web you created in Activity 1-3 to answer the following questions:

1. Are there any species that are only predators and not prey, any that are prey that are not
predators? What are they?

2. Some species are specialists, who eat only one prey, and others can be viewed more as
generalists, who eat multiple prey; Name all specialists and all generalists in this food web.

Practice

A food web is shown below:

Wolf “
Mountain Lion d
¥ Bear
: e »

|
L Salmon
Deer
4 Pl
Herring
.”

Grass Plankton

Figure 1.5: Practice Food Web

1. Identify the primary producers.

2. The bear eats which species in this food web?

3. Which species consume the most different species, which the least?

4. Which species are consumed by the most different species? Which the least?

5. Give an example of a chain in this food web.
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Extension

When you created your food web in Activity 1-2 you probably used some straight lines and some
curved lines to connect species and you probably had many lines crossing each other. If you
spent more time planning the web, you likely could rearrange the graph to have fewer crossing
lines.

1. If you can have straight and curved lines, what is the fewest number of crossed lines you
would need in this web?

2. If you could only draw straight lines between species, what is the fewest number of crossed
lines you would need to complete the graph?
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Lesson 2 Models of Food Webs

In an attempt to explain why things happen the way they do or to make predictions about the
future, people sometimes create mathematical models, or a representation of what is happening.
Mathematical modeling is a process by which a real-world situation is replaced with a
mathematical representation. If the real-world situation and the mathematical representation are
well matched, then information obtained from the mathematical representation is meaningful in
the real-world setting. In this module, digraphs that consist of vertices and arcs are used to model
the feeding relationships among species within a given area.

Mathematical Modeling

Whether a model is driven by the collection of data or by theory, the process of modeling can be
summarized in the following steps:

e Step 1. Identify the Problem: What is it you would like to do or find out? Pose a well-
defined question asking exactly what you wish to know. In this situation, we want to
better understand food webs and energy transfer from one level of the food web to the
other.

e Step 2. Simplify and Make Assumptions: What factors would you use in building the
model? For example, to build a model of a food web you will need to know which
species are prey for which other species. Generally you must simplify to get a
manageable set of factors. In food webs, you might choose to simplify the web by
aggregating, or clumping, similar species. For example, you might aggregate
grasshoppers and crickets and make them one vertex.

e Step 3. Build the Model (a representation for what is happening). What will your model
look like? Let mathematical objects (like vertices and arcs) correspond to elements of the
real world situation. In this module, species are represented by vertices and transfer of
energy is represented by arcs. Once the model has been created, it can be analyzed to
find answers to the questions posed.

e Step 4. Evaluate, Revise, and Interpret: Does your model yield results that are close
enough to real world observations and other data? Your conclusions at this point apply to
your mathematical model. If the results of the model do not seem to represent the real
world, re-examine your assumptions and refine the model in order to draw more accurate
conclusions about the real world. You may need to refine your model more than once.
To the extent allowed by the accuracy of your model, relate the mathematical conclusions
back to your initial question or problem (from step 1). In this module you will use a
digraph to interpret in mathematical terms the features and relationships of the food web
you have chosen.
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The following diagram (Figure 2.1) is useful in describing the modeling process:

Feal Waorld ﬂ} Iviathenatical
Sitnatinng Ilodel=s

Tnterpred Analyze

Conclugions Translate Mathermati-al

Predictintia Conclusions

Figure 2.1: The Modeling Process

The process begins with a real-world situation, such as the feeding relationships in a community.
But after a model is built, analyzed, and tested, it is often necessary to revise the model in order
to better explain the problem. In other words, when you look at the results of the model you may
find that your first attempt was a poor representation of what actually happens in the real world,
S0 you must make adjustments to your model. Therefore, more than one trip around the modeling
diagram may be needed in order to find a model that adequately describes the situation.
Observations and data from the real-world situation can provide feedback in the modeling
process to help us refine our model.

One might ask, "Why spend so much time making a model rather than just working with the ‘'real
thing'?" There are several advantages to creating a model. One advantage is that it may not be
possible to work with the 'real thing'. There are many situations for which running an experiment
would be too difficult, costly, or possibly unethical. Food webs are one example of this - it would
be unethical (and dangerous) to make a species extinct just to see the effect it would have on the
rest of the community. Another major advantage in creating a mathematical model is that a
computer can now work on the problem. Computers 'understand’ how to do mathematics and can
run many experiments or scenarios in seconds that might take hundreds of years to do in the ‘real
world’. It is important to remember, though, that if the model does not represent the real world
well, then the conclusions are not very useful. If this is the case, then your model will need to be
revised and the process begun again. Therefore, most of the effort goes into setting up a model
that best represents the situation.

Directed Graphs

A directed graph (shortened to digraph) consists of a set of points called vertices, and a set of
lines, with direction given for each line, called arcs. Directed graphs are often used to model
specific situations, such as predator-prey relationships in a community and winners (and losers)
in a tournament bracket.

Figures 2.2 and 2.3 show the same digraph. Figure 2.1 shows the vertices with the actual names.

Figure 2.3 shows the digraph with lettered vertices that represent sharks, sea otters, sea urchins,
large crabs, and kelp. Why is there no arc from kelp to large crabs?
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Figure 2.2: Digraph with Names Figure 2.3: Diagraph with Lettered Vertices

The out-degree of a vertex is the number of arcs that are leaving the vertex. The in-degree of a
vertex is the number of arcs that are entering a vertex. For example, the out-degree of sea otters
above is 1. The in-degree of sea otters is 2.

A path in a digraph is an ordered list vertices such that there is an arc between each pair of
vertices in the sequence. For example, in Figure 2.2, sea urchin, sea otter, shark is a path. If a

food web is a single path such as kelp, sea urchin, sea otter, shark, it is called a food chain. (See
Figure 2.4.

Sharks
"

Sea otters

Sea Urchins

Kelp

Figure 2.4: Food Chain

A cycle in a digraph is a path such that the first vertex and the last vertex are the same and no arc
is used more than once.

Figure 2.5: Cycle

For example, in Figure 2.5 a cycle goes from vertex 1 to vertex 2 to vertex 3 and back to vertex
1. Another cycle goes from vertex 1 to vertex 2 to vertex 4 to vertex 3 and back to vertex 1.
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A loop in a digraph is an arc from one vertex to itself. This is a special case of a cycle. If a loop
exists in a food web it is said to represent cannibalism in the community. The digraphs
representing food webs will typically be acyclic, that is they will have no cycles.

Questions for Discussion

1. Consider the food web below:

Mountain Lion Bear

h AR .

e P Bird

Deer |
[ ] L
Insects

‘\\

Grass Berries

Figure 2.6: Discussion Food Web
a. Which are the primary producers in this food web?
b. Which species are eaten by the mountain lion? Are they the same as for the bear?
c. Which species consume the most different species, which the least?
d. Which species are consumed by the most different species?
e. Give an example of a chain in this food web.

2. Add the following arcs to the digraph above: (berries, bird); (berries, deer); (bird, mountain
lion). Using this new digraph, re-answer the questions from question 1.

3. Is there another arc you might add to this digraph? Explain why you added this arc.

4. How can you look at the model (the digraph) and quickly tell which species are consumed by
the most different species?

Practice

1. Look at the A-O food web from figure 1.1.
a. Identify a loop.

b. What does this loop mean?
2. There are many ways that digraphs are used to model real-world situations. For example,
consider a four- player tournament that arises when every player plays every other player as in

football division or in a round-robin tournament. In this example, an arc from one vertex to
another means that the first vertex beats the second vertex. In the figure below, the vertices
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represent the players in the tournament and are numbered 1 to 4. There are arcs from 1 to 2, 1 to
3,1t04,2t03,2t04,and 3to 4.

a. Player 1 beats 2 and 3 and 4. Who does Player 2 beat? Who does Player 3 beat? Who does
Player 4 beat?

b. Show how you would draw the digraph above with all straight lines but no lines crossing
one another.

c. Give another example of when a digraph might be used to model something in the real
world.
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Lesson 3  Trophic Levels and Energy in Food Webs

Scientists have used various methods to classify species in a food web into various feeding
groups. The most elementary way is to divide them into the two categories of primary producers
and consumers, the latter is divided into herbivores and carnivores based on their consumption of
plant or animal products.

Trophic Level

Trophic level (or trophic status) in food webs is a way of organizing species in a community
food web. Using the classification above, this would imply that there are at most three trophic
levels in a food web. It also opens the question of how to classify consumers, such as bears, who
are omnivores. Some books, however, group omnivores with carnivores. Other scientists
consider the positioning of species in the food web--a consumer is at a higher level than what it
consumes. A species with no incoming arcs are at trophic level 0; one who eats that species is at
level 1, etc.

Determining trophic level in a food chain is easy under this latter definition. For example, for the
food chain below, kelp is at trophic level 0, sea urchins are at trophic level 1, sea otters are at
trophic level 2, and sharks are at trophic level 3.

Sharks
"

Sea otters

Sea Urchins
&

Kelp

Figure 3.1: Food Chain

Food webs are not just food chains, but they are a mixture of food chains meshed together.
Determining trophic levels for more complex food webs is more difficult. In fact, as we will see
in the next section, the number of trophic levels in a food web is sometimes used as a measure of
complexity of the food web.

Since food webs can be represented as digraphs, we can use properties of these digraphs to
determine trophic levels in the food web.

The length of a path in a digraph is the number of arcs included in that path. The shortest path
between two vertices x and y in a digraph is the path between x and y with the fewest number of
arcs. The longest path between two vertices x and y in a digraph is the path between x and y
with the most arcs.
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Example:

Figure 3.2: Example Digraph

In figure 3.2 there are two paths from Ato D: A,C,D of length 2 and A,D of length of 1. The
shortest path is A,D of length 1. The longest path is A,C,D of length 2.

Trophic level (shortest path definition): The trophic level of a species X is:
I. 0, if X'is a primary producers in the food web - a species that does not consume any
species in the food web.

ii. k, if the shortest path from a level 0 species to X has length k.

Example:
Sharks

!

Sea otters
E »

Large crabs

Sea Urchins A
*

",

~ Small fishes

",

. o

Kelp ™~

Figure 3.3: Kelp to Shark Digraph
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Species Trophic level Shortest path
Kelp 0
Sea urchins k=1 Kelp, Sea urchins
Small fishes k=1 Kelp, small fishes
Large crabs k=2 Kelp, small fishes, large crabs
Sea otters k=2 Kelp, Sea urchins, Sea otters
Sharks k=3 Kelp, Sea urchins, Sea otters, Sharks

Table 3.1: Trophic Levels Using Shortest Path Method
Energy Relationships, Energy Transfer and the 10% Rule

One of the problems that occur when a predator eats is that the predator does not get all of the
energy that was available in its prey. Only about 10% of the energy the predator consumes is
actually turned into new predator body growth. Some of the remaining 90% is used to for
powering body functions, repairing cells, maintaining its body and movement, or is lost as waste.
Much of the remaining 90% is lost as heat during chemical reactions. Overall, this concept is
known as the 10% rule and basically states that only 10% of the available energy is passed from
one trophic level to the next.

Consider the following example to explore how the numbers change under the 10% rule.
Suppose we start with 1,000 units of energy at trophic level 0. Then we have approximately 100
units at level 1, 10 units at level 2, only 1 unit of energy at level 3, and a tiny 0.1 units at level 4!

Trophic Level Energy Amount
Level 0 1,000

Level 1 100

Level 2 10

Level 3 1

Level 4 0.1

Table 3.2: Energy Transfer

Essentially, each level of a food chain hosts energy at a different order of magnitude. Simply put,
each level varies by a fixed ratio. In this example, to move from one trophic level to a higher
one, the energy amount of the lower level is multiplied by 0.1. This has considerable
implications on the structure and behavior of an ecosystem.

Consider first the structure of an ecosystem. Loss of energy through the various trophic levels of
a food web means that there are rarely more than 4 or 5 trophic levels. Biomass is the total mass
of living biological organisms in a given area or ecosystem at a given time. It takes energy to
create biomass. Therefore energy relates to biomass — in that as energy declines at each level
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there is not as much biomass at the higher levels compared to the lower levels. In other words,
the total mass of the predator cannot be more than the total mass of its prey in that ecosystem.
Remember that mass is not necessarily numerical. There may be numerically more predators
than prey or fewer predators than prey; it all depends on relative mass. Assuming a predator has
more mass than its prey, this basically means that a predator can not outnumber its prey. On the
other hand, if the predator is smaller than its prey then there could be a larger number of
predators than prey, but the total mass of the predators would still be less than the total mass of
the prey. Can you give examples of predators who are smaller than their prey?

Now consider the behavior of an ecosystem. Organisms may eat 'lower' on the food chain than
one might expect. For example, it is a better use of resources for the owl to eat the mouse that
ate the grain than for the owl to eat the snake that ate the mouse that ate the grain. This would
support a larger owl population, since the owls would get ten times the original grain’s energy
from the mice than they would from the snakes (refer to table 3.2). This is also why you can see
such large animals that feed on grass - these animals get more energy for their effort by eating a
primary producer. Another example would be large whales that eat very small krill. The krill are
low on the food chain and therefore have more available energy to give to the whales than other
creatures higher on the food chain. Omnivores, such as bears, may tilt their diet toward berries
and nuts rather than eating much meat. In fact, meat only accounts for about 10% of a black
bear's diet while the other 90% comes from items lower in trophic level (but higher in energy).
This concept of ‘eating lower on the food chain’ applies to people too. Feeding people grain is a
better use of resources than feeding them cows that were grown using the grain. Eating the cow
will only give 1/10 the energy (calories) from the grain the cow ate. In other words, you would
get 10 times the energy (calories) by directly eating the grain.

Due to the practical implications of limiting food webs to 4 or 5 trophic levels based on energy
transfer, another behavioral and structural effect on the ecosystem is competition. For example, if
two species have the same food source, then they may compete for that food source, but only if
they co-exist in the same space at the same time. And if there is not enough of that food source
for both, then one of the species will win the competition and drive the other species from that
ecosystem. On the other hand, another possibility is that the two don't compete in the same space
and time but rather have adapted to the situation by having one predator active during the day
and the other active at night. An example of this would be hawks and owls, who might both eat
mice, but hunt at different times of day. Again, there must be enough prey to support both, but
because the predators changed their behavior, they do not directly compete or come into conflict
with one another.

As you can see, energy relationships in an ecosystem affect both the structure and behavior of

species within that system. This is mostly due to the limited amount of available energy since
energy is constantly being lost as it moves up the trophic chain.
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Figure 3.4: Examples of Energy Transfer.

ACTIVITY 3-1 Getting the Most Energy
Objective: Analyze energy levels in food webs
Materials:
Handout FW-H5: Getting the Most Energy Activity Worksheet

1. Consider the mass of predators and prey.
a. Can you give examples of predators who are larger than their prey?

b. Can you give examples of predators who are smaller than their prey?

¢. What would happen if the total mass of a predator species were greater than the total mass
of its prey species?

2. Given the 10% rule alone, should organisms eat anything other than just primary producers,
such as grass?G iven that many organisms, including you, eat more than just vegetables in the
real world, give a biological explanation for why this might be so.

3. If energy is constantly being lost in a food web, where does new energy come from to keep the
system going?

4.Generally, how do you calculate the orders of magnitude of energy loss between the primary
producers and the top predator (in any food web)?
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5. Mathematically speaking, if you are on an island with a large bag of grain and two egg laying
chickens, what is your best eating strategy for survival? Develop three possible strategies and
then choose and explain your best strategy.

6. Using the shortest path method, calculate the trophic levels of each BEE”‘
species in the food web shown. Do you see any problems or challenges to 4 (AN
using the shortest path for computing trophic level? Can you think of any | Fish
alternatives? oA
II‘IISECtS
z"’
B'Ierries

Alternative Definition of Trophic Level

What happens when we weave a more complex food web? Are there alternative definitions of
trophic level and what do these say about energy transfer? One of the problems with using the
shortest path method to determine trophic level is illustrated in our previous example shown
below:

Sharks

!

Sea otters
E »

Large crabs

Sea Urchins [
-

: Small fishes
g

Kelp”~
Figure 3.5: Kelp to Shark Digraph
Large crabs are direct prey of sea otters, so logic would indicate that large crabs should have a
different trophic level from sea otters, yet they have the same trophic level of 2 by our
definition.
Consider an alternative definition of trophic level:
Trophic level (longest path definition): The trophic level of species X is:

1. 0 if X is a primary producer in the food web (a species that does not consume any
species in the food web)

ii. k if the longest path from a level 0 species to X has length k.
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Example: Using Figure 3.5

Species Trophic level Longest path
Kelp 0
Sea urchins k=1 Kelp, Sea urchins
Small fishes k=1 Kelp, small fishes
Large crabs k=2 Kelp, small fishes, large crabs
Sea otters k=3 Kelp, small fishes, large crabs, sea otters
Sharks k=4 Kelp, small fishes, large crabs, sea otters,

sharks

Table 3.3: Trophic Levels using Longest Path Method

This alternative definition avoids the problem presented using the shortest path definition

because each predator now has a higher trophic level than its prey. In general, if the entire food
web is not simply a chain, then using the longest path definition yields more trophic levels than
using the shortest path definition. Since approximately 10 percent of the energy is transferred
from one trophic level to another, more energy is lost from one species to another when using the
longest path definition rather than the shortest path definition.

Food Webs
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ACTIVITY 3-2 Short and Long Differences
Objective: Compare and analyze differences in trophic levels when using short and long paths.
Materials:

Handout FW-HG6: Short and Long Differences Activity Handout

1. Consider the food web below:

Baleen whale Smaller toothed Sperm whales

Leopard seal

=

--‘_:._._f,:- / = {—-n P
p Gy el
f v k e

- — e ]]
ther herbivorous
Carmvomus zooplankton

zooplankton /”} xﬁh W

Phﬁu}planktan

e

Figure 3.6: Sea Life Food Web/?!

a. List the trophic level of each species using the shortest path:

b. Now, list the trophic level of each species using the longest path. What species change
trophic levels with different definitions?

c. Calculate the energy transferred from phytoplankton to sperm whales using the shortest
path and the longest path. What is the order of magnitude for each path?

2. Use figure 3.5 to calculate the orders of magnitude of energy loss between the primary
producers, kelp, and the top predator, sharks, using the longest path?

3. Using your answer to number 2 above, if Kelp started with 3,500 units of energy, how much
energy would sharks have.
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Lesson 4 Species Importance And Vulnerability

The questions of how stable a community is and how vulnerable individual species in the
community are can be partially answered using the community’s food web.

Removal of Vertices and Arcs
What happens when a species is no longer in a community? This question can be partially
answered by asking what happens when a species is removed from the digraph. We can

disconnect a digraph by removing either vertices or arcs.

Let’s consider the small food web example that we have been working with and see what
happens when we remove a vertex (in this case, sea otters) from the food web:

Sharks Sharks
Sea otters
- »
: Large crabs Large crabs
Sea Urchins [ Sea Urchins [
» »
", "
. Small fishes ", Small fishes
AN o AN 4
Kelp™ Kelp™

Figure 4.1: Sea Life Food Web — Sea Otter Removed

This digraph is no longer in one piece because there is no path between sharks and the rest of the
food web. Based on this graph, the source of food for sharks has been removed and thus sharks
will disappear. In this second food web with the removal of sea otters, there is nothing
controlling the population of sea urchins or large crabs, so there populations can grow very large.

A keystone species has interactions that play a significant role in the community. For example,
removal of a keystone species usually causes other species to disappear. In our simplified
example, sea otters are a keystone species, since sharks will disappear when sea otters are
removed. Are there other keystone species in this example? What are they?
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Consider what happens when sea urchins are removed from the food web:

Sharks

T

Sea otters
‘\

Large crabs
i

Small fishes
o

Kelp™
Figure 4.2: Food Web — Sea Urchin Removed

The redrawn food web shown in Figure 4.2 is still connected (still in one piece). Kelp, however,
has only one predator (consumer). Sea otters have one food source instead of two (large crabs).

What happens to connectedness when an arc is removed from a food web?

To see the answer, consider the example shown in Figure 4.3. Since there is only one arc from
sea otters to sharks, removal of the arc disconnects the digraph (it no longer a connected
digraph). Does the removal of an arc always do this? Can you give an example where it doesn’t?
Is the effect on the food web of removing the sea otter to shark arc the same as removing the
shark vertex?

Sharks

Sea otters
k4 »

: Large crabs
Sea Urchins [
*

"

\ Small fishes

",

. o

Kelp ™
Figure 4.3: Food Web — Shark Arc Removed
One way of recognizing disproportionally important species is by removing arcs as in Figure 4.4
For example, when we remove the arc from sea urchin to sea otter, sea urchins grow

uncontrolled since they now have no predator. This, in turn, could affect the amount of kelp,
which could affect the number of small fishes.
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Figure 4.4: Food Web — Urchin to Otter Arc Removed
Questions For Discussion

1. Develop and defend a set of rules for determining potential keystone species in food webs
based on the digraph?

2. When you look at food webs, you might notice that some organisms or species have multiple
connections, or arcs, into or out of them.
a. What impact does this have on the food web?

b. If a vertex has more than one arc into or out of it, is the food web likely to be more or less
impacted by the removal of this vertex?

Redundancy and Resiliency

Multiple arcs into or out of a vertex are redundant, and redundancy within a food web can lead
to resiliency, or the potential for a food web to resist major changes or collapse as small changes
occur within. Major changes destabilize a food web, and can include local extinction, starvation,
uncontrolled population growth, or a disconnect of the food web.

How do arcs or vertices disappear from food webs in nature? Vertices, or species, can sometimes
disappear from food webs when they become locally extinct. Dinosaurs are globally extinct, and
global extinction is a relatively rare phenomenon. However, organisms often become locally
extinct. For example, if an animal is over-hunted, or a plant is over-harvested in a given area, or
climate changes, it can become locally extinct even if it continues to exist elsewhere.

Interestingly, we tend to think of biological communities in terms of spatial arrangements, for
example, trees in a forest. However, vertices and/or arcs may change temporally (over time). For
example, a given species may have a very short life span - like a butterfly in a cold-weather
climate. In the winter, butterflies may not be part of the food web. If the temperature rises, new
species might thrive where they didn’t before. An example is the malaria mosquito in the
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Highlands of Kenya, where it wasn’t seen before recent climate changes due to global warming.
This would have the effect of adding a vertex in that area that did not exist before.

Arcs represent the relationship between the species. When an arc disappears in a food web it
means that one species no longer eats the other species but that they both still exist in the
community. This could occur in the short term as some animals may only eat certain things in
certain seasons. For example, deer often eat tree bark in winter when there is little else to eat, but
in the summer, deer almost never eat bark. Instead, they feast upon fresh green grass and other,
less-woody plant material. This could also occur due to longer-term evolutionary changes. For
example, a species may develop a defense mechanism such as needles on a cactus or poison in a
frog. Then they would still exist but the animals that used to prey upon them may no longer be
able to do so unless that predator also undergoes an co-evolutionary adaptation. Another example
of a change could be mimicry. In this situation, one animal evolves a similar appearance to a
more dangerous animal, which dissuades its predator from eating it. For example, there are frogs
that are not poisonous but mimic the color or patterns of the poisonous frogs. Again, in these
situations both the predator and prey exist but their relationship has changed and thus the arc is
removed but the vertices stay (assuming the predator has something else it can eat).

Thus, arcs and vertices may change over the short-term, and over the long-term as well. These
spatial and temporal dynamics make food webs complex, but understanding how species
(vertices) and relationships (arcs) contribute to the web (via trophic levels and connectivity)
helps scientists to understand real-world trophic dynamics.

Looking for More Food Web Patterns

Thus far, we've learned a lot about food webs! You should now be able to calculate trophic
levels and energy transfer (and loss) across trophic levels. You should also be able to describe
the connectedness and resiliency of food webs. Finally, you've become experts at inserting and
removing arcs and vertices in various food webs and exploring how these changes occur.

ACTIVITY 4-1 Putting It All Together
Objective: Discover general patterns about food webs
Materials:
Handout FW-H7: Putting It All Together Activity Worksheet

1. Choose an arc and a vertex from the A-O food web below (it's okay if everyone makes
different choices!), and list your choice here:

Your Arc: Your Vertex:
In the box below, describe what happens when you remove each one (do not remove both
simultaneously). Specifically, calculate the highest trophic level (TL) and describe the
connectedness (yes or no) of the graph after each removed arc and each removed vertex:

Arc Vertex
Remove Highest TL: Highest TL:
Connected? Connected?
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2. Now, it's your turn to be creative! Try adding a new arc and a new vertex — not at the same
time. (It's okay to make up a species or trophic relationship.) List them below, and draw them on
the A-O food web digraph.

Arc added: Vertex added:
o
, (N
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| (3 ) K
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I'. i—" _-' ll/.-—-.\.. I.' -;_.
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| Py
I| iy
(A) (B) (c)
Figure 4.5: A-O Food Web

3. In the box below, describe what happens when you add your new trophic relationships.

Specifically, calculate the trophic level (TL) and describe the connectedness (yes or no), as
above for every vertex and arc you add:

Arc Vertex
Add Highest TL.: Highest TL.:
Connected? Connected?

4. It's time to put it all together! Combine your boxes to look for general patterns in the complete
box below:

Arc Vertex
Highest TL- Highest TL:
Remove Connected?
Connected? '
Add Highest TL.: Highest TL.:
Connected? Connected?
Food Webs

Student 28



5. What do you notice? Describe general trends using your newfound expertise in food webs and

digraph language. Be specific--talk in terms of redundancy, resiliency, connectivity, and trophic
level.

Practice

1. Use the diagraph below.
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Figure 4.5: A-O Food Web Practice
a. Which of the following is most likely a keystone species? L, or F, or N? Explain.

b. Are there arcs that, when removed from the food web, disconnect the food web? Which
ones?

¢. What arcs could be removed that do not disconnect the food web? In other words, are there
any redundant arcs?

d. Which arcs can be removed that would allow uncontrolled growth of a species?

e. Can you remove 3 arcs that would disconnect the graph and have more than one species in
each graph? If so, which 3?

f. Can you remove 2 arcs that would disconnect the graph and have more than one species in
each graph? If so, which 2?

g. What is the fewest number of arcs you need to remove to get 3 separate graphs?
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h. Can you remove 2 vertices that would disconnect the graph and have more than one
species in each graph? If so, which 2?

i. What is the fewest number of vertices you need to remove to get 3 separate graphs?
2. One example of a redundancy in the above food web is arc (B,F).

a. Why is this considered a redundancy?

b. Is arc (G,L) a redundancy? Why or why not?

c. Find another redundancy in the graph.

d. How is the above food web resilient? Explain.
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Lesson S  Complexity In Food Webs

Not all relationships are the same. For example, you interact differently with your family than
with strangers. Or perhaps you love to eat ice cream but eat as few brussel sprouts as possible.
While both ice cream and brussel sprouts are food, given an unlimited source of both, would you
eat an equal amount of both? Probably not! Similarly, species may eat much more of one species
of prey than another.

Weighted Arcs in Food Webs

Consider the following food web:

Hawk Fox
A .
|
/ |I
|
Snake '
F N Lizard
/ ., ‘._‘
Rodents Other Lizards Insécts

Figure 5.1: Food Web

We could put numbers, or weights, on the arcs to indicate food preferences. For example, if you
prefer ice cream to brussel sprouts, then ice cream is more heavily weighted.

Consider this food web with a set of weights:

Hawk Fox
A .
0.7 /
0.3~ (1.0
Snake -
F N Lizard
.. 0.4 »
D.Ef_; . 1.0
Rodents Other Lizards Insécts

Figure 5.2: Weighted Arc Food Web

The weight of an arc, called wij, is the proportional food contribution of one vertex (i) to another
vertex (j) in the food web. For example, the weight 0.6 on the arc from rodents to snakes reflects
that snakes eat 'rodents' more than ‘other lizards'. Specifically, 60% of a snake's diet comes from

‘rodents’, while 40% of its diet is from 'other lizards'.
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Weighting is more important than you might realize. Looking at hawks, it's clear that they eat
both snakes and lizards. However, since snakes are weighted so much more heavily, the removal
of snakes from this digraph would shift hawk diets dramatically. Instead of eating lizards 30% of
the time, they would eat lizards 100% of the time. Poor lizards! Lucky insects! When snakes are
removed, hawks only eat lizards, which dramatically decreases the lizard population, and
decreases the food supply for foxes, which also vastly decreases lizard predation on insects,
allowing insects to grow uncontrolled. However, now consider what would happen if lizards
were initially 90% of hawk diets (instead of 30%). Would the insect population increase so
dramatically with the removal of snakes? Probably not. This is important if you are an insect, or
anything that eats an insect, or anything that an insect eats.

Thus, considering the arc weight is important for predicting indirect changes that trickle down
through a food web. In other words, arc weight matters.

Translating the Ideas of Food Webs to Other Resources

By now, it should be clear that there are many possible trophic, or nutritional, relationships
between organisms. Food is obviously an important resource for every organism. But food isn’t
the only resource that organisms need to survive. For example, all of life requires water. Another
resource that might influence interactions between organisms includes space (e.g. habitat,
shelter). Can you think of other resources, too?

Now that you’ve learned how to use digraphs to explore food webs, you can apply the same
theory to other critical resources (resource webs). You can even start to combine critical
resources to create new digraphs! For example, you might examine how relationships change
when organisms compete for food and share the same habitat, versus when organisms happily
coexist, but are not necessarily trophically linked. For example, birds build nests in trees, so
without trees, that bird may not have a place to build a home. But, that bird may not need to eat
the tree, so they would not be trophically linked. On the other hand, if that tree produces fruit
critical to the bird's nutrition, then they would be trophically linked. Things get even more
complex when you consider that fruit may be only seasonally available, so the trophic
relationship between a bird and a fruiting tree may be transitory, or temporary.

One way to think about relationships between organisms is within the context of symbiosis.
Symbiosis is a complicated word with a simple meaning — simply put, symbiosis is the close
association of two different kinds of living organisms. However, there are many different kinds
of symbiotic interactions. When two organisms help each other, it is called a mutualism.
Although symbioses are often nutritionally based, they can also be based on other resources (like
water or shelter, as above, but also services that one organism can perform for the other). For
example, when honeybees visit flowers, honeybees get a trophic benefit — they get nectar that
they then use to feed the hive or turn into honey. But the flower gets a benefit, too! The flower
doesn’t typically eat the honeybee, but the honeybee performs an important service for the
flower by cross-pollinating. As the bee travels from flower to flower to collect nectar, it also
collects and deposits pollen. The insect-flower pollination interaction is a classic resource-
service mutualism. Another type of symbiosis is called commensalism — where one organism
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benefits, and the other organism does not benefit, but does not suffer any consequences either.
For example, spiders often attach their webs to trees. The spider benefits, but the tree does not
benefit or suffers. Finally, there is parasitism, in which one organism benefits, and the other is
harmed. For example, hookworms are intestinal parasites of mammals. Hookworms steal
essential nutrients from their hosts, which helps the worm, but hurts the host.

A Story 300 Years in the Making:

The extinction of the dodo bird is a well-known story in ecology. Less
well known, however, are the after-effects of the dodo’s disappearance.
One such effect was only recently discovered. Scientists have noted that a
tree on the island of Mauritius, the calvaria tree, is dying off. No new
calvaria trees have grown for the last 300 years. This time frame coincides
with the disappearance of the dodo bird from that same island. Some
scientists speculate that the dodo and the tree had a mutualistic
relationship. The dodo would eat the fruit of the tree, getting food, and as
the seed passed through the digestive system of the bird it would become
active so a new tree could grow. Without the dodo eating and excreting
the seeds, the trees cannot reproduce.

Photograph by Thomas Quine (DoDo Bird Uploaded by Snowmanradio) [CC-BY-SA-2.0 (http://creativecommons.org/licenses/by-sa/2.0)], via Wikimedia Commons

How do symbioses, services, and resources relate to food webs? One, you can use the same
graphs to map out the relationships between organisms under these circumstances. In addition,
organisms often relate to each other in more than one way. Think about our bird living in the tree
— there is a commensal relationship where the bird gets a habitat and the tree is neither helped
nor harmed, as well as a trophic relationship where trees produce fruit that a bird might eat.
However, that trophic relationship may also be a mutualism — the bird gets a meal, and the tree
gets it’s seeds dispersed by the bird. Parasites are often ignored in food webs, but they can
function like keystone species, reducing the dominance of high-level predators or superior
competitors, and allowing competing species to co-exist. Thinking about relationships between
species is complicated, but graphs can help us to map out interactions in a visually appealing and
intuitive way.

ACTIVITY 5-1 Food Web Relationships
Objective: Identify relationships found among and between organisms
Materials:
Handout FW-H8: Food Web Relationships Activity Worksheet
Handout FW-H9: Food Web Examples
Colored pencils or markers

1. Find a food web or use one of the examples provided by your teacher
a. Using this web, determine a potential keystone species.

b. Add arcs between species that have some sort of symbiotic relationship. Use a different
color for these arcs than for the food based arcs.
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c. Use this added information to determine potential keystone species. Compare this answer
to part a.

2. Use the graph below to answer the following questions.

Lynx 0.3 » Grizzly bears

Pronged horn antelope

1.0

Prairie dogs Snowshoe hare

.
1.0\

P
Grasses and berries

Figure 5.3: Activity Weighted Arc Food Web

a. If you ignore the weights on the arcs, describe the effect on the food web from the removal
of prairie dogs?

b. Assume that a species can survive on 50% of its normal diet. Use the weights to describe
the effect on the food web from the removal of snowshoe hares?

c. Assume that a species can survive on 75% of its normal diet. Use the weights to describe
the effect on the food web from the removal of black-footed ferrets?

Trophic status

One example of a dominance definition, which incorporates both the number of species that are
direct or indirect prey and the extent of energy, is based on the trophic level of the species, and is
called the trophic status of a species, much the way people have various levels of status in a
community.

Notation:
> is a symbol that means the sum of things that follow. When it is written as

5
Z I, it means take the sum of numbers from i = 1 to 5, which yields 15.
1

k
Define the trophic status of a species u as T(u) = Zmnm , Where nm is the number of species

m=1

whose longest path to u has length m, and the sum includes each possible length of path up to k,
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the trophic level determined by longest path. In other words, calculating the trophic status gives a
weight to each species by finding the total of the trophic levels of all species below u in the food
web.

Questions for Discussion

1. Determine the trophic status of each species in our small food web:
Sharks

!

Sea otters
E »

Large crabs

Sea Urchins A

*
.,

. Small fishes
. o

Kelp”~
Figure 5.4: Sea Life Food Web

For example, the trophic status of sea otters is as follows: the longest path from large crabs to
sea otters is 1 as is the longest path from sea urchins to sea otters is 1, and there are no other
longest paths of length 1 to sea otters. Thus, when m = 1 we have nm = 2. The longest path
from small fishes to sea otters is 2, and there are no other longest paths of length 2 to sea otters.
Thus, when m = 2, nm = 2. Similarly there is only one longest path to sea otters of length 3, that
from kelp. So, the trophic status of sea otters = T(sea otters) = 1(2) + 2(1) + 3(1) = 7.

Finish the calculations to complete the table.

Species Trophic level |Trophic status
Kelp
Sea urchins

Small fishes

Large crabs
Sea otters 3 1(2) + 2(1) + 3(1) = 7 length of path is 1, 2, or 3
Sharks

2. A dominant species is defined as one with trophic status higher than the total number of
species (consumers) in the food web above trophic level 0. Are there any dominant species in
this food web.

3. Determine the trophic status of each of the species in your food web drawn in Activity 1-3
from the data in Table 1.1. Are there any dominant species under the trophic status definition?
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Extensions

1. Photosynthesis and a Food Chain. Photosynthesis is the use of light energy by plants to
convert carbon dioxide and water into simple sugars.
a. How does energy transfer through a food chain change when photosynthetic efficiency is
lower?

b. Can animals compensate by eating more of their prey? If not, do less nutritious food chains
have fewer arcs and vertices?

2. Non-food resource webs.
a. Use the Internet to find an example of a resource web that is not a food web and determine
the possible number of levels for that resource web.
b. Does the shortest path or the longest path definition of level make more sense in this case?
3. Multiple edge directed graphs.
a. Can you think of reasons for building food webs where there might be more than one arc
between two vertices (species)?
b. Make up an example and see if you can find another example from the Internet.
c. Ecologists often want to look at substructures of food webs based on multiple interactions
and graph theorists use arc-coloring (coloring each arc with a color) to indicate specific kinds

of interactions. Does arc coloring make sense in this instance?

4. Modeling disease spread in a food web. How would you model the spread of disease across
species in a food web? Provide an example.
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Glossary
Arcs — the edges of the digraph with direction on them.
Acyclic digraph — a digraph that contains no cycles.

Biomass — the total mass of living biological organisms in a given area of an ecosystem at a
particular point in time.

Cannibalism — the act of an organism or species consumes one of its own kind.
Carnivores — animals that eat herbivores or each other.

Chemosynthesis — the use of chemicals as an energy source to synthesize carbohydrates from
carbon dioxide and water.

Commensalism — a relationship between two organisms where one organism benefits and the
other organism does not benefit, but neither does it suffer.

Community — the set of species that occupy a certain area and interact either directly or
indirectly.

Connected digraph — a digraph with a path, in one direction or the other, between any two
vertices.

Cycle —a path in a digraph such that the first vertex and the last vertex are the same and no arc is
used more than once.

Digraph or directed graph — a diagram depicting a web of related items consisting of a set of
points called vertices, and a set of lines, with direction given for each line, called arcs.

Dominant species —species whose trophic status is higher than the number of species in the food
web.

Food chain — a food web where each species or organism has at most one predator and one prey.
The top member of the chain has only a prey and the bottom member of the chain has only a
predator, all others have one predator and one prey.

Food web — a network of food chains for a community of organisms, where each organism is
either predator of or prey to another organism. Ecologists use diagraphs of food webs to
represent the feeding relationships within a community.

Generalists — species who eat more than one prey.

Herbivores — animals that exclusively eat plants.

Food Webs Student 37



In-degree of a vertex — the number of arcs entering a vertex in a digraph.

Keystone species — a species that has more importance than most other species in a food web
based on a measure used for defining keystone species.

Length of a path - the number of arcs included in the path of a diagraph.
Longest path - the path between the two vertices in a diagraph with the most arcs.
Loop - an arc in a diagraph from one vertex to itself.

Mathematical modeling —a process by which a real-world situation is replaced with a
mathematical representation.

Mimicry — the close external appearance of one organism/animal to a more dangerous
organism/animal for the purpose of benefiting from mistaken identity to keep its predators away.

Mutualism — a relationship between two organisms when the two organisms help each other.
Omnivores — animals that eat both plants and animals.

Orders of magnitude — powers of 10, 1, 10, 102, 103, ... where often only the 0, 1, 2, 3,... are
used.

Out-degree of a vertex — the number of arcs leaving a vertex in a digraph.

Parasitism — a relationship between two organisms when one organism benefits and the other is
harmed when they interact.

Path — a sequence of arcs that can be used to go between two vertices in a digraph.

Photosynthesis — the use of sunlight as an energy source by plants to convert carbon dioxide and
water to simple sugars.

Predators — species that eat other species.
Prey — species that are food for other species.

Primary producers — organisms at the foundation of the ecosystems that produce their energy
from sunlight through photosynthesis or from chemicals through chemosynthesis.

Redundancy — multiple arcs into or out of a vertex in a food web.

Resiliency — the potential for a food web to resist major changes or collapse as small changes
occur within.
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Shortest path — between two vertices in a digraph is the path between them with the least
number of arcs.

Spatial and temporal dynamics — when arcs and vertices change in a food web over time,
either in the short term or long term.

Specialists — species that have only one prey.
Symbiosis — the close association of two different kinds of living organisms.

10% Rule — the rule that states only 10% of the available energy is passed from one trophic level
to the next.

Top predator — an animal at the very top of the food web.
Trophic — of or relating to the feeding interactions of organisms in a community.

Trophic level — a number that indicates a species’ positioning in the food web determined by
either the shortest path or the longest path from the bottom organisms, or primary producers, to
this species.

Trophic status — a ranking of a species in a food web that combines the trophic level of the
species with the number of species that are direct or indirect prey.

Vertices — the points denoting species in a digraph of a food web.

Weight of an arc — a number assigned to an arc in a food web that represents the proportion of
food contribution from one species to another.
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