Interactions

10
ENERGY DYNAMICS

What factors govern energy capture, allocation,
storage, and transfer between producers and
consumers in a terrestrial ecosystem?

M BACKGROUND

Almost all life on this planet is powered, either directly or indirectly, by sunlight. Energy
captured from sunlight drives the production of energy-rich organic compounds

during the process of photosynthesis. These organic compounds create biomass. Gross
productivity is a measure of the total energy captured. The net amount of energy
captured and stored by the producers in a system is the system’s net productivity. In
terrestrial systems, plants play the role of producer. Plants allocate that biomass (energy)
to power processes or to be stored. Different plants have different strategies of energy
allocation that reflect their role in various ecosystems. For example, annual weedy
plants allocate a larger percentage of their annual biomass production to reproductive
processes and seeds than do slower-growing perennials. As plants, the producers, are
consumed or decomposed, the stored chemical energy powers additional individuals
(the consumers) or trophic levels of the biotic community. Biotic systems run on energy
much as economic systems run on money. Energy is generally in limited supply in most
communities. Energy dynamics in a biotic community is fundamental to understanding
ecological interactions.

There are numerous methods and techniques for studying energy dynamics in
a biological community. Most are not accessible to the average classrooms, and the
complexity of a typical community or ecosystem is so great that often students either
are left with oversimplified models of the community or are confused by the overall
complexity in the system. An alternate approach is to create a simple model system
in the laboratory with a single producer species and a single consumer. The concepts
learned by studying this system can then be extended to more complex, natural systems.

Note: This investigation, as written, requires an extended amount of time to conduct
(approximately 2-3 weeks) based on the different components, with each building off
previous explorations and results.

This laboratory investigation introduces methods for estimating net terrestrial
productivity and secondary productivity in a laboratory setting using a model plant
species, Wisconsin Fast Plants (Brassica rapa) (http://www.fastplants.org), and
cabbage white butterflies (Pieris rapae). Methods for estimating the efficiency of transfer
of energy from producer to consumer are also introduced. Together, these model
organisms and methods create a rich, accessible research environment that facilitates
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student exploration of basic ecological concepts of energy flow, the role of producers, the
role of primary consumers, and the complex interactions between organisms.

The first portion of this laboratory investigation, Getting Started, serves as a prelab
activity designed to help students establish a context for energy dynamics in living
systems. The analogy of accounting or budgeting provides the students with a useful tool
to guide their questions and strategies for investigating those questions.

In Procedures, students develop the skills needed to monitor the biomass in growing
plants and butterfly larvae. With the prelab work serving as a framework, the practical
skill development, along with the insights that are gained growing the plants and
butterfly larvae naturally, leads to focused, student-generated questions about the energy
dynamics in the system. The skills acquired in Procedures are then put to use in the final
part, Designing and Conducting Your Investigation.

In this final part, the students work in teams to investigate their own questions.
They present the results of that work in a miniature classroom poster presentation that
simulates the poster sessions at meetings of professional societies. How students present
their work often depends on class structure; for example, you might prefer that students
keep a laboratory notebook.

M PREPARATION

Materials and Equipment

® Food dehydrator or drying oven ® 10-10-10 soluble fertilizer

® Electronic balance with 0.001 gram ® Brussels sprouts, broccoli, cabbage
precision (Less precise balances will ® 10% bleach solution for cleanup of
work if a number of samples are growing systems
grouped.)

® Honey to make honey water nectar

® Digital cameras (or cell phone cameras) substitute for adult butterflies

® Fast Plant growth chamber (lights) and 4
i t
OB ® Bee sticks (actual honeybee bodies

® Fast Plant seeds (~50-100 seeds) glued to toothpicks for pollinating Fast
® Butterfly eggs (~20 eggs) Plants)

Wicking cord for plant growth systems

® Soil mix

Teachers can purchase a variety of packaged systems for growing plants and rearing
butterflies, or they can construct their own. See the Wisconsin Fast Plants website for
suggested plant-growing chambers and butterfly-rearing systems. Suggested growing
systems are made from recycled one-liter plastic drink bottles. Recycled plastic deli
containers work well for making the Brassica Barn or butterfly nursery. Each student
team will need a Brassica Barn. Be aware that these instructions for rearing can be
considered guidelines. You and your students are encouraged to try different growing
systems and to develop your own.
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BIG IDEA 4: INTERACTIONS

Figures 1 and 2. Plant Growing Systems Made from Plastic Bottles

Timing and Length of Lab

Most of the initial student work on these projects can be completed over a two-week
period. Only two or three days during that time will require about an hour of classwork.
On other days, a small amount of time will be required for maintenance and data
collection. Neither you nor your students will have to go to campus on weekends to
collect data. However, because of the comprehensive nature of the investigation, you
need to allow sufficient time to familiarize yourself with the materials and procedures
beforehand to make this exploration a meaningful inquiry-based experience for
students.

Safety and Housekeeping
® Preapprove all research proposals.

¢ Students should never place research organisms in extremely stressful situations
(e.g., high temperatures).

® The USDA lists cabbage white butterflies (Pieris rapae) as a pest species. Therefore, no
butterflies or larvae raised in the laboratory should be released to the wild.

® Euthanize the butterflies or larvae by freezing them when your investigation is
complete. The plants and soil can simply be discarded.

® Disease outbreaks are common in cultured populations of organisms. Although
the diseases associated with the organisms in this investigation are not dangerous
to humans, it is important to maintain cleanliness in the laboratory and of your
experimental equipment in order to minimize the risk of diseases impacting the
study.

® Long-term culturing for plants or butterflies requires cleanliness. Be sure to clean
all culturing chambers and wipe them down with dilute Clorox (and then dry the
chambers completely) before starting another generation of plants or butterflies. Use
new materials if you have any doubts.

® Cultures involve artificial light sources and liquids. Caution should be exercised to
keep the two separate.
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M ALIGNMENT TO THE AP BIOLOGY CURRICULUM FRAMEWORK

This investigation will generally be conducted during the study of interactions (big
idea 4). It could also be conducted during the study of cellular processes (big idea

2). In addition, some questions uncovered by students during the initial phase of

the investigation will connect well with evolution and natural selection (big idea

1). As always, it is important to make connections between big ideas and enduring
understandings, regardless of where in the curriculum the lab is taught. The concepts
align with the enduring understandings and learning objectives from the AP Biology
Curriculum Framework, as indicated below.

Enduring Understandings
® 2A1: All living systems require constant input of free energy.

® 2D1: All biological systems from cells and organisms to populations, communities,
and ecosystems are affected by complex biotic and abiotic interactions involving
exchange of matter and free energy.

® 4A6: Interactions among living systems and with their environment result in the
movement of matter and energy.

Learning Objectives

® The student is able to explain how biological systems use free energy based on
empirical data that all organisms require constant energy input to maintain
organization, to grow, and to reproduce (2A1 & SP 6.2).

® The student is able to justify a scientific claim that free energy is required for living
systems to maintain organization, to grow, or to reproduce, but that multiple
strategies exist in different living systems (2A1 & SP 6.1).

® The student is able to predict how changes in free energy availability affect organisms,
populations, and ecosystems (2A1 & SP 6.4).

® The student is able to refine scientific models and questions about the effect of
complex biotic and abiotic interactions on all biological systems from cells and
organisms to populations, communities, and ecosystems (2D1 & SP 1.3, SP 3.2).

® The student is able to design a plan for collecting data to show that all biological
systems are affected by complex biotic and abiotic interactions (2D1 & SP 4.2, SP 7.2).

® The student is able to analyze data to identify possible patterns and relationships
between a biotic or an abiotic factor and a biological system (2D1 & SP 5.1).

® The student is able to apply mathematical routines to quantities that describe
interactions among living systems and their environment, which result in the
movement of matter and energy (4A6 & SP 2.2).

¢ The student is able to predict the effects of a change of matter or energy availability on
communities (4A6 & SP 6.4).
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Are Students Ready to Complete a Successful Inquiry-Based,
Student-Directed Investigation?

This investigation reinforces the following skills:
® Growing and maintaining plants through an entire life cycle, from seed to seed
(Wisconsin Fast Plants are recommended.)

® Caring for, providing food for, and maintaining a clean environment to culture
butterfly larvae

® Keeping and maintaining accurate records of observations and measurements of
cultured organisms in a lab notebook

® Measuring small mass quantities directly or by combining a number of low mass
objects and taking an average

® Demonstrating basic accounting or budgeting skills — quantifying inputs and
resolving the outputs

® Constructing energy flow diagrams

® Organizing a work-flow timeline for several days (small daily tasks associated with
care of organisms)

® Calculating unit conversions in simple equations

® Reporting findings and conclusions in a peer-reviewed environment

If you choose to use lab notebooks to help assess student performance on this lab
exercise, make sure that the students are completely informed about your expectations
for this product. A well-designed rubric (see Chapter 6) is one important way to
communicate your expectations. Likewise, before using a mini-poster presentation
format for prelab and summative assessments, make sure students have had practice in
producing successful mini-posters.

Skills Development

Students will develop the following skills:

® (Calculating, recording, and diagramming energy dynamics in a simple model system
® Posing a scientific question regarding energy dynamics, allocation, or capture

® Designing and carrying out an investigation to answer a question regarding energy
dynamics, allocation, or capture

® Modeling energy dynamics quantitatively

Potential Challenges

Students often don’t understand that the fresh weight of a food (for themselves or for
other organisms) does not necessarily equal the biomass of that food. Students also
should understand that all laboratory research organisms, including those that are
considered pests, need to be treated with respect and handled appropriately. Thus,
student investigations that create stressful situations for experimental animals (such as
exposure of living larvae to high temperatures) should never be allowed.
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M THE INVESTIGATIONS

Getting Started: Prelab Assessment

You may assign the following for homework; as a think, pair/group, share activity, in
which pairs or small groups of students brainstorm ideas and then share them with other
groups; or as a whole-class discussion to assess students’ understanding of key concepts
pertaining to energy capture and use:

1. The economy of a business or household is somewhat like the energetics of a
biological community. A well-run household or business creates a budget based on a
careful accounting of money coming in and money going out. Likewise, the energy
dynamics of a biological community can be modeled by accounting for the energy
coming in and the energy going out through different members of the community.
Keeping track of money is relatively straightforward — you count it. You count how
much money is coming in and how much is going to various expenses and savings.

How do you keep track of energy in living organisms? It is a challenge. Producers
capture light energy and convert it into chemical energy stored in energy-rich
molecules. These molecules have mass, so the energy in biological systems can be
indirectly measured by mass — biomass. With your lab team, take a moment to
brainstorm how you can account for energy use and transfer in a biological system
in a manner similar to the way in which people account for money.

2. This investigation requires you to take care of and maintain healthy populations of
living organisms — plants and animals. In fact, before you begin this investigation
you will need to start both plant and animal cultures. Wisconsin Fast Plants and
cabbage white butterflies are both easily raised in the classroom or laboratory.
Neither takes up much time or equipment, but they both need to be tended regularly.
As alab team, discuss the care, maintenance, and proper disposal of the organisms
you use in this lab. Prepare a schedule and divide up the responsibilities for long-
term care and maintenance. (This includes taking care of animal wastes.) Check
out online information about care and maintenance of the organisms from teachers
like you at http://fastplants.ning.com/video/2038532:Video:13 and http://
fastplants.ning.com/video/juan-enriquez-wants-to-grow.

3. This investigation culminates with the students generating and answering authentic
research questions. These questions flow naturally from students when they are
engaged in authentic inquiry. The more the classroom laboratories rely on inquiry,
the greater the skill development of the students. To that end, students’ previous
experiences solving problems and recording their work reflectively in a laboratory
notebook are essential prelab skills.

You will find that the investigation will go more smoothly if students are introduced
early to Wisconsin Fast Plants and cabbage white butterfly larvae. Having students
start, maintain, and record both plant and butterfly cultures through one life cycle,
without using the organisms for experiments, will greatly facilitate successful
completion of this investigation. (Figure 3 shows the butterfly life cycle.) The
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BIG IDEA 4: INTERACTIONS

increased familiarity with the organisms will prompt students to ask questions
during the research component. In addition to developing students’ familiarity with
the organisms, thereby easing completion of the lab, rearing one generation of each
culture generates excess offspring of both plants and animals — numbers that are
needed to complete this lab.
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Figure 3. Butterfly Life Cycle
Estimating Net Primary Productivity (NPP) of Fast Plants

Step 1 Students should create a diagram to model energy capture and flow through a plant
(see Figure 4). This will help their lab team design the data collection procedure that
helps measure energy capture and flow in a plant.

biomass
kcal kcal
light energy Energy/Biomass respiration
in Plant (14 days)
kcal waste

Figure 4. Energy Flow Into and Out of a Plant

Steps 2—3 As a team, students will design their investigation to sample the biomass of
an adequate number of plants early in the life cycle and then again later in the life cycle.
Remind students that biomass is only the mass of the plant materials, not of the water
in the plant. Make sure that the students’ procedures account for this. On Day 7 (about
one-fifth of the way through a life cycle), students should remove approximately 10
plants from the soil, making sure to get all of the roots. They should carefully wash the
soil from the roots while retaining as much of the root system as possible. They gently
blot dry and then mass each plant in an aluminum foil weighing boat. (You may want to
remind them not to forget to tare each boat.) Students should create a table in their lab
notebook to organize the data collected on Fast Plants NPP. They should still have about
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30 or 40 plants left in their population that will continue growing. Students should place
the 10 plants and aluminum foil weighing boats in a drying oven or dehydrator at about
100°C for 48 hours. Students will describe this procedure in their lab notebook and then
check with you for approval and suggestions. Students will record their observations,
including the size and overall appearance of the Fast Plants, questions, reflections, and
measurements daily in their notebook.

Step 4 Students should determine the dry mass in grams of each plant. This is the
individual plant biomass. They should record their answers to the following questions
in their lab notebooks (see Table 1):
® What is the mean value for all the dry seven-day-old Fast Plants?

® What percentage of the average mass of a living seven-day-old Fast Plant comes
from water?

® What percentage comes from the dry mass (biomass)? (Note: You might want to
remind students that this percentage will be used later. Students should indicate in
their notebooks the range or variation in the data set with appropriate analysis. In
particular, they should consider range, standard deviation, and standard error.)

Table 1. Seven-Day-0ld Fast Plants

Age Wet mass/ Dry mass/ Percent Energy Net primary
10 plants 10 plants biomass (g biomass x productivity
4.35 kcal)/ per day
10 plants per plant
7 day 19.6 grams 4.2 grams 21.4% 18.27 kcal 0.26 kcal/day

Step 5 Students continue caring for and growing the remaining Fast Plants. For the
remaining Fast Plants, they should describe the growth over time in their lab notebooks.

Step 6 On day 14, students repeat Steps 2—4 with 14-day-old plants and record their data
in their lab notebooks (see Table 2).

Table 2. 14-Day-0ld Fast Plants

Age Wet mass/ Dry mass/ Percent Energy Net primary
10 plants 10 plants biomass | (g biomass x | productivity
4.35 kcal)/ per day
10 plants per plant
14 day | 38.4 grams 9.3 grams 24.2% 40.46 kcal 0.29 kcal/day




BIG IDEA 4: INTERACTIONS

Estimating Energy Flow Between Fast Plants Producers and
Cabbage Butterfly Larvae

Step 1 Students create a diagram to model energy capture and flow through a plant, as in
Step 1 in the previous procedure.

Step 2 Students mass one large, fresh brussels sprout. They should cut the sprout in half to
expose the inner leaves to butterfly larvae and place these sprout halves into the Brassica
Barn. (Remind them to remove all other plant materials in the Brassica Barn.) Students
mass 8—12 4th instar larvae as a group and then determine the mean mass per individual
larva. They should transfer all the larvae into the prepared Brassica Barn with the single
brussels sprout cut in half.

Step 3 Students create a table in their lab notebooks to help organize the data collected,
including estimates of the energy/biomass flow from plants to butterfly larvae (see Table
3). They collect, dry, and mass the frass (fecal material) produced by the larvae over the
next three days. After three days of feeding, they mass the larvae as a group and then
determine the mean mass per individual and the mean mass gained per day. Finally,
students mass the remaining part of the brussels sprout and determine the amount of
brussels sprout biomass consumed by each larva per day.

Table 3. Energy/Biomass Flow from Plants to Butterfly Larvae

Larva age (per 10 larvae) 12 days |15days |3 days of growth
Wet mass of brussels sprouts 30¢g Mg 19 g consumed
Plant percent hiomass (dry/wet) 0.15 0.15 0.15

Plant energy (wet mass x percent biomass x | 19.58 kcal | 7.2 kcal 12.4 kcal consumed
4.35 kcal)

Plant energy consumed per larvae (plant 1.96 kcal | 0.72kcal |1.24 kcal consumed
energy/10) per individual

Wet mass of 10 larvae 03g 18¢g 1.5 g gained

Wet mass per individual 0.03¢ 0.18 ¢ 0.15 g gained
Larvae percent biomass (dry/wet) 0.15 0.15 0.15

Energy production per individual 0.02 kcal |0.15kcal |[0.12kcal
(individual wet mass x percent biomass x

5.5 kcal/g)

Dry mass of the frass from 10 larvae =~ | -------- 5y .5 g excreted

Frass mass per individval | -------- 0.05¢ 0.05 g excreted
Frass energy (waste) (frass mass x4.76 | -------- .24 kcal .24 kcal excreted
kcal/g)

Respiration estimate (plantenergy | -------- | oo 0.88 kcal
consumed — frass waste energy production)

Note: A large part of the mass of brussels sprouts comes from water. Because larvae
obtain a lot of their water from the plants they eat, you cannot feed dry brussels sprouts
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to the larvae. However, as you have seen with the Fast Plants, there is a difference
between the biomass of a dry brussels sprout and its mass when it is fresh. Ask students
to use the percentage of biomass in a living Fast Plant to estimate the amount of biomass
in grams available in each fresh brussels sprout.

Designing and Conducting Independent Investigations

Designing and Conducting Your Investigation aims to provide an accessible entry point
for students as they study the energetics of two model organisms. Together, these two
organisms can provide a simple model of ecosystem energetics. This section is fairly
explicit about procedure while not providing explicit descriptions of how to record

or analyze the data that are collected. Likewise, the students are expected to make
observations, to use resources to learn more about the organisms they are studying, and
to ask questions while carrying out the procedures. With the tools/skills and questions
developed in Procedures, the students are expected (singly or in groups) to carry out
their own research or to develop a mathematical model of the energetics of these model
organisms in Designing and Conducting Your Investigation.

Just as the students need to build their skills for this laboratory within a scaffold,
you should consider that you may need to do the same. Thus, you may consider that
you, too, are developing a skill set to help students to investigate their own questions.
If you have never worked with these specific organisms, you might want to consider
simplifying your first assignments. One suggestion is to limit the students to growing
and maintaining these organisms through an entire life cycle while recording daily
observations in a laboratory notebook. In this manner, you will learn valuable skills for
managing the classroom environment for long-term work and will develop a familiarity
with the organisms that is essential as you help students find their own questions. For
the first year, you may not feel comfortable dedicating the time beyond becoming
familiar with simply growing these organisms. As you develop an understanding for the
organisms and how your own students interact with them, you can then proceed to more
authentic research.

Help students ask the “right” question in the “right” way. A good question should be
focused in such a way that the path to the answer is implicit within the question. The
advantage of using live organisms cared for by students is that questions naturally arise.
Resist the urge to answer students’ questions; rather, encourage your students to work
out answers for themselves. Figure 5, a flow chart/concept map of the investigation,
may aid you in helping your students focus on some ideas for research. Also consult the
supplemental resources listed at the end of this investigation. There you will find many
examples of research that answer ecological questions using these two organisms as
models.
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Figure 5. Ideas to Focus Questions

Ultimately, as you develop your own skills for managing and facilitating the research
experience, you might decide to modify the investigation in the Student Manual
or create your own version. You and your students will naturally arrive at workable
procedures for monitoring energy or biomass in plants and animals. The Student Manual
is set up only as an example to introduce skills. The ultimate goal is for you and your
students to become a research team carrying out an authentic research experience.

The idea of developing mathematical models can be particularly challenging. The
values for energy capture and transfer measured in Procedures can serve as a foundation
for building a predictive, simple spreadsheet model in the final part of the investigation.
The model could focus solely on plant growth or butterfly growth, or it could model the
interaction between the two.

Summative Assessment

The scientific community communicates its work to peers, largely relying on three
modes of formal communication: peer-reviewed papers published in journals, paper
presentations, and poster sessions at professional society meetings. Emulating scientific
posters and poster sessions is a particularly effective assessment technique for students’
independent work. Posters foster creativity and economy of communication. In
particular, the concept of a mini-poster, as described in the blog entry of the National
Association of Biology Teachers (http://www.nabt.org/blog/2010/05/04/mini-
posters-authentic-peer-review-in-the-classroom/), provides a useful, interactive
assessment that takes place both during the session presentation and after the poster is
reviewed and revised.
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During a scientific poster presentation, the authors stand in front of their poster and
answer questions from peers about their work. The task of the teacher is to design a
situation in the classroom that re-creates the poster session environment.

Generally, it is ideal to split the class into two groups: one group presenting and
the other group observing or reviewing the posters. The observers use a simple rubric
to summarize their evaluation of the poster under review after asking the presenter
a number of questions. With a number of observers reviewing several posters, each
presenter receives diverse feedback about his or her work and presentation. This serves
as a very effective peer review. Before a final grade for the lab work is assigned, the
student is encouraged to revise his or her poster (mini-poster) based on feedback from
the observers. The two groups then switch roles for the second half of the presentation
time. The effectiveness and efficiency of the process are enhanced by appropriate time
management by the teacher or by a student assigned to the task. The NABT blog entry
includes information and links to information about contents of a simple rubric.

M SUPPLEMENTAL RESOURCES

The first five resources provide students and teachers with examples of research that
focuses specifically on the concepts and organisms in this laboratory. The hope is that
students and teachers will find inspiration for their own work in these references. The
final reference (Williams and Hill, 1986) is a paper that introduces the model organism
suggested for this laboratory, the Wisconsin Fast Plant.

Agrawal, A. A., S. Y. Strauss, and M. J. Stout. Costs of induced responses and tolerance

to herbivory in male and female fitness components of wild radish. Evolution 53, no. 4
(August 1999): 1093-1104.

Agren, Jon, and Douglas W. Schemske. The cost of defense against herbivores: an
experimental study of trichome production in brassica rapa. The American Naturalist
141, no. 2 (February 1993): 338-350.

Marshall, Carolyn B., German Avila-Sakar, and Edward G. Reekie. Effects of nutrient
and CO, availability on tolerance to herbivory in brassica rapa. Plant Ecology 196,
no. 1 (May 2008): 1-13.

Orre, G. U .S, S. D. Wratten, M. Jonsson, and R. J. Hale. Effects of an herbivore-induced
plant volatile on arthropods from three trophic levels in brassicas. Biological Control
53, no. 1 (April 2010): 62-67.
http://dx.doi.org/10.1016/j.biocontrol.2009.10.010.

Siemens, David H., Shannon H. Garner, Thomas Mitchell-Olds, and Ragan M. Callaway.
Cost of defense in the context of plant competition: brassica rapa may grow and
defend. Ecology 83, no. 2 (February 2002): 505-517.

Williams, Paul H., and Curtis B. Hill. Rapid-cycling populations of brassica. Science 232,
no. 4756 (June 1986): 1385-1389.
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10
ENERGY DYNAMICS

What factors govern energy capture, allocation,
storage, and transfer between producers and
consumers in a terrestrial ecosystem?

M BACKGROUND

Almost all life on this planet is powered, either directly or indirectly, by sunlight. Energy
captured from sunlight drives the production of energy-rich organic compounds

during the process of photosynthesis. These organic compounds create biomass. The net
amount of energy captured and stored by the producers in a system is the system’s net
productivity. Gross productivity is a measure of the total energy captured. In terrestrial
systems, plants play the role of producers. Plants allocate that biomass (energy) to power
their life processes or to store energy. Different plants have different strategies of energy
allocation that reflect their role in various ecosystems. For example, annual weedy
plants allocate a larger percentage of their biomass production to reproductive processes
and seeds than do slower growing perennials. As plants, the producers are consumed

or decomposed, and their stored chemical energy powers additional individuals, the
consumers, or trophic levels of the biotic community. Biotic systems run on energy
much as economic systems run on money. Energy is generally in limited supply in most
communities. Energy dynamics in a biotic community is fundamental to understanding
ecological interactions.

To model ecosystem energy dynamics, you will estimate the net primary productivity
(NPP) of Wisconsin Fast Plants (the producers) growing under lights and the flow of
energy from plants to cabbage white butterfly larvae (the consumers) as the larvae eat
cabbage-family plants.

The following exercises describe skills and methods for estimating energy flow in
a terrestrial ecosystem. Note and record any questions that occur to you as you work
through this activity.

Questions might include the following:

® What kinds of things affect plant productivity, the growth of cabbage white butterfly
larvae, or the interactions of these organisms?

® How do you keep track of energy as it moves through the biological system? Can the
techniques used for tracking energy be improved?

® What is the role of energy in ecosystems?
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One or more of these questions will help guide you through the final part of this

laboratory, where you are expected to carry out your own research project based on one

of your questions.

M Learning Objectives

To design and conduct an experiment to investigate a question about energy capture
and flow in an ecosystem

To explain community/ecosystem energy dynamics, including energy flow, NPP, and
primary and secondary producers/consumers

To predict interspecific ecological interactions and their effects
To use mathematical analyses in energy accounting and community modeling

To make the explicit connection between biological content and the investigative
experience

M General Safety Precautions

Cabbage white butterflies (Pieris rapae) are listed as a pest species by the USDA.
Therefore, no butterflies or larvae raised in the laboratory should be released to the
wild.

Euthanize the butterflies or larvae by freezing them when your investigation is
complete. The plants and soil can simply be discarded.

Disease outbreaks are common in cultured populations of organisms. Although
the diseases associated with the organisms in this investigation are not dangerous
to humans, it is important to maintain cleanliness in the laboratory and of your
experimental equipment to minimize possible impacts on the study caused by
disease.

Long-term culturing for plants or butterflies requires cleanliness. Be sure to clean all
culturing chambers and wipe them down with dilute Clorox (and dry completely)
before starting another generation of plants or butterflies. Use new materials if you
have any doubts.

Cultures involve artificial light sources and liquids; caution should be exercised to
keep the two separate.



M THE INVESTIGATIONS

M Getting Started

These questions and tasks are designed to help you understand energy dynamics and
prepare for your investigations.

1. The economy of a business or household is somewhat like the energetics of a
biological community. A well-run household or business creates a budget based on a
careful accounting of money coming in and money going out. Likewise, the energy
dynamics of a biological community can be modeled by accounting for the energy
coming in and going out through different members of the community. Keeping
track of money is relatively straightforward — you count it. You count how much
money is coming in and how much is going to various expenses and savings.

How do you keep track of energy in living organisms? It is a challenge. Producers
capture light energy and convert it into chemical energy stored in energy-rich
molecules. These molecules have mass, so the energy in biological systems can be
indirectly measured by mass — biomass. With your lab team, take a moment to
brainstorm how you can account for energy use and, in a biological community,
transfer it in a manner similar to the ways in which people account for money.

. This investigation requires you to take care of and maintain healthy populations of
living organisms — plants and animals. In fact, before you begin this investigation,
you will need to start both plant and animal cultures. Wisconsin Fast Plants and
cabbage white butterflies are both easily raised in the classroom or laboratory.
Neither takes up much time or equipment, but they both need to be tended
regularly. As a lab team, discuss the care and maintenance of the organisms you
use in this lab. Prepare a schedule and divide up responsibilities for long-term care
and maintenance. (This includes taking care of animal wastes.) Check out online
information on care and maintenance of the organisms you and your teacher select
for this investigation at http://fastplants.ning.com/video/2038532:Video:13
and http://fastplants.ning.com/video/ juan-enriquez-wants-to-grow. See the
butterfly life cycle in Figure 1.
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Figure 1. Butterfly Life Cycle

M Procedures

Estimating Net Primary Productivity (NPP) of Fast Plants

Remember as you work through the first part of this investigation to think about and
record questions you ask while working with these organisms and the system.

Primary productivity is a rate — energy captured by photosynthetic organisms in a
given area per unit of time. Based on the second law of thermodynamics, when energy is
converted from one form to another, some energy will be lost as heat. When light energy
is converted to chemical energy in photosynthesis or transferred from one organism (a
plant or producer) to its consumer (e.g., an herbivorous insect), some energy will be lost
as heat during each transfer.

In terrestrial ecosystems, productivity (or energy capture) is generally estimated by
the change in biomass of plants produced over a specific time period. Measuring biomass
or changes in biomass is relatively straightforward: simply mass the organism(s) on an
appropriate scale and record the mass over various time intervals. The complicating
factor is that a large percentage of the mass of a living organism is water — not the
energy-rich organic compounds of biomass. Therefore, to determine the biomass at a
particular point in time accurately, you must dry the organism. Obviously, this creates
a problem if you wish to take multiple measurements on the same living organism.
Another issue is that different organic compounds store different amounts of energy;
in proteins and carbohydrates it is about 4 kcal/g dry weight and in fats it is 9 kcal/g of
dry weight). As you plan your own investigation, take into consideration all the above
information.



You and your teacher will select a model organism for this lab depending on time of
year, availability, and cost. The following steps assume that you and your lab team are
culturing about 30 to 40 Wisconsin Fast Plants as a model organism. Other plants can be
used instead, including wild or native plants, but check with your teacher first.

Step 1 In your lab notebook, design and construct a systems diagram to model energy
capture and flow through a plant. Use annotations to help explain your reasoning. Before
taking any measurements, think about the input and output of energy in a plant. For
instance, what do you predict about the quantity of energy the plants take in compared
to the quantity of energy that goes out? What do you think are various ways that a plant
(or a number of plants) could lose energy, and how could you estimate the amount of
energy lost through these various pathways? Enter your predictions in your lab notebook
by constructing an annotated system diagram, such as Figure 2, of the flow of energy
into and out of a plant.

9
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Figure 2. Energy Flow into and out of a Plant

Step 2 Your energy diagram will help you and your lab team design a data collection
procedure that helps you measure energy capture and flow in a plant. As a team, design
your investigation to sample the biomass of an adequate number of plants early in the
life cycle and then again later in the life cycle. Remember, biomass is only the mass of the
DRY plant materials, not of the water in the plant. Make sure your procedure accounts
for this. Describe this procedure in your lab notebook and then check with your teacher
for approval and suggestions. Be sure to record your observations, questions, reflections,
and measurements daily in your notebook. In your lab notebook, record information
about the size and overall appearance of your Fast Plants.

Step 3 In your notebook, graphically present a comparison of the biomass/energy of
plants early in their life cycle versus older plants.

Step 4 Determine the average (mean) grams of biomass added per plant over the period of
growth. Each gram of plant biomass represents about 4.35 kcal of energy. Convert grams
of biomass/day to NPP (kcal)/day. Show this work in your lab notebook. Explain why
this is net primary productivity and not gross productivity.
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Step 5 Explain in your notebook why the mass of dry plants is a better measure of
primary productivity and biomass than is the mass of living plants (containing water).
What percentage of the living plants is biomass? (Use this calculation in Analyzing and
Evaluating Results, Step 4.)

Step 6 Now reconstruct your energy flow diagram with actual data that you have collected
in your notebook. Be sure to include an explanation, supported by evidence, as to why
you feel your diagram represents energy flow in Fast Plants. Your explanation should
also include a description of the uncertainties of your data and your conclusions; put
boundaries on your conclusions (as you would insert error bars).

Estimating Energy Flow Between Fast Plants Producers
and Cabbage Butterfly Larvae

Don't forget to think of and record questions about these organisms and the system as
you work through your investigation.

Step 1 Cabbage white butterfly larvae eat plants from the cabbage family. As with Fast
Plants, accounting for energy flow into and out of these butterflies can be inferred from
biomass gained and lost. In your lab notebook, develop a system diagram, such as Figure
3, to model energy flow from Fast Plants to cabbage butterfly larvae. Before taking any
measurements, predict the input and the output of energy in the butterfly larvae you will
be growing. Enter these predictions in your lab notebook.

Figure 3. Energy Flow from Fast Plants to Cabbage Butterfly Larvae

Step 2 As butterfly larvae grow toward maturity, they pass through different
developmental stages called instars. You will use larvae that are already well along their
developmental path through the larval stages (4th or 5th instar). These larvae first
grew on young Fast Plants, and they were later transferred to brussels sprouts (another
member of the cabbage family) in a Brassica Barn (see Figure 4). For this part of the
investigation, you and your lab team need to develop a procedure that will quantify the
growth of butterfly larvae over three days. Start with freshly massed brussels sprouts in
the Brassica Barn.



Caterpillar feeding
on brussels sprout

Paper towel frass pad

Figure 4. Brassica Barn

Step 3 Create a table in your lab notebook that helps you organize the data collected,
including estimates of the energy/biomass flow from plants to butterfly larvae. Develop
your procedure keeping in mind your end goal — to measure the biomass consumed by
the larvae, the biomass gained by the larvae, and the biomass lost by the larvae. Likely,
you’ll need to estimate some factors using data from a large sample. Don't forget about
the energy in the frass (wastes).

Step 4 Transfer the larvae to another Brassica Barn to finish out their life cycle.

M Analyzing and Evaluating Results

Convert biomass measurements (grams) to energy units in kilocalories. Work in small
groups to determine how best to complete the following tasks. Make sure that all your
units are comparable: per time, mass, and energy.

Step 1 For Fast Plants, assume that one gram of dried biomass contains 4.35 kilocalories
of energy. This estimate was determined by burning similar plant material in a bomb
calorimeter.

Step 2 You were investigating living butterfly larvae, so you could not dry them or their
food supply. Assume that the biomass of 4th instar larvae is 40% of the wet mass. (This
estimate may be inaccurate, so you should actually measure this quantity using extra
butterfly larvae, if possible.) Calculate the biomass of the larvae. For butterfly larvae, use
an average value of 5.5 kcal/g of biomass to calculate energy of each larva.
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Step 3 To determine the energy content in the larval frass, use 4.76 kcal of energy/g of
frass. Calculate the frass lost per individual larva.

Step 4 To determine the energy content of the brussels sprouts eaten by each larva,
convert the wet mass of the sprout to dry mass and multiply by 4.35 kcal/g. Use the
estimated percentage of biomass (dry mass) in fresh Fast Plants calculated in estimating
the Fast Plants’ net primary productivity (NPP), Step 5 on page S130, to estimate the
biomass of each brussels sprout.

Step 5 These procedures are similar to an energy audit. Because energy is neither created
nor destroyed, you must account for all energy in the system. (That is why you need to
determine frass mass.) Combine your two earlier energy flow diagrams into one, and
now include all the information that you measured. For those energy pathways that
you did not explicitly measure, provide an estimated energy quantity. For instance, the
amount of light energy in the system is more difficult to estimate. What other parts of
the energy flow diagram could you not actually measure?

Step 6 Graph your results. For the plants and for the butterfly larvae, design and
construct appropriate graphs of your results. Enter sketches of these graphs in your lab
notebook and prepare more finished copies for your mini-poster presentation when you
complete this lab. If you use bar graphs for illustrating the means, standard error bars
should be included to display the range of the data. In your notebook (and mini-poster
presentation), describe the data and their presentation. Follow that with conclusions
that you can support with your data about energy capture and flow in this artificial lab
community.

M Designing and Conducting Your Investigation

In the previous procedures, you began to develop your skills by applying methods to the
problem of energy capture and flow in an ecosystem. You were encouraged to note and
record questions about this system as you worked through the investigation. Now it is
time to select one of those questions, propose your hypothesis, design your investigation,
and carry it out. Be sure to connect your work to your overall understanding of energy
and ecosystems.

The following are questions that could be investigated; however, you should have
developed your own question(s) and considered a possible investigation(s).

® Do all plants have the same percentage of biomass?

® s the percentage of biomass the most important characteristic of a plant in terms of
its effect on the growth of an animal?

® How do plants with different life strategies allocate biomass in different organs?
® How much is allocated to reproduction?
® How much energy is allocated to plant defense?

® How much energy does it cost an animal to process different plant sources?



Review and consolidate your questions into a list of possibilities. Consult with your
teacher and other students. After choosing your question, hypothesis, and design, submit
the plan (proposal) for your investigation to your teacher for approval. Be sure to refer
to the rubric provided by your teacher that will be used to evaluate your work. Consider
working as a team on a single question to reduce your overall workload.

Step 1 Conduct your investigation or construct and test your mathematical model.
Step 2 Prepare a mini-poster that addresses the requirements outlined in the rubric.

Step 3 Present your mini-poster to your peers and invited guests in class. Encourage
your peers to review and critique your work based on the rubric guidelines. Use those
reviews to improve your mini-poster after the presentation. Your teacher will use the
same rubric, along with your lab notebook, to determine your final grade for this
investigation.
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