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4DEE Activity – Intraspecific Competition in Plants

Instructions for Faculty
Overview

This exercise is intended to be a student-active introduction to the concept of population regulation in plants.  It is explicitly tied to the Ecological Society of America’s Four Dimensional Ecology Education (4DEE) framework. It focuses on the population level of the ecological hierarchy, students learn and reflect upon the methods used to assess the role that initial density plays in plant survival and growth, it has relevance to human activities such as forestry and agriculture, and relates to the overarching concept of systems.

This particular exercise is targeted to undergraduate science majors, particularly those taking a general ecology, population biology, or botany course.  It may be also useful to students enrolled in a plant natural resources discipline such as forestry or agriculture.
The exercise takes advantage of the fact that plants show the effects of high densities through increased mortality and stunting.  It uses radishes, the seeds of which are easy to purchase.  And the plants show evident stunting when planted in high densities. 

This exercise is based on a rich theory that has developed over the past 30-40 years regarding the outcomes of plant competition. That theory has become increasingly mathematical, leading to the emergence of several models over that time period.  Thus, this exercise allows students to empirically test a subset of those models using experimental populations.  Faculty and students wishing to learn more about the various models, their assumptions, applications, and shortcomings are directed to sources such as Harper (1977) and Weiner & Freckleton (2010).  Other – more recent – references can be found on the web, accessible by searching key words of “intraspecific plant competition.”

General logistics

This exercise consists of three main parts: (1) an initial session in which students pose hypotheses and then plant the seeds (takes about 1-2 hours), (2) a plant germination / growth / development period that can last 3-5 weeks, and (3) a harvesting exercise that can be completed a single three-hour lab period.

When setting up the experiment, the class should prepare enough replicates so that students can work in teams of three during the harvesting phase (though for smaller classes, students can work individually or in pairs).  Plant the seeds about 0.5 cm (¼”) deep in the plastic pots, using a mix of potting soil and peat moss.  The mix should hold water for at least a day, and provide enough nutrients for the plants to flourish until the harvesting exercise is performed.  Radishes need moderate to high light intensity, so place near a window or in a greenhouse.

Students should be given the “Instructions for Students” ahead of time, and asked to read through the exercise before coming to class.  The instructor may wish to give a 15-20 minute pre-lab lecture at the start of lab to more fully prepare the students for a successful experience.

When the plants are ready for harvesting (again, after 3-5 weeks), sampling the population and collecting the data should take about 1 – 1.5 hours.  As noted, he exercise runs more quickly if students are able to work in groups of three or four.

Perhaps the most challenging part of the lab will involve determining leaf surface area, especially for the 32 and 64 plant pots.  There are several approaches to do this.  First, students can trace the leaves on graph paper, though that becomes tedious, especially if the leaves start to shrivel.  Second, leaves can be placed on graph paper, flattened for five minutes with a textbook or other heavy object, spray painted, and then removed leaving unpainted areas of graph paper.  Students will then count the number of squares.  Third, the students can flatten the leaves, photograph them with a ruler, then use free open-source software like ImageJ (https://imagej.nih.gov/ij/) to calculate leaf area.  Fourth, and perhaps the best option, would be to use a leaf scanner, if your lab has one.
The final part of the lab involves answering questions that are provided.  That part can take 35-45 minutes, depending on whether the students work alone or in groups.
In terms of reporting out, instructors can ask the students to submit the completed datasheets and questions as discussed in the Instructions to Students.  Alternatively, the instructor may opt to have the students prepare a formal lab report consisting of Introduction, Methods, Results, and Discussion.  In that event, the answers to the questions should be incorporated into the Discussion.

Materials needed

Radish seeds (can be purchased in lots of 50 or 500) from biological supply companies.  Each replicate of pots will require 124 seeds, so plan accordingly.

Plastic pots, approximately 10 cm diameter x 12 cm high.  Each replicate will require five pots.

Potting soil with peat moss (40-50 L bag)

Metal tray for holding pots and retaining water that leaks out the bottom after watering.

Plastic, wooden or metal rulers (1 per student)

1 cm grid graph paper (5 sheets / student)

Log-log graph paper (2 sheets / student)

Cans of spray paint (1 per team of students)

Leaf scanner (optional)

Paper towels (1 roll / team of students)
Analytical scale (1 / team of students)
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Effects of Intraspecific Competition in Plants
I.  Introduction

A central concept in ecology is that the size of a population of a given species will not continue to increase indefinitely over time.  Instead, there are limits to population growth.  Some of the factors that limit population size are density-dependent – becoming more intense as the population gets larger.  Competition for space or nutrients are prime examples.  Other factors limiting population size are density-independent (e.g., forest fires or floods). 

For many decades, ecologists have modeled limited population growth by use of the logistic equation.  That equation is useful for most kinds of organisms, but has specific applicability to those organisms that respond to high densities by reducing the number of offspring produced and/or by increasing the rate of mortality (e.g., most animals).  In essence, the population size becomes constant over time, but the size of each organism in the population is not affected by the density.

In contrast, plants and some animals like fish respond to high densities by a combination of increased mortality, decreased reproduction, and – significantly – by decreased growth.  Therefore, in such organisms, competition has an effect on organism size, as well as the number of individuals.

The purpose of today's lab is to investigate intraspecific competition in plants, especially to see how both the numbers and the size vary as a function of density.  

This exercise introduces students to methods and subsequent calculations to determine plant response to increasing density in a way that is consistent with the 4DEE approach to ecology education.  Examples of the four dimensions used in this exercise include:

1.  The ecological hierarchy – Populations

2.  Ecology practices – Quantitative reasoning; statistics, modeling

3.  Human-environment interactions – Relationships to applied ecology areas like agriculture and forestry
4.  Cross cutting themes – Systems, Competition
II.  Competition from the Plant's Point of View

In order to grow and develop properly, a plant needs sunlight, water, inorganic nutrients, and carbon dioxide.  When all of these resources are present in abundance, the plant can attain its genotypically-determined maximal size.  However, in nature, one or more of a plant's resources is typically in short supply, causing the plant to grow stunted or die.  Shortages of resources are often due to physically severe conditions like low rainfall, infertile soils, and shade from rocks or other objects.  In many other cases, however, shortages in resource availability are due to the actions of neighboring plants.  Ecologists use the term intraspecific competition to describe the situation where one plant is deprived of resources due to the action of a neighbor belonging to the same species.  Conversely interspecific competition involves a related phenomenon that occurs between two or more different species.

Many studies have examined intraspecific competition in a wide diversity of plants.  Excellent reviews are given in the classic book Population Biology of Plants by J. L. Harper (1977 – Academic Press), as well as in the review article by Weiner and Freckleton (2010 – Annual Review of Ecology, Evolution, and Systematics 41: 173-192).

One way to determine how the growth and development of plants are affected by other plants of the same species is to set up a series of pots containing soil and different densities of sown seeds.  Various aspects of plant performance, such as height, weight, and the number of seeds produced are then measured.  Such experiments often show that yield (defined as the total plant weight or the number of seeds produced per pot) does not differ between pots receiving different densities of seeds.  These results indicate that when many seeds are sown in a pot, either more plants die or plants do not grow as vigorously compared to pots that receive only a few seeds.  The lack of correlation between the density of seeds sown and the final yield has been called the Law of Final Constant Yield (Harper, 1977; Weiner and Freckleton 2010).

As noted, plants have been shown to respond to high densities by growing stunted.  Ecologists have developed an equation to describe the relationship between the density of plants and their mean dry weight (i.e., after water has been evaporated):

1/w = Ad + B

where w is the mean dry weight, d is the density and A and B are constants.

You can get a feel for this equation by first selecting an arbitrary value for A and another for B (hint: use integers between 1 and 5).  Then plug values for d into your equation and solve for w.  Plot about five points on the graph below, using d as the x-axis and w as the y-axis.
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What happens to w (the mean weight per plant) as d (the density of plants) increases

Is the relationship linear or curvilinear?

It is possible to linearize this curve by plotting the log10d against the log10w.  A straight line with the slope of -1 should result.  Try this by replotting your data from above using the log-log graph paper provided or by using conversions on a spreadsheet.  This linear relationship is the Reciprocal Yield Law (RYL).

III.  Purpose of Today's Exercise

The purpose of today's exercise will be for you to determine whether both the Law of Final Constant Yield and the Reciprocal Yield Law hold for radish seedlings that you will sow in different densities.   In addition, you will observe some other effects that high densities have on plants.

IV.  Developing Hypotheses

Before planting the seeds, pose up to five hypotheses about the growth and development of the plant populations that will ultimately emerge in each pot.  The hypotheses should take into account the Law of Final Constant Yield, as well as the Reciprocal Yield law.

For example, will you expect individual plants in Pot E to have more or less mass than those in the other pots?  Or how will total mass compare for the different pots?  What will happen to leaf surface area for plants in Pot A to Pot E?   Several other hypotheses should become evident as you think about the experiment.

Record your hypotheses here:

1.

2.

3.

4.

5.
V. Experimental Procedure

A.  Sowing the seeds.

Working with your team (or alone, based on the enrollment of the class), obtain five plastic posts – and label them as A, B, C, D, and E.  Fill the pots approximately 2/3 full with potting soil.  Then add enough water to saturate the soil.  Place 4 seeds in pot A, 8 in B, 16 in C, 32 in D, and 64 as E.  Try to sprinkle the seeds as uniformly over the surface of the soil as you can.  Cover the seeds with about 1 cm of soil that you will then gently wet.  Place the pots in a greenhouse or other sunny location, optionally atop a metal or other non-porous pan to catch water.

B.  Maintaining the pots

Check the pots daily or every other day.  Water them if the soil appears dry (you can rotate this task among the teams in the class).

After several days, you should see radishes starting to emerge.  Over time, they will grow to the point that the plants in pots D, E, and possibly C will start to crowd each other – which is to be expected based on the experimental design.

C.  Harvesting the plants

Working with your original team, obtain the five pots representing the range of initial seed densities. 

1.  Percent seedling emergence

Count the seedlings, both living and dead, in each pot.  Record those values in Table 1 on page 6.  Then calculate percent emergence by dividing the number of emerging seedlings (whether living or dead) by the number of seeds sown, and then multiplying that proportion by 100.  Using the graph paper provided, plot percent emergence (y-ais) as a function of the initial seed density (x-axis).

2.  Rate of seedling survival and mortality

Count the living seedlings in each pot and record in Table 2.  Then record the total number of seedlings per pot (from Table 1).  To determine the rate of survival, divide the number of living seedlings by the number of seedlings that emerged, then multiply by 100.  The mortality rate will be [100 – survival rate = mortality rate].  Plot the mortality rate as a function of the number of seeds sown.

3.  Height of seedlings

Measure each living seedling from the soil surface to its tallest point and record in the space provided on p. 6.  Calculate the mean height of the seedlings in each pot and record in Table 3 (on p. 7).  Plot the mean height as a function of the density of sown seeds.

4.  Weight of seedlings

Remove the plants from the soil, keeping their root systems intact.  To do this, turn the pot upside-down and carefully remove the soil from the pot by tapping the rim of the pot on the side of the table.  Place one hand under the pot so that you can catch the loosened mass of soil.  Then, place the soil-plant mixture into a tub of water and carefully work the roots free from the soil, using a gentle stream of water when needed.  Place each clean plant on a paper towel and blot away all external moisture.  Keep plants from different pots separate.

Weigh the plants from each pot, using the analytical balance and record on p. 7.  Calculate the mean weight of seedlings in each pot by dividing the total weight by the number of seedlings.  On separate graphs, plot the total weight and the mean weight each as a function of the initial density of seeds.  Then plot the mean weight against the seed density, using log-log paper.

5.  Leaf surface area

In this part of the procedure you will determine the leaf area for each pot.  To do this, remove the leaves and place them onto a sheet of graph paper (use different pieces of graph paper for plants from different pots).  Then trace each leaf, or spray over them with the paint provided.  In either case, the outline of all of the leaves should be evident.  The count the number of squares within the outlines (don't forget to combine squares partially covered), and convert to cm2 (the conversion will depend upon the graph paper used).  Record the total surface area and mean surface area for plants in each pot in Table 5 on p. 8.  Then plot each as a function of seed density.

VI.  Data Analysis

For each parameter to be examined (seedling emergence, seedling mortality, plant height, plant weight, and leaf area) you will be obtaining values for the pots at your table, but the class will combine the data from the observations made at the different tables.  There should therefore be three replicates for each density level.  We will keep track of the different table's results by posting them on the blackboard.  Thus, you will need to record those values, as reported on the blackboard.

After obtaining the data from the three replicates, you will then need to calculate means and standard deviations for each density level.  Your instructor will provide additional information about this, as the experiment proceeds.

VII.  Report

Your report for this lab will consist of four parts: (1) the completed tables summarizing the data given on pp. 9-11 of this handout, (2) appropriate graphs, (3) answers to the hypotheses that you originally posed when setting up the experiment (see p. 12), and (4) the question sheets on pp. 12-13, with answers that are based on your findings.  The due date and point value of this assignment will be provided by the instructor.
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I.  Tables

Table 1 - Percent seedling emergence

                                                                                Pot







Table 2 - Percent seedling mortality

                                                                             Pot


Height of seedlings (mm)

Pot: 
A:

     
B:


C:


D:


E:

Table 3:  Mean height of seedlings (mm)

                                                                               Pot


Weight of seedlings (g)

Pot: 
A:

     
B:


C:


D:


E:

Table 4:  Seedling weight (g)

                                                                               Pot


Leaf surface area (mm2)

Pot: 
A:

     
B:


C:


D:


E:

Table 5:  Surface area of leaves (mm2)

                                                                               Pot


II.  Hypotheses

In the space below, evaluate the hypotheses that you originally posed.  For hypotheses that were not supported by the data, provide an explanation as to why that was the case:

1.

2.

3.

4.

5.

III.  Questions

For each question that does not overlap with one of your hypotheses, describe your findings and explain the result that you found.

1.  Did planting density have any effect on the percentages of seedlings that emerged?  Describe and explain.

2.  Did increased sowing density cause higher seedling mortality?

3.  How did plant height vary as a function of density?  What density would you use if you wanted plants with straight, clear stems?

4.  To what degree did the total weight of plants in each pot differ among pots containing different densities of seedlings?

5.  Did the “Law of Final Constant Yield” hold?

6.  Can you really make a statement regarding the “final yield”, considering the age at which you harvested the plants?

7.  Did high plant densities result in higher mortality, smaller size, lower mean weight, or were plants unaffected?

8.  What effect did the planting density have on the total leaf surface area?

9.  On the mean surface area?

10.  How much variability was found among the different replicates in each density treatment?  How many replicates for each density would you recommend in order to obtain truly meaningful data?

11.  Did the results between the different densities vary for each parameter in a smooth, continuous pattern, or did the data vary erratically?

12.  How would the data likely appear if the plants were allowed to grow two or more months?

13.  What if a tight rosette-forming plant such as a dandelion, plantain, or hawkweed was used?

14.  How might the results of this lab exercise be useful commercially, such as in forestry or agriculture (aside from growing radishes)?

15.  According to today’s procedure, you determined the wet weight of the plants, but the model is based on the dry weight.  Explain how your approach might have introduced some experimental error.
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