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Instructions for Faculty
Overview

This exercise is intended to be a student-active introduction to the methods used to estimate animal population size using Mark-Recapture and Capture per Unit Effort measures.  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 important computational skills gained, it has relevance to human activities, and relates to the overarching concept of systems.

This particular exercise is targeted to undergraduate science majors, particularly those taking a general ecology or population biology course.  It may be also useful to students enrolled in a natural resources discipline such as fisheries biology or wildlife management.

The exercise takes advantage of the fact that there are a variety of approaches for estimating population size.  The differences are based on sampling techniques and the mathematics used to obtain an estimate.  Students can compare those approaches to arrive at an estimate for an experimental population (mealworms) in a habitat consisting of flour in a small tub.  

Instructors should be aware that techniques for estimating population size are well used in ecology.  For that reason, one would correctly expect that a rich theory has emerged surrounding the development and refinement of the various models.  This exercise is not intended to be a detailed investigation of that theory.  Faculty and students wishing to learn more about the various models, their assumptions, applications, and shortcomings are directed to sources such as Krebs (2017).  Other references can be found on web, accessible by searching key words of “mark-recapture” and “estimating animal population size.”

General logistics

This exercise has been successfully run in an upper-level (Junior / Senior) undergraduate ecology lab containing 10-16 students.  It can be scaled up for larger classes, though the instructor may wish to substitute beans or plastic beads in sand for the mealworms in flour.  The Instructions to Students can be easily modified to accommodate such changes.

This exercise is designed to be started and completed during a single three-hour lab period (though the set-up is done prior).  Students should be given the “Instructions for Students” ahead of time, and asked to read through the exercise prior to 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.

The parts of the Instructions to Students shown in red typeface represent the “to do” parts of the lab.

Sampling the population and collecting the data should take about one hour.  The exercise runs more quickly if students are able to work in pairs.

After collecting the data, students are then asked to run through the calculations for the various models using the datasheets that are provided.  That part takes 30-45 minutes.   Again, performing the calculations runs more quickly if students work in pairs.

The final part of the lab involves answering questions that are provided.  That part can take 45-60 minutes, depending on whether the students work alone or in groups of two or more.

In terms of reporting out, instructors can ask the students to submit the completed datasheets and questions.  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.

If the students are unable to complete this exercise in a single 3-hour block of time, the instructor may wish to allocate 1.5 or two periods for this exercise.

Remind students that the overall goal is to have them arrive at a single estimate for the number of worms in the tub.
Materials needed
This exercise has been run with mealworms in a flour medium placed in a plastic tub measuring approximately 30 cm x 30 cm x 15 cm (1’ x 1’ x 0.5’).  To make the calculations run smoothly, each tub should contain a known number of worms ranging between 250 – 325.

If mealworms are not readily available, the instructor may opt to use beans or plastic beads in a medium of sand – or even no medium in a beaker.  Such a substitution may be needed for a larger class, or in situations where students would prefer to avoid working with animals.  Again, the Instructions for Students can be easily changed to reflect substitutions that are made.

For the mark-recapture portion of the exercise, students should mark the mealworms with nail polish.  One bottle per pair of students should suffice.

Metal tablespoons (one per pair) will be needed to help the students homogenize the medium.

Paper towels to keep the work area clean.

150 ml beaker for Capture per Unit Effort (C/UE) method

Graph paper for the students to plot data in the C/UE Graphic method.

Computer with Excel or other spreadsheet for performing linear regression on C/UE method.

4DEE Activity - Estimation of Animal Population Size
Instructions for Students
Population ecologists are faced with the fundamental question: How many individuals of a particular species occur on a given site at a given time?  To answer that question, an ecologist would simply need to count the organisms of the species of interest.  For ecologists dealing with sessile organisms like plants, mushrooms, or sponges, the task is relatively straightforward because the organisms of interest don’t move, and they "wait" to be counted.  Animal population ecologists are not so fortunate because the species of interest is typically motile, thus complicating the counting procedure.  Still, determining the population size of an animal species is important, both for basic studies, as well as for applied work as in wildlife or fisheries biology.  Techniques must therefore be utilized that allow one to determine the population size of animals in an indirect manner. 

Though a variety of methods exist, two such indirect techniques, the Mark-Recapture method, and the Capture-per-Unit-Effort method are commonly employed.  These methods for measuring animal population size are the focus of today’s lab.
This exercise introduces students to methods and subsequent calculations to estimate population sizes of motile organisms 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 wildlife or fisheries biology.

4.  Cross cutting themes – Systems
This exercise is presented to you with two caveats.  First, there are numerous techniques for estimating population size, often depending on your purpose and the likely size of the population.  A fuller description is provided in sources such as Chapter 2 in Krebs (2017).  Also the mathematical treatment of this topic can get quite involved.  On that basis, this exercise represents an introduction from which you can explore the topic in greater depth.

Second, please be aware that the methods used in this lab rely on formulas and calculations that can be easily automated and placed into spreadsheets – or computed though programs like R.  In this activity, we have made a conscious decision to have you go through the calculations so you can better grasp the underlying concepts.
I.  Experimental Population

To simplify the procedure for instructional purposes, we will use a species of animals in which the individuals are relatively slow-moving, small yet easy to see (and count), easy to keep under laboratory conditions, and relatively inexpensive.  One species that fits those characteristics is the common mealworm (a popular species used for fishing bait).

Plastic tubs, each containing a known number of mealworms mixed with a dry growth medium (flour) were established before the start of lab.  You and a partner will be assigned one of the tubs.  Your task will be to estimate the number of mealworms in your tub.

You will estimate the population size by using each of the two methods mentioned above.  Each method will involve some variations, though, as will be explained below.

II.  Mark-Recapture Techniques
A.  Theory

The mark-recapture method is a widely used, and straightforward technique for determining population size.  In essence, the technique involves two separate census periods.  During the first census, a group of animals are captured, marked, and released into the population.  The number of individuals marked is recorded.  During the second census, a second group of animals are captured.  A record is then made of the total number of animals in the second census, and, of those, the number that are marked.  Population size can be estimated by the Lincoln-Petersen index, developed earlier in the 20th century (Ricker 1948).

T = m(n/x)
where: 
T = the Lincoln-Petersen population estimate


m = the number of individuals marked in the first sample


n = the total number of individuals recovered in the second sample


x = the number of individuals in the second sample that are marked
Imagine, for example, that you wanted to estimate the number of trout in a lake.  Suppose that on the first day, you collected a sample of 100 individuals, tagged them, and released them.  Then suppose that five days later, you collected 80 fish, and of those 20 were tagged.  Using the formula you could then estimate the total population to be 400 fish (because 100(80/20) = 400).  
Notice that the ratio, n/x, is merely the reciprocal of the proportion of the recaptured fish that bear the mark.  Thus, if 1/4 of the population is marked (as in the example above), it stands to reason that the total number of individuals in the population should be 4 times the number of fish that were originally marked. 
Obviously, for the mark-recapture method to work, certain assumptions must be met.  These are:

1.  No new animals should enter the population (by birth or immigration) between the two census periods.

2.  Marks should not be lost by the animals, once applied.

3.  Marked and unmarked animals should have the same rate of mortality or leave the population between the two collection periods.

4.  The second sample should contain a random mix of marked and unmarked individuals.  Thus, there should be adequate time for the population to "homogenize" after the first marking period.

5.  Marked animals should not be more or less susceptible to being trapped the second time around than unmarked animals.

In nature, these conditions are frequently not met.  However, with careful application of the technique, the mark-recapture method can be useful for a wide variety of animals.

B.  Lab Procedure

a.  Marking the individuals (the first census)

Working with your partner, remove exactly fifty mealworms from the tub (you might need to dig through the medium a bit) and daub each one near the front with a drop of red nail polish.  Allow the polish to dry.  Then carefully replace the worms into the tub.  Gently homogenize the culture by mixing with a spoon.
b.  Making an initial estimate

When you are confident that the culture is mixed, remove exactly fifty new mealworms (this now represents the second census).  Count the number of mealworms that are marked.  Then estimate the number of mealworms in the tub, using the Lincoln-Petersen index as explained above.
c.  Determining confidence intervals

Obviously, the number that you just determined is an estimate, not a true indication of the population size.  Often, estimates are expressed in terms of a confidence interval, which would be the range of values that would be expected if the re-sampling would be done a large number of times.  Confidence intervals are typically expressed as a percent, such as 95%.  In that case, the range would encompass 95% of the range of values that would be expected.  By using statistics, it is possible to determine the 95% confidence interval by using just a single sample.

The method for doing this was published by Adams (1951), and is as follows:
1.  Calculate the ratio x/n.

2.  Find that ratio on the x-axis of the graph given in Appendix 1 on the last page of this handout.

3.  Read up to the intersect of the curved line representing the number of mealworms in the second sample (should be 50).

4.  Read the value of the scale of p directly to the left of the intersect.

5.  Find the intersect of x/n with the second curved line representing n.

6.  Find the corresponding value on the scale of p. (Call this value p').

7.  The confidence limits can now be calculated by: m/p to m/p'.
d.  Effect of sample size on the estimate

Replace the worms into the tub, and gently homogenize with the spoon.  Remove 20 worms and count the number that are marked.  Estimate the population size using the Lincoln-Petersen index and determine confidence intervals as above (notice, however, that you will be using different curved lines on the graph).

Replace the worms and homogenize again.  Now remove 100 worms.  Estimate the population size and determine the confidence intervals.

How does the estimate change, as you vary the size of the second sample?  How does the confidence interval change?

e.  Estimation by repeated sampling

An alternative to determining confidence intervals by the method given above is to sample the population repeatedly, using the Schumacher-Eschmeyer (1943) modification of the Schnabel (1938) method.  Again, the five assumptions given on Page 2 should be met for this method as well.

To do this method, replace the worms into the tub and homogenize the population.  Remove 50 worms and count the number that are marked.

Replace the worms once again and repeat the procedure.  

Thus, including the very first time that you re-censused the population (described in part a, above), you should now have three values for x and n, based on the removal of 50 individuals.

For each of the three runs, calculate m2n and mx.
The Schumacher-Eschmeyer population estimate (SE) is then given by the formula:

SE = (∑ m2n)/(∑ mx)

The confidence limits of the Schumacher-Eschmeyer population estimate can be calculated as follows:

First, calculate the variance of SE by using the formula:

Variance of SE = (1/(K-1)) (∑(x2/n) - ∑(mx/SE)),

where K = the number of sampling periods (3 in our case).

Next, calculate the error which is √[(SE)3(variance of SE)/∑mx].

Finally, the 95% confidence limits = SE ± 1.96 (error).

Perform these calculations and determine the confidence limits for the Schumacher-Eschmeyer population estimate.  How do the values obtained by SE method compare to that obtained by the Lincoln-Petersen?

III.  Capture-Per-Unit-Effort Techniques

A.  Theory

This second method involves capturing, counting and permanently removing individuals from the population.  It is often used to estimate population size for rodent and other small mammal populations.  Animals are censused during several intervals that are close together in time, such as three or four consecutive nights.  Each catch should be smaller than the preceding one, provided that the same capture effort is made each time.  Thus, the removal method is sometimes called the Capture-Per-Unit-Effort Technique.  The assumptions are that: (1) the population size does not change (except for the removals) during the time period, and (2) each individual has an equal probability of being caught each time (no individuals are "trap-shy").

The advantage to this method is that the time-consuming process of marking and releasing animals is not needed.

A major disadvantage is that the process is destructive to the population, and any numbers obtained are indicative of what was present.

B.  Lab Procedure

Working with your partner, replace all worms removed from the previous investigation and homogenize the population.  Using a 150 ml beaker (to ensure a standard removal effort), remove a sample of the culture.  Make sure that the sample completely fills the beaker, but that the top of the sample is even with the top of the beaker.

Dump the contents of the beaker onto a paper towel spread over the surface of the lab bench in front of you and your partner.  Remove the mealworms from the medium.  Place the mealworms into a petri-dish, count them, and record that value.  Don’t worry about whether the worms are marked.  Return the medium MINUS THE WORMS to the tub, and rehomogenize.

Scoop out another sample (equal in size to the previous one) and likewise remove the mealworms.  Count them and place in the petri dish.  You should also keep a running cumulative total of the worms removed.  Return the medium to the tub and mix again.
Remove one more sample and treat as above.  (If time allows replace the medium, re-mix, and take out a fourth sample).

You should now have at least three samples, each with its own number of mealworms.
C.  Calculations

There are three main ways to analyze the data and determine the estimate of population size.

a.  Graphic method

On a graph paper, designate the x-axis as the "cumulative catch".  The scale should go from 0 to 350.  Designate the y-axis as "catch per unit effort".  The scale should go from 0 to 50 (or higher if any of your samples had more than 50 mealworms).  Next, plot for each sample, the cumulative number of mealworms removed against the number removed in that sample.  If all went well, the points further to the right of the x-axis should be closer to the origin of the y-axis (i.e. a downward sloping line should result if the points were to be connected together).

Next, using a ruler and your eyes, plot a line of best fit through the points.  The point on the x-axis that the line intersects is the estimate of population size.

b.  Analysis by linear regression

The most accurate way to produce a line of best fit through the points is to use linear regression.  This can be done statistically, according to formulae given in any elementary statistics textbook.  An easier method is to use the regression feature in Excel.  To perform this approach, do the following:

1. Open an Excel spreadsheet

2. Create a table, so that Column A represents the number of the sample (e.g., 1, 2, 3, 4)

3. Set Column B to represent the number of worms removed in each sample (e.g., 40, 31, 26, 18)

4. Set Column C to represent the cumulative number of worms removed (40, 71, 97, 115)

5. Set Column D to again represent the number of worms removed in each sample (Column D = Column B).

6. Highlight Columns C and D.

7. Create a Marked Scatter chart

8. Select any point

9. Under the Chart dropdown, select “Add Trendline”

10. Under the Options box, select “Display equation” on chart.  You should get a formula having the structure of y = mx + b.  “m” should be a negative number that is <1.

11. Calculate b/m.  That should be your x intercept, which is your estimate of population size.

c.  Short method

Zippin (1956) devised a method that uses the data for only the first two catches.  It is based on the formula:

N = (y1)2/ (y1 - y2)

where y1 is the number in the first catch and y2 is the number in the second catch.
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V.  Reporting out
You are asked to report your findings as follows by completing the attached datasheet.  Then, answer the questions given below.

   1.  Were all of the assumptions for the Lincoln-Petersen index met in this exercise?  If not, what were the main sources of error?
   2.  What would happen to the estimate if marked animals were over-represented in the re-census?  If they were under-represented?

   3.  In retrospect, do you think that marking 50 individuals was sufficient?  Excessive?

   4.  What effect did sample size have on the estimate?  Was a recapture number of 50 mealworms sufficient?  Excessive?

   5.  Which method of determining confidence intervals did you prefer (binomial vs Schumacher- Eschmeyer method)?  Explain?

   6.  For the Schumacher-Eschmeyer method, were three recapture periods sufficient?  Should the number have increased to five?  To ten?
   7.  Was the Recapture-per-Unit-Effort method superior or inferior to the Mark-Recapture method?  Why?  Could the Recapture-per-Unit-Effort method be improved in any way (such as by increasing the number of recapture events to six or eight)?  

   8.  For the Recapture-per-Unit-Effort method, were you able to easily discern a straight, continuously decreasing line when number recaptured was plotted against cumulative number captured, or was linear regression necessary?

   9.  How effective was the "short method" for estimating population size in the Recapture-per-Unit-Effort method?
10.  In what real ecological situations would either method be most suited, in your opinion?  What kinds of factors would invalidate either method?
11.  Would this method work for sampling a community comprised of more than one species?  Would it be appropriate for sampling sessile organisms?

12.  List and discuss three skills that you gained from going through this exercise.  What aspects of the 4DEE framework did these new skills support?

13.  How might these methods be important in applied biology, such as fisheries or natural resource management?

14.  What Cross-Cutting Themes of the 4DEE framework did this exercise address?

15.  Is knowing about these methods of estimating animal populations of use only for ecologists?  How might they be put to use by non-ecologists?
VI.  Datasheets for Estimating Animal Population Size Exercise

I:  Mark-Recapture Techniques

Method 1:  Lincoln-Petersen method: 

First estimation (based on 50 mealworms recovered):


m = number of individuals marked in first sample  ___________

n = total number of individuals recovered in second sample  _________

x = number of individuals in second sample that are marked  _________


T = the Lincoln-Petersen population estimate  ___________


Determining confidence interval:

Calculate x/n.  __________
Find that ratio on the x-axis of the graph ___________
Correlated value of p based on second sample size of 50  _________
Correlated value of p’ based on second sample size of 50  _________
m/p _______ 

m/p' _______

Second estimation (based on 20 mealworms recovered):


m = number of individuals marked in first sample  ___________

n = total number of individuals recovered in second sample  _________

x = number of individuals in second sample that are marked  _________


T = the Lincoln-Petersen population estimate  ___________


Determining confidence interval:

Calculate x/n.  __________
Find that ratio on the x-axis of the graph ___________
Correlated value of p based on second sample size of 50  _________
Correlated value of p’ based on second sample size of 50  _________
m/p _______ 

m/p' _______

Third estimation (based on 100 mealworms recovered):


m = number of individuals marked in first sample  ___________

n = total number of individuals recovered in second sample  _________

x = number of individuals in second sample that are marked  _________


T = Lincoln-Petersen population estimate  ___________


Determining confidence interval:

Calculate x/n.  __________
Find that ratio on the x-axis of the graph ___________
Correlated value of p based on second sample size of 50  _________
Correlated value of p’ based on second sample size of 50  _________
m/p _______ 

m/p' _______

Method 2: Estimation by Repeated Sampling (Schumacher-Eschmeyer (SE) method)

Resample #1:  m __50__   n __50___    x _________   m2n ________    mx __________

Resample #2:  m __50__   n __50___    x _________   m2n ________    mx __________
Resample #3:  m __50__   n __50___    x _________   m2n ________    mx __________

∑m2n _______  ∑mx ________
Schumacher-Eschmeyer (SE) population estimate = (∑ m2n)/(∑ mx) = _____________

Calculations leading to confidence limits of the Schumacher-Eschmeyer (SE) population estimate:
Step 1 – Calculate the Variance of SE:

K ______   K-1  _______  1/(K-1) _______

Run 1: x2/n ______   Run 2: x2/n ______    Run 3: x2/n ______     ∑(x2/n) ______

Run 1: (mx)/SE ______  Run 2: (mx)/SE ______   Run 3: (mx)/SE ______    ∑(mx)/SE ______

Variance of SE:  ∑(x2/n) - ∑(mx)/SE   _________
Step 2 – Calculate the error:

(SE)3_________    (SE)3(variance of SE) _________   (SE)3(variance of SE)/∑mx _______
Error = √[(SE)3(variance of SE)/∑mx]  ________

Step 3 – Calculate the upper and lower 95% confidence limits:

Upper limit: SE + 1.96 (error):  ________

Lower limit: SE - 1.96 (error):  ________
II.  Capture-Per-Unit-Effort Techniques

                Raw number      Cumulative catch
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Scoop 1:  __________
______________

Scoop 2:  __________
______________

Scoop 3:  __________
______________

Scoop 4:  __________
______________

Scoop 5:  __________
______________

III. Synthesis

Everything considered, estimate the number of worms in the bin  _______________

Appendix 1:  Curves for determining confidence intervals using Lincoln-Petersen method (after Adams (1951)).

Graphic method estimate:  ____________





Linear regression estimate:  _____________





Short method estimate:  ____________











