BIOL1108L – Thinking Like a Scientist – Part 3


Before coming to lab, you should read through this entire handout

Written by Stephen Burnett, 2009, Clayton State University, Morrow, GA.  Do not copy or use this document without permission.


Introduction

Now that you have developed a hypothesis and an experiment to test it, the question becomes how to determine if the experiment supported or rejected your hypothesis.  This is often a difficult question to determine, because it is not possible to simply examine your data and be certain of the outcome.  Partly this is because the presentation of the data can affect how you would interpret it.  This means that you have to be careful to present your data carefully and learn how to examine the ways that other people present their data.  Poor data presentation can lead to problems in a number of ways.  We will discuss some methods of data presentation later in this lab.

In addition, you cannot simply look at your results and state with confidence that they support (or reject) your hypothesis without some additional analysis.  The branch of mathematics that is used to analyze data for this purpose is called statistics.  We will examine some common statistical tests and how to interpret their results as part of this lab exercise.
Finally we will discuss the results section that is commonly found in scientific writing, which combines the presentation of data using figures and tables in addition to analyses of those data using statistics.
Data Presentation – Figures & Tables
Often, results can be presented more clearly by summarizing the data in a variety of ways.  Tables are useful as a way to clearly outline information in a logical fashion that is easy for the reader to follow.  Tables are often used to summarize the results of many data points (e.g., giving the average value for a variable that you were measuring in your experiment).
Table 1: reproductive success of shrews (Cryptotis nelsoni) living in different states.
	
	Texas
	Minnesota
	Georgia
	Virginia
	California

	Avg # of offspring born
	7.01
	7.52
	4.46
	5.16
	11.58

	Avg # of offspring surviving to adulthood
	1.50
	1.28
	0.49
	0.38
	4.32


Another way to summarize your data is by graphing, especially if the number of data points is too large to list in a table.  When graphing your results, you put the dependent variable on the y-axis (the vertical line) and you put the independent variable on the x-axis (the horizontal line) as shown below (Figure 1).  Often you will hear graphs referred to as a graph of “a vs. b”.  When this terminology is used, generally the y-axis (the dependent variable) is listed first.  Thus this terminology is equivalent to saying a graph of “y vs. x”.

Figure 1: Example graph.


[image: image1.wmf]Independent Variable

Dependent Variable


Generally graphs are drawn so that the data uses the full area available.  By having your data fill the graph, it is easier to interpret.  The graph below illustrates the data for the amount of light that passed through the pigment called chlorophyll a for various wavelengths of light.

Figure 2: Percent transmittance of chlorophyll a at wavelengths of 400-600 nanometers.
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Note important characteristics of this graph:

1. It has a caption describing the variables that were measured.

2. Each axis is labeled with the variable measured as well as the units of measurement

3. The intervals on the axes are evenly spaced.

4. Also note that figures are labeled sequentially, in the order they are used in the text.  So figure 3 is the third figure you refer to in your text.  The same goes for tables, but they are numbered separately (e.g., Figure 1, 2, and 3 could be found in a paper that also included Tables 1 and 2).

The graphs shown in figures 1 and 2 are called line graphs.  In a line graph, each value is represented by a point on the graph, and the points are connected by a straight line.  This type of graph is useful for presenting data on continuous variables.  A continuous variable is one that has few limits on the values that it could have.  For example, percent transmittance can range between 0 and 100%, but it could also take any value in between those limits.

It is possible to use a single line graph to present the data for several different sets of data by having multiple lines, one for each set of data.  When you do this, you should be sure to provide a legend to indicate which line corresponds to which set of data.  The following figure shows the % transmittance values for four different pigments.

Figure 3: Percent transmittance values for four different pigments at wavelengths between 400 and 600 nanometers.


[image: image3.wmf]0

10

20

30

40

50

60

70

80

90

400

450

500

550

600

Wavelength (nanometers)

% Transmittance

Chlorophyll a

Chlorophyll b

Xanthophyll

Beta carotene


It is important to be careful when graphing continuous data.  Just because you can connect the points with a line does not mean that you should.  You need to consider the data you are presenting to see if it makes sense to connect the points.  A general rule of thumb is to consider if the points are related by asking yourself would it change anything about your graph if you were to re-arrange the points on the x-axis.  For example, in figure 3, it would not make sense to change the values for wavelength, because that scale is numeric and can’t be rearranged.  In addition, the points for each pigment in figure 3 are linked because they represent the value for a common pigment and are therefore related.  If in contrast, you were to measure the heights of 20 different people and graph their heights vs. their weight, it would make no sense to connect those points on a graph, because the height and weight of one person is not related to the next person on the graph.  You need to be especially careful of this because many programs default to producing line graphs, even if they are not appropriate.  A graph without the lines is generally called a scatter plot.
The other common type of graph is called a bar graph.  This type of graph is used to display discrete variables, which consist of data that can only have specific values with no intermediate values.  The pigment used in the example experiment is an example of a discrete variable – there are four different pigments, each of which can be represented by a single bar on the graph.  Note that in this case, the x-axis is arbitrary, because you could re-order the pigments without changing the meaning of the graph.
Figure 4: Wavelength of light that gave the maximum percent transmittance values for four different pigments.
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In a bar graph, the data are presented with the height of the bar corresponding to the value for each data point.

Interpreting Graphs

Now that you know how to draw graphs, you should also be able to interpret the data they present.  In figure 5, the amount of CO2 produced by yeast cells at various temperatures was measured.  The more CO2 produced by the yeast, the faster the rate of the reaction being studied.
Figure 5: Amount of CO2 produced by 1000 yeast cells in solution vs. temperature.
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There are other ways to present data including tables and figures that are not graphs.  In general, many of the same rules still apply, including the requirement for a clear caption and clear labels on the figure so that the reader is able to interpret the data with minimal effort.

Data Analysis – Introduction to Statistics
Statistics is a branch of mathematics with a great deal of research behind it, but for our purposes we can take most of the background for granted and simply focus on the tests and how to apply them to actual data.  There are two main types of statistics, the first of which is descriptive statistics.  These statistics simply describe a sample of data.  One of the best known examples of a descriptive statistic is the mean or average.  This value tells you something specific about the data that were studied (e.g., the average age of CSU students) but it tells you nothing about anything outside your dataset.  This means that we cannot use the average age of CSU students to determine the average age of college students at Georgia State, for example.  Descriptive statistics are useful, but they cannot be used to test hypotheses.

The type of statistical tests that allow you to test hypotheses are called inferential statistics, which means that we are interested in reaching a conclusion based on our data that applies to a larger group.  For example, we study 1000 humans to determine (or “infer”) if each person’s weight corresponds to the city where the person was born.  In this case, our conclusion is based on 1000 people, but we want to detect a pattern that we can apply to more than just those 1000 people.  In this lab we will focus on inferential statistics so that we can test hypotheses.
The general use of a statistical test is based on probability (which is the measurement of how likely a particular event is).  The probability that we are interested in concerns our data.  Specifically, we want to know how likely we are to get the data we observed if our hypothesis is correct.  For example, if you hypothesis that a particular coin is fair, then you would expect to get five heads if you flip the coin 10 times.  However if you flip the coin 10 times and get four heads, does that mean the coin is unfair?  That depends on the probability of getting four heads out of 10.  In some cases we can calculate that probability fairly easily (as we could for the example of flipping coins) but for many real-world situations, this is more difficult.  In that case, instead of having a probability that we know ahead of time we start with an expected value and then we see if our data is different from that expected value.  For the coin-flipping example, we would expect to get five heads, but we only got four.  We know that sometimes you can flip a fair coin and get less than five heads.  The question is how likely are we to get four heads if our hypothesis is correct?  These tests compare your actual data to the expected data and calculates how likely it is that you would get those observed data if the expectation you had is correct.  If the likelihood is too low, then you would say that the expected values and the actual values do not match so the data do not support your hypothesis.  The problem here is the word “likely”, because it has no specific number attached to it, and scientific ideas need to be precise and measureable.  For a variety of reasons, the standard probability for rejecting your hypothesis is 5%, which means that if the statistical test results in a probability that is less than 5%, it means that your expected and observed data are likely to be different.  In this case scientists would refer to these as being significantly different.  Conversely, if the probability is greater than 5%, this means that the expected and observed data probably do match, which would mean that the differences between your data are not significant.  This value of 5% is arbitrary, but it is commonly used, so we will use it as well.
To actually use statistics, you calculate the value of the test statistic which is based on a specific mathematical formula.  You compare this number to a data table that corresponds to the statistic you are using to determine the probability (we will see how this works with specific tests in a moment).  The probability you get from the data table is the p-value for your test, and you compare that against the cut off of 0.05 that is the standard.  If your p-value is less than 0.05, then you test is significant.  There are many different types of statistical tests, but we are going to discuss only two of them for time’s sake.  The first of these is called the Chi-square test for goodness-of-fit (sometimes abbreviated as a 2 test).
Data Analysis – Chi-Square Goodness of Fit Test
The 2 test for goodness-of-fit is designed to help you determine if the expected and observed data are really the same.  This can easily be applied to a variety of data that we might encounter in biology.  For example, the Hardy-Weinberg equation makes some predictions that we can test.  Specifically, if we know the frequencies of the dominant and recessive alleles (p and q) then we can calculate the genotype frequencies.  We then can examine an actual population to determine if it matches what we expected.  For example, let’s say we have a population of plants, where the color of the flowers is controlled by a single gene.  The dominant gene R produces red flowers, while the recessive gene r produces white flowers.  We have analyzed the gene pool for this population and find that the dominant allele has a frequency (p) of 0.67, and the recessive frequency (q) is 0.33.  We can then calculate the expected genotypes using the Hardy-Weinberg equation covered in lab and in lecture

p2 + 2pq + q2 = 1
For this situation, the expected values are:

Homozygous dominant = p2 = 0.45
Heterozygotes = 2pq = 0.44
Homozygous recessive = q2 = 0.11
If we count 1000 flowers and determine their genotypes, we’d expect about 450 RR, 440 Rr and 110 rr flowers.  Note: for reasons that are not important to cover here, you cannot do a chi-square test with the proportions, you need to have the actual number of individuals to use this statistical test.  Now let’s say we go out and actually determine the genotypes of 1000 flowers and we get 427 RR, 465 Rr, and 108 rr.  Are these plants at Hardy-Weinberg equilibrium for this gene?  To determine the answer to this question, we must calculate the 2 value, which is calculated using the following formula:
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(equation 1)
The Greek letter sigma () means that you add together all the comparisons to get your chi-square value.  In this case, we have three pairs to consider, one for each genotype.  Therefore our test statistic is calculated using equation 1:
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So our 2 value is 2.64, but how do we determine if this indicates an actual difference between our expected and observed values?  We’ll need to look at a chi-square table, which contains a series of numbers corresponding to the chi-square calculation along with the significance associated with that value.  Table 2 below shows a chi-square table from http://www.itl.nist.gov/div898/handbook/eda/section3/eda3674.htm.  
             Probability of exceeding the critical value

  df         0.10      0.05     0.025      0.01     0.001



  1          2.706     3.841     5.024     6.635    10.828

  2          4.605     5.991     7.378     9.210    13.816

  3          6.251     7.815     9.348    11.345    16.266

  4          7.779     9.488    11.143    13.277    18.467

  5          9.236    11.070    12.833    15.086    20.515

  6         10.645    12.592    14.449    16.812    22.458

  7         12.017    14.067    16.013    18.475    24.322

  8         13.362    15.507    17.535    20.090    26.125

  9         14.684    16.919    19.023    21.666    27.877

 10         15.987    18.307    20.483    23.209    29.588

The way that you read the table is to find the row that corresponds to the degrees of freedom (df) for the test, which you calculate by taking the number of groups you were comparing and subtracting one.  In our case we had three groups (the genotypes) and therefore our degrees of freedom is two.  You then read from left to right across the row and find the last column that is less than your 2 value.  The value at the top of that column is the probability value that you need.  For example, for a 2 value of 9.5 with three degrees of freedom, you would stop at the third column (9.348).  This would mean that the probability value for that 2 value is 0.025 or less.  We stated earlier that a probability of less than 0.05 is considered significant.  For our actual data, our value is less than all the values in the row for two degrees of freedom, which means that our probability is greater than the probability for the first column (0.10).  This means that our probability is greater than 0.05, so we would say the differences between our observed and expected values are not significant, meaning that this population does seem to be at Hardy-Weinberg equilibrium for this gene.  It is important that you keep the p-value and the test statistic separate.  For a 2 value to be significant, you need a large value for the 2 which will result in a low probability.
Data Analysis – T-test
In some cases you have a set of numbers and you want to compare them.  For example, perhaps you have measured the heights of 10 experimental plants in your study and you want to compare them to 10 control plants.  How do you make this comparison?  A 2 test is not suitable, so you need to use something else.  A common test you will encounter is called the t-test, and it allows you to determine if there is a real difference between the averages for two groups you are examining.  Unfortunately, unlike the 2 test, there are a variety of different equations that can be used for the t-test depending on a variety of assumptions and characteristics of your data.  For that reason, we are not going to go through the mathematics of this statistic, instead showing how to calculate the results using Microsoft Excel’s statistical functions.  We will use the sample data provided below, representing two groups of plants.  We want to compare the heights and see if the experiment and control groups had the same heights or if one group was taller than the other.
	Table 3: Heights of plants in cm

	Experimental
	Control

	3
	6

	4
	19

	6
	5

	8
	8

	9
	14

	4
	15

	6
	5

	4
	17

	5
	2


If you enter these data into an Excel spreadsheet, you can then enter the following formula in a cell:

TTEST(array1, array2, tails, type)
This formula will calculate the p-value of the t-test for you.  Different items in the formula are explained below:

· Array1 = the first column of data (in this case the experimental plants)

· Array2 = the second column of data (control plants)

· Tails = 2.  This corresponds to a test where we only want to see if there is a difference between the control and experimental, but we don’t assume a specific type of difference (e.g., we don’t necessarily think that the control should be larger than the experimental or vice versa).

· Type = 2.  If this value were 1, we would be doing a “paired” test, where we measured each plant twice, perhaps once before and once after it was given a particular chemical.  For our purposes, we’ll generally use a type 2 test.

If you enter this formula into Excel and select the appropriate cells, you will find out that the p-value for this test is 0.047, which means that these two groups would be considered significantly different.
The Results Section
This section is one of the most important parts of a scientific paper, because it contains the information that will allow you to determine the fate of your hypotheses and predictions.  For that reason, it is vitally important that you present your data clearly.  You should follow the guidelines in the writing handbook that is required for class, as well as the guidelines below.  These guidelines are important to follow because when it comes time to write up the results of your experiments in this (and later semesters) you will lose significant points if you fail to follow these guidelines.  If you are uncertain about this you should always check with your instructor, but some general guidelines to keep in mind are:
1. The results section must include text in it that explains the data.  It cannot simply consist of a figures or a tables.  This text may include results of statistical tests or explanations of the figures that are present in the section.  This text cannot simply say “the data are presented in figure 1” or something to that effect.  It is important to present the highlights of your data.  For example, “the average height of the plants was 15.2 m, ranging from 12 to 20 meters overall.  See table 1 for individual measurements”.  This text gives the user the main point of the data while providing a reference to the table so that he/she can find more data.

2. Results of statistical tests are generally reported by giving some specific pieces of information:

a. The name of the test you calculated (e.g., chi-square, t-test, etc.)

b. The value of the test statistic if you calculated it (e.g., 2.64 for our chi-square example)

c. The p-value for your test (sometimes simply reported as “p > 0.05” or “p < 0.05” or something to that effect)
d. Any other values that are needed to interpret your test (e.g., degrees of freedom for a chi-square test).

e. You do NOT show the actual numerical calculations that you performed, you simply report the final values.

3. You should only include tables and figures if they help make your data more clear.  Always ask what you want the reader to get from your figures before you go to the trouble to include them.

4. Do not get overly complicated with your figures – 3-dimensional graphs or excessive uses of color and specialized fonts are generally not needed, and often make the graph more difficult to read.

5. You do not interpret the data in this section; you simply report it and summarize it for the reader.  Trying to explain what you think the data means is contained in the final section of the paper, commonly called the “Discussion” or “Conclusions” section of the paper.  We will discuss that section in the next lab.
Assignment

Use the information in this handout to write up your results from your bean beetle experiment.
Objectives


Upon completion of this exercise, you will be able to:


Properly present results from an experiment, using text, graphs, tables, etc. as needed.


Be able to perform basic statistical tests to analyze data


Understand the definitions of all bold-face terms
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