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Biology 100 – K. Marr 

The Scientific Method
The scientific method is neither complicated nor intimidating, nor is it unique to science. It is a powerful tool of logic that can be employed any time a problem or question about the world around us arises. In fact, we all use the principles of the scientific method daily to solve problems that pop up, but we do it so quickly and automatically that we are not conscious of the methodology.  In brief, the scientific method consists of

1) Observing natural phenomena

2) Asking a scientific question (or questions) based on one’s observations

3) Constructing a hypothesis as a tentative answer to the question

4) Testing the hypothesis with controlled experiments or pertinent observations 

5) Drawing conclusions about the hypothesis based on the data resulting from the experiments or observations
6) Share the findings with the scientific community by publishing the results in a scientific journal

1. Making Observations
The scientific method begins with careful observation.  An investigator may make observations from nature or from the written work of other investigators, which are published in books or research articles in scientific journals, available in the storehouse of human knowledge, libraries.

The following example will be used as we progress through the steps of the scientific method. Over the last couple of years you have been observing the beautiful fall colors of the leaves on the vine maples that grow in your yard, on campus, and in the forests in the Cascade Mountains.  You note that their leaves turn from green to yellow to orange to red as the whether turns progressively colder and the days of fall get shorter and shorter.  However, the leaves do not always go through their color changes on exactly the same days each year.

2. Asking Scientific Questions
It is essential that the question asked is a scientific question—i.e. the question must be testable, definable, measurable, and controllable.  For example, one would have a tough time trying to test the following question, “Did a supernatural force such as God create all life on earth?” Moreover, it would be difficult to define what God is because of the multitude of cultures around the world and their many definitions of God. It is interesting to note that the since this question is not a scientific question, and hence not testable, the courts of the United States have ruled that “creation science” and “intelligent design” should not be taught in science classes as has been demanded by various groups in this country.  However, that’s not to say that God did not create life, it’s just not testable, but rather, a matter of faith, things that are beyond the realm of science. 

Now, back to the vine maple example...Being a curious and inquisitive person you ask, “What is responsible for the vine maple’s leaves changing color each fall?”

3. Developing Hypotheses
After questions are asked, scientists try to answer them by proposing one or more hypotheses.  A hypothesis is a tentative answer to a question has been asked. A hypothesis is an educated guess that is based on your observations and past experiences.  It is a trial solution to a question that will be tested through experimentation and/or pertinent observations.   A useful hypothesis must be testable and falsifiable (able to be shown false or untrue).  It is important to note that a hypothesis can be supported by experiments and/or observations, but can never be proved true as it only takes one reproducible observation or experiment to disprove a hypothesis, but an infinite number to “prove” it true.
Back to the vine maples....  You have noted that vine maples change color in the fall on approximately the same dates each year, but this varies by a week or two each year. You reason that since air temperature is not constant each year in the fall, the progressively cooler days and nights in fall are responsible for stimulating the color changes.  Therefore, you hypothesize that the cooler days of fall are responsible for the color changes.  

A good hypothesis will always lead to predictions that are testable.  A scientist never conducts an experiment without a prediction of its outcome. A hypothesis and its prediction(s) are often stated together as an “If... then....” statement. “ If the hypothesis is true, then the results of the experiment will be....” So you develop your hypothesis into a “If... then....” statement:  “If progressively cooler temperatures are responsible for stimulating the color changes in the leaves of vine maples, then vine maples placed in a growth house and exposed to constant light (e.g. 12 hours light and 12 hours of darkness per day), and exposed to slightly cooler temperatures each day should go through the same color changes as would the vine maples in nature.”   

The investigator will then evaluate the results of the experiment by seeing if the results agree with or contradict the prediction.  For example, if you conduct the experiment and discover that the vine maple’s leaves remain green, then the hypothesis has been falsified and another hypothesis must be developed. But if the leaves do change color, the hypothesis is supported, but not proved since other explanations and factors must be excluded through further experimentation.  It is always possible that future evidence from other experiments might falsify the hypothesis.  Thus hypotheses are never proven true, only supported by experiments and observations.  It takes only one experiment to falsify a hypothesis, but it takes an infinite number of experiments to prove a hypothesis correct.

4. Testing Hypotheses via Experiments or by Pertinent Observations 

The most creative and challenging aspect of science is designing a means to test a hypothesis, be it through observation or by experimentation.  Although many hypotheses may be tested by making observations (e.g. All of the following were discovered through careful observation:  Watson and Crick’s determination of DNA’s double helix structure, Robert Hooke’s Cell Theory, and Darwin’s theory of evolution by natural selection), we will test most of our hypotheses in lab by conducting experiments.  An experiment involves defining variables, designing a procedure, and determining controls to be used as the experiment proceeds. In any experiment there are three kinds of variables.
1) Independent variable: The independent variable is the single condition (variable) that is manipulated to see what impact it has on the dependent variable.  The independent variable is the factor that causes the dependent variable to change.  E.g. the temperatures the trees are exposed to is the independent variable in the vine maple example.  The independent variable is the factor (i.e. experimental condition) you manipulate and test in an experiment. A great challenge when designing an experiment is to be certain that only one independent variable is responsible for the outcome of an experiment.  As we shall see, there are often many factors (known as controlled variables) that influence the outcome of an investigation. We attempt, but not always successfully, to keep all of the controlled variables constant and change only one factor, the independent variable, when conducting an experiment.  
2) Dependent Variable: The thing measured, counted, or observed in an experiment.  E.g. the color of leaves is the dependent variable in the vine maple example.  
3) Controlled Variables:  These are the variables that are kept constant during an experiment.  It is assumed that the selected independent variable is the only factor affecting the dependent variable.  This can only be true if all other variables are controlled (i.e. Held constant) e.g. In the vine maple example:  Species of vine maple, age and health of the trees used, length of day, environmental conditions such as humidity, watering regime, fertilizer, etc. It is quite common for different researchers, or for that matter, the same researcher, to get different and conflicting results while conducting what they think is the very same experiment. Why? They were unable to keep all conditions identical, that is, they were unable to control all controlled variables. 

In an experiment of classical design, the individuals under study are divided into two groups:  an experimental group that is exposed to the independent variable (e.g. the group of trees that are exposed to the decreasing temperatures), and a control group that is not. The control group would be exposed to the identical conditions as the experimental group, but the control group would not be exposed to the independent variable (e.g. The control group of vine maples would be kept at a constant temperature, everything else would remain identical.)

Sometimes the best test of a hypothesis is not an actual experiment, but pertinent observations. One of the most important principles of biology, Darwin’s theory of natural selection, was developed and supported by his extensive observations of the natural world. Since Darwin’s publication of his theory, a multitude of experiments and repeated observation of the natural world continue to support Darwin’s theory.

An important hypothesis may become a theory after it stands up consistently to repeat testing. A scientific theory is a hypothesis that has yet to be falsified and has stood the test of time. Hypotheses and theories can only be supported, but cannot be proved true by experimentation and careful observation. It is impossible to prove a hypothesis or theory to be true since it takes an infinite number of experiments to do this, but it only takes one experiment to disprove a hypothesis or a theory. Scientific knowledge is dynamic, forever changing and evolving as more and more is learned. 

5. Making Conclusions
Making conclusions is the next step in the scientific method. You use the results and/or pertinent observations to test your hypothesis. The tables and graphs are studied to see if the data supports or refutes the hypothesis. If the hypothesis has been falsified (i.e. refuted), alternate hypotheses should be suggested and tested. If the hypothesis is supported, the investigator suggests additional experiments to test and/or strengthen the hypothesis. However, you can never completely accept or reject a hypothesis. All that one can do is state the probability that one is correct or incorrect. Scientists use the branch of mathematics called statistics to quantify this probability. 

6. Communication of the Research—Publication in a Scientific Journal

After a hypothesis has been thoroughly tested and the investigator is satisfied of the validity of the results obtained, he/she will communicate the results to other scientists. Preliminary results may be presented within a laboratory research group and at scientific meetings where the findings can be discussed. 

Finally, if the fruits of your scientific labor were thought to be of interest and of value to your peers in the scientific community, then your work would be submitted as an article for publication in a scientific journal. Other scientists around the world will scrutinize the ideas, procedures, results, analysis, and conclusions. Because of this, science is self-correcting, meaning that errors that may occur are usually discovered within the scientific community. Hence, scientific communication is essential to the advancement of scientific knowledge

Criteria for Graphing Scientific Data
Often the first step in analyzing the results of an experiment is the presentation of the data in the form of a graph. A graph is a visual representation of the data, which assists in bringing out and finding the possible relationship(s) between the independent and dependent variables.  A graph makes it much easier to see the effect the independent variable has on the independent variable(s). 

Accurate and clearly constructed graphs will assist in the interpretation and communication of your data, and when presenting a well-documented argument supporting or falsifying your hypothesis in the final steps of a scientific investigation.  All graphs should be easy to interpret and labeled fully.  The following guidelines will help you construct a proper graph.

Graphing Tips
1) Use high quality graph paper or use Excel to make the graph.  
2) A ruler should be used to draw axes and to plot the data neatly and accurately.
3) Always graph the independent variable on the x-axis (horizontal axis), and the dependent variable on the y-axis (vertical axis).

4) The scales of the axes should be adjusted so that the graph fills the page as much as possible. The axes often, but not always, start at zero.  Choose your intervals and scales to maximize the use of the graph paper. Intervals should be logically spaced and easy to interpret when analyzing the graph (e.g. intervals of 1’s, 5’s, or 10’s are easily interpreted, but non-integer intervals (e.g. 3.25’s, 2.33’s, etc.) are not. To avoid producing a graph with a lot of wasted space a discontinuous scale is recommended for one or both scales if the first data point is a large number. Simply add two tic marks between the zero and your lowest number on one or both axes to show that the scale has changed.

5) Label the both axes to indicate the variable and the units of measure. Write the specific name of the variable. Do not label the axes as the dependent variable and independent variable. Include a legend is different colors are used to indicate different aspects of the experiment.

6) Graphs (along with drawings and diagrams) are called figures and are numbered consecutively throughout a lab report or scientific paper. Each figure is given a title that describes contents, giving enough information for the figure to be understandable apart from the text (e.g. Figure 1.  Relationship between the change in vine maple leaf color changes and temperature). Generally, this information is placed below the figure or graph.

7) Choose the type of graph that best presents your data.  Line and bar graphs are the most common. The choice of graph type depends on the nature of the variable being graphed.
Line Graphs are used to graph data that only involves continuous variables. A continuous variable is capable of having values over a continuous range (i.e. anywhere between those that were measured in the experiment). For example, pulse rate, temperature, time, concentration, pH, etc. are all examples of continuous variables. 

Making Line Graphs
1) Plot data as separate points.  Make each point as fine as possible and then surround each data point with a small circle. If more than one set of data is plotted on the same graph, distinguish each set by using circles, boxes, triangles, etc.
2) Generally, do not connect the data points dot to dot. Draw smooth curves, or if there appears to be a linear relationship between the two variables, draw a line of best fit. 


3) If more than one set of data is plotted on a graph, provide a key of legend to indicate identify each set. Label the graph as a figure and give it an informative title and a descriptive sentence as discussed in #6, above.
Note in the example below that a line graph was used to graph the data because both variables, pH and the rate of lactose digestion, are continuous variables.  pH is a continuous variable since pH values between those used in this particular experiment are possible (e.g. pH 3.45, pH 5.07, etc.)

[image: image3.emf]0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

Dogwood Vine Maple Red Alder

Chlorophyll concentration 

(mg / gram of leaf )


Figure 1. The effect of pH on the digestion of lactose by the intestinal enzyme lactase.
Making Bar Graphs
Bar Graphs are used if the data involves a discrete variable. A discrete variable (or non-continuous variable), unlike a continuous variable, cannot have intermediate values between those measured. For example, a bar graph would be used to plot the data in an experiment involving the determination of herbicide concentration (continuous variable) found in tree species X, Y, and Z (discrete variable).  Bar graphs are constructed using the same principles as for line graphs, except that vertical bars are drawn in a series down the horizontal axis. Note in the example below that a bar graph was used to graph the data because tree species is a discrete variable since it is impossible to have a value or species between those used.
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Figure 2.  
The concentration of chlorophyll in the leaves of three different tree species: dogwood, vine maple and red alder
Criteria for Constructing Tables and Graphs
Once data is collected, it must be organized and summarized and interpreted to see if it supports or falsifies the hypothesis being tested. The primary functions of tables and graphs are to (i) help you analyze and interpret your results, and (ii) enhance the clarity with which you present the work to a reader or viewer.
Tables

In formal lab reports and scientific papers tables are numbered consecutively and appear on the same page where they are referred to or discussed. The title, located at the top of the table, should give enough information to allow the table to be understandable apart from the text. Consider the following questions when constructing a table. How could the data best be organized to make it easy to interpret? Would it be useful to average the data when presenting it? Should all of the data collected be presented, or only a summary table?  

Below is an example of a table that could be used to summarize part of the data obtained in an experiment involving fictitious data involving basketball and baseball players.

	Table 1.  Average pulse rates, recovery times, and fitness points for GRCC basketball and baseball players taken before and after exercise. (All data is fictitious—baseball players please do not be offended!!)



	
	GRCC

Basketball Players
	GRCC

Baseball Players

	Average standing pulse rate before step test (beats/min)
	62
	88

	Average pulse rate after step test (beats/min)
	68
	125

	Average Fitness Points for heart rate increase after exercise
	12
	4

	Average recovery time (sec)
	11
	114

	Fitness Points for recovery rate
	14
	8

	Sample size
	12
	21
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Figure 1. Chlorophyll Concentration in the leaves of Dogwood, Vine Maple, and Red Alder
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