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Abstract

Knowledge of the scientific method leads to scientifically literate citizens who
can read science articles and evaluate the quality of the information presented;
it allows a person to distinguish science from pseudoscience and can help
avoid wasting time, money, and resources on poor ideas or, worse, scams. The
scientific method is also useful for anyone who wishes to develop their own
experiment program, whether that’ s in their garden, kitchen, or office.



Scientific Literacy for the Citizen Scientist

Introduction

Why scientific literacy is important

WSU volunteers, from awide variety of programs, collect useful scientific data
every week. Thisinformation is often shared, which isvital in such situations as
research trials and environmental assessments. By affecting public policy, science
affects our everyday lives. So both the data you collect and the way you collect and
share that data have avery real impact.

In order to collect useful data, you first need to know something about scientific
methods and how scientists communicate their findings. The six chaptersin this
manual will teach you, step by step, what the scientific method is and how it is used.

Being scientifically literate means you understand experimentation, reasoning and
basic scientific facts. It means you are naturally curious. Y ou ask questions about
the world around you and seek answers to those questions. Y ou are able to read
science articles in newspapers and magazines and talk about whether those findings
are valid. Because you are informed about science and technology, you can evaluate
the quality of information based on its source and the methods used to generate data.

Most importantly, being scientifically literate allows you to distinguish science from
pseudoscience. Differentiating between the two can help you avoid “ snake oil”
recommendations found on websites and other unverified sources. Sometimes these
recommendations cause you to waste time, money, and natural resources. In other
cases, they can cause significant injury to the environment or human health.

Glossary
Pronunciations for some terms are available through links following the terms.
abiotic. Something that is not living, nor made from anything living. It isaterm

used to describe environmental factors, such as water, temperature, and light.
http://dictionary.reference.com/browse/abi oti c?s=t

anecdote. A personal experience described to support an idea, practice, or product.
http://dictionary.reference.com/browse/anecdote?s=t

biotic. Something that is alive, or derived from something living. Plants, animals,
and microbes are all examples of biotic environmental factors.
http://dictionary.reference.com/browse/bi oti c?s=t.

experimental control. The “check” in an experiment is what we might call the
normal situation.

experimental treatment. A change in asingle environmental variable. It can be the
addition or subtraction of a biotic or abiotic factor.

experimental unit. A single member of the test subjects in your experiment.

Manual learning
objectives

In this manual you will learn to:

e Define scientific terms

(Introduction)

e Describe the differences

between experimental and
scholarly research (Chapter
1)

Differentiate between
anecdotal and scientific
evidence (Chapter 2)
Distinguish between an
experimental control and an
experimental treatment
(Chapter 2)

Outline the steps for
designing asingle-variable
experiment and collecting
data (Chapters 2 and 3)

I dentify sources of
environmental variability in
an experiment (Chapter 2)
Demonstrate competency in
identifying whether an
article, book, or website is
credible, relevant, accurate,
and objective (Chapters 4
and 5)

Formulate an example of a
hypothesis and a theory
(Chapter 6)


http://dictionary.reference.com/browse/abiotic?s=t
http://dictionary.reference.com/browse/anecdote?s=t
http://dictionary.reference.com/browse/biotic?s=t

extrapolate. Extend a method or conclusion, especially one based on statistics, to an
unknown situation by assuming that existing trends will continue or similar methods
will be applicable. http://dictionary.reference.com/browse/extrapol ate?s=t

hypothesis. A scientific question framed as a true/fal se statement.
http://dictionary.reference.com/browse/hypothesi s?s=t

objectivity. The state or quality of being true regardless of aperson’sindividual
biases, interpretations, feelings, and imaginings.
http://dictionary.reference.com/browse/objectivity ?s=t

plot. A small area of land, with a defined boundary and uniform contours, used for
field experiments.

pseudoscience. A belief that is falsely presented as scientific but is not completely
testable or lacks supporting evidence or is not accepted by mainstream researchers
in that discipline as legitimate work.
http://dictionary.reference.com/browse/pseudosci ence?s=t

randomization. A method of assigning subjects to different treatments or locations
inatrial. For example, each member of a group of potted plants would be assigned
to adifferent treatment during the trial to test fertilizer strength. The assignment
itself is random and can be based on some physical instrument, such as a coin toss
(two treatments) or dice throws (up to 36 treatments), or computer algorithms.
http://dictionary.reference.com/browse/randomi zation?s=t

subjectivity. A collection of perceptions, experiences, expectations, personal or
cultural understanding, and beliefs specific to a person.
http://dictionary.reference.com/browse/subjectivity ?s=t

theory. A scientifically supported explanation for an observable phenomenon. A
theory may consist of asingle hypothesis, or agroup of related hypotheses, and
must be able to withstand repeated attempts to disproveit.
http://dictionary.reference.com/browse/theory ?s=t

variable. An experimental factor that can change. In an ideal experiment, all
variables are held constant except for one that is being studied.
http://dictionary.reference.com/browse/variable

Exercises:

1. Watch This Thing Called

Science Part 1: Call Me
Skeptical
https://www.youtube.com/wa
tchv=W9loN8Tblwg (two
minutes)

. Quiz yourself on vocabulary

terms
http://www.flashcardmachine

.com/p/2zb26y

. Watch Amy Cheng Vollmer

(20 minutes) in The Role of
Science and Science Literacy
http://www.youtube.com/wat
ch?v=RyWCkHzB1kk

. Watch Bill Moyers and Nell

deGrasse Tyson (24

minutes) in Scientific
Literacy
http://www.haydenplanetariu
m.org/tyson/watch/2014/01/2
4/moyers-company-on-
science-literacy



http://dictionary.reference.com/browse/extrapolate?s=t
http://dictionary.reference.com/browse/hypothesis?s=t
http://dictionary.reference.com/browse/objectivity?s=t
http://dictionary.reference.com/browse/pseudoscience?s=t
http://dictionary.reference.com/browse/randomization?s=t
http://dictionary.reference.com/browse/subjectivity?s=t
http://dictionary.reference.com/browse/theory?s=t
http://dictionary.reference.com/browse/variable
https://www.youtube.com/watch?v=W9IoN8Tb1wg
https://www.youtube.com/watch?v=W9IoN8Tb1wg
http://www.flashcardmachine.com/p/2zb26y
http://www.flashcardmachine.com/p/2zb26y
http://www.youtube.com/watch?v=RyWCkHzB1kk
http://www.youtube.com/watch?v=RyWCkHzB1kk
http://www.haydenplanetarium.org/tyson/watch/2014/01/24/moyers-company-on-science-literacy
http://www.haydenplanetarium.org/tyson/watch/2014/01/24/moyers-company-on-science-literacy
http://www.haydenplanetarium.org/tyson/watch/2014/01/24/moyers-company-on-science-literacy
http://www.haydenplanetarium.org/tyson/watch/2014/01/24/moyers-company-on-science-literacy

Chapter One: What is the Scientific Method?

The scientific method is a philosophical framework within which scientific
guestions can be asked and the answers tested. Scientific questions are called
hypotheses (singular, hypothesis) and are always framed as a statement rather than a
guestion; for example, “Using Product XY Z will decrease weed seed germination.”
Hypotheses must be specifically worded—it is not enough to say that Product XY Z
will have an effect on weeds. Y ou must know what parameters you will be
measuring before you begin your experiment to test the hypothesis. An oppositional
statement or null hypothesisis also created prior to experimentation; for example,
“Using Product XY Z will have no effect on weeds.” Therefore, the result of an
experiment will support one of these statements and reject the other.

Hypothesis General Formula:

[Some object or substance, or action] will have a (positive, negative, or no)
effect on [some other object, substance, or action]

Practice Exercise:

Practice inserting words from the category below into each of these formulas:
[ 1 will have a positive effect on [ ]

[ 1 will have anegative effect on| |

[ T will have no effect on | ]

e Product XYZ

e Weed growth

o Salt

e Eight hours of sunshine per day

e Twelve hours of darkness per day
e Oneinch of water per week

e Lawn growth

e Average daily water temperature

An important component of the scientific method is that hypotheses are never
“proven”: they are either rejected or supported. This reflects the philosophical and
dynamic nature of scientific inquiry. Knowledge is never completely attained—a
hypothesis supported today could be rejected tomorrow when additional data come
in. Claims that products or practices are “proven effective” raise suspicion in
scientists. Legitimate research will state that experimental data support the
effectiveness of a product or practice.

Constructing and testing hypotheses

After framing both a hypothesis (H1) and a null hypothesis (HO), a researcher
conducts an experiment and collects data. When the data are analyzed, they will
support either H1 or HO. If H1 is supported, further testing is performed. If HO is
supported, then H1 isrejected and new hypotheses are created and tested.

Overview

In this chapter, you will learn how
to construct a hypothesis,
differentiate between hypotheses
and theories, and describe three
types of research.

Learning Objective

At the end of this chapter you will
be able to describe the differences
between experimental and scholarly
research.



Using the example above,

H21: Using Product XY Z will decrease weed seed germination

- o ,

v/ ] {

HO: Using Product XY Z will have no effect on weeds
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Hypotheses that have been supported through scientific inquiry once must be tested
again, both by theinitial researcher and by others. When a hypothesis has been
widely tested and supported through repeated testing, it can be considered a theory.
A theory may consist of asingle hypothesis or a group of related hypotheses and
must be able to withstand repeated attempts to disprove it. Theories are not
“opinions’; they have been exhaustively tested through scientific inquiry and are
accepted by the majority of scientific researchers. Theories are not “carved in
stone.” They may be modified as further information becomes available. They may
eventually be rejected, with new theories taking their place. Even though they can
never be proven, theories represent the collective knowledge of a group of expert
scientists and need to be respected as such.

Theories vs. hypotheses

Theories can also explain certain natural processes, called laws. Laws are framed as
factual statements rather than scientific questions. An exampleisthe First Law of
Thermodynamics: energy is neither created nor destroyed but merely changes form.
Exhaustive research over decades has failed to disprove laws. These are primarily
found in the fields of mathematics and physics.

Types of experimental research
We often think of the stereotypical scientist as aresearcher in awhite lab coat.

However, the nature of scientific inquiry is not just experimental. Experiments do
make up the first level of scientific inquiry. Synthesis is the important second level.
Synthetic research is a scholarly review of a particular body of literature that might
generate new hypotheses.


http://pubs.wpdev.cahnrs.wsu.edu/wp-content/uploads/2015/12/em100e_figure1.jpg
http://pubs.wpdev.cahnrs.wsu.edu/wp-content/uploads/2015/12/em100e_figure2.jpg

The sheer vastness of scientific literature is daunting. It is not surprising that many
experimental researchers focus on a particular plant or process without connecting it
to the larger body of science. Synthesisis the function of review articles, which not
only analyze and summarize existing knowledge on some topic, but also will bring
that knowledge together in such away that unifying concepts can be devel oped.
Thus, laboratories are not the only place where scientific knowledge is advanced.
Good scholarly review articles are highly valued in the scientific community.

With the increased availability of electronic journa articles, atype of review article
called a meta-analysis is becoming more common. A meta-analysis differs from
other review articles in that data from many articles are pooled and statistically
analyzed for significance. Using our Product XY Z example, this could mean that
authors combined the results of 20 different studies on Product XY Z and weed seed
germination. If these combined results were statistically significant, this would
provide strong evidence as to the efficacy (or lack thereof) of Product XYZ.

Exercises:

e Watch This Thing Called Science Part 2: Testing, testing 1-2-3
https.//www.youtube.com/watch?v=SImQp8EsL B4

e Read Using the Scientific Method to Solv Mysteries
http://askabiol ogist.asu.edu/expl ore/scientific-method and practice the
Training Room Escape

e Review the web tutorial Science asa Process: Arriving at Scientific
Insights at
http://sumanasi nc.com/webcontent/ani mati ons/content/sci entificmethod.
html

¢ Go to http://scholar.google.com and look up specific topics that interest
you in order to see the variety of information available for synthetic
research or meta-analysis.



https://www.youtube.com/watch?v=SlmQp8EsLB4
http://askabiologist.asu.edu/explore/scientific-method
http://sumanasinc.com/webcontent/animations/content/scientificmethod.html
http://sumanasinc.com/webcontent/animations/content/scientificmethod.html
http://scholar.google.com

Chapter Two: How do you design and run a
scientific experiment?

Treatments and controls

After you develop a hypothesis for testing, you can structure an experiment. When
you choose an experimental treatment, you must also have an untreated control.
Control and treatment materials differ only in the presence or absence of one
variable; al other factors must remain constant. If you are doing experiments on
organisms, this means the same species must be used. Variables can include time,
abiotic and biotic factors. The more variables an experiment has, the more
complicated the experiment becomes.

Controlling outside variability (uniformity)

Let’s assume you are testing the effect of Product XY Z on weed seed germination.
If you test thisin the laboratory, you can control other conditions, such aslight,
temperature, and water availability, so that materials are treated uniformly. If you
test the material in the field, however, the environment is no longer uniform. There
are many other variables to control, some of which you cannot see. Placing one
control plot in afield near atreatment plot will not work at this level because there
are unknown environmental variables. Perhaps the control area gets more wind;
perhaps the soil is more sloped in the treatment area. This doesn’t mean experiments
cannot ever be done in the natural environment; it does mean that they are more
complicated to set up and interpret than this manual is designed to cover. The most
important point to remember isthis: questions of experimental design are of critical
importance and must be addressed before treatment begins.

An exhaustive discussion of experimental design is beyond the scope of this manual
but one method that generally works well in field research is the split-plot approach.
In the figure below, the control treatment is shown as a dark colored tree canopy and
the experimental treatment is shown as alight colored tree canopy, both within a
“box” which isasingle plot.
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Overview

In this chapter you will learn how
experiments are set up to control for
variability and objectivity, then
analyzed.

Learning Objectives

o differentiate between
anecdotal and scientific
evidence

o distinguish between an
experimental control and an
experimental treatment

e outline the steps for
designing asingle-variable
experiment

o identify sources of
environmental variability in
an experiment



Astheillustration shows, each physical spot in the layout contains both a control
and a treatment pot, so theoretically both plants will experience the same
environmental conditions.

Using potsisideal in experimental testing because they are physically isolated from
one another and have minimal impact on neighboring pots. Without physical
isolation, activities (such as water movement or weed seedling root growth)
occurring in one test pot may interfere with another pot, which adds more variables
to the experiment. In some cases, it may not be practical to have individual
containers, but the potential variability must be recognized and considered during
evaluation of your experimental results. For example, individuals at the edge of a
plot may react quite differently to treatment than individualsin the middle of the
plot. Be sure to keep notes that may help to explain discrepanciesin results.

Throughout your experiment, you will need also to maintain uniformity. Whatever
you do to your treatments—irrigate, fertilize, weed, etc.—you must also do to your
controls. If measurements of living organisms are made, you need to be aware of
thigmomorphogenesis (thig'-mo-morph’ -o-gen-i-sis;
https.//www.youtube.com/watch?v=f9V Ugz9WqgPc). This phenomenon refersto a
change in form triggered by mechanical disturbances, such as touch. Measuring
living organisms with aruler or otherwise handling them can cause this change.
Each treatment and control needs to be handled in the same manner for the same
amount of time. Otherwise, you can seriously affect your own experiment.

Replication

Now you understand uniformity, you need to consider replication. It is not enough
to have one control and one experimental treatment. Statistical analysis requires
large data sets. Y ou need at least three replicates of each treatment and the control.
More replicates are always better. Well-designed laboratory and greenhouse
experiments generally have from five to 10 replicates. For outdoor experiments, 20
individuals for each treatment are common. The increased number in thefield is due
to more environmental variability.

Y our field experiment will become more complicated if you add more variables.
This single-variable experiment has 20 controls and 20 Product XY Z treatments.
Total number of potsis40. To add another variable (for instance, sun or shade that
might influence Product XY Z's effect), you would need:

20 controlsin the shade
20 controlsin the sun

20 treatments in the shade
20 treatmentsin the sun

The total number of potsis now 80. Resources needed to run tests and collect data
can multiply quickly!


https://www.youtube.com/watch?v=f9VUgz9WqPc

Need for objectivity

Objectivity isakey component of scientific experimentation. Thisisimportant
because we want to keep personal bias out of the process. Being human, we may
find this difficult, but there are methods that will help us avoid subjectivity. One
method is to randomly assign experimental units (EUs) to treatment or control
groups. Thiswill help you avoid subconsciously selecting certain EUs for treatment
(maybe the biggest or healthiest looking individuals), leaving more marginal EUs as
controls. To randomly select individuals, begin by assigning each of them a number
and attaching it to them somehow (plant stake, etc.). Write the same numbers on
individual slips of paper. Fold the slips so the numbers are covered and mix them in
abowl or pile. Pull them out one by one. Assign the first slip to treatment and the
second dlip to control. Write down the EU numbers under the treatment or control
columns on your data sheet. Continue like this until all EUs are in an ordered list. In
experiments with just two variables—one control and one treatment—this method
works well, as does the heads-or-tails coin toss. A pair of dice or adeck of playing
cards can be used for experiments with multiple variables. Add-ons for Microsoft
Excel that allow it to become a random number generator can be downloaded from
the Internet. Thisisvery useful for trials with large numbers of variables.

Now that your EUs are objectively selected, it isjust asimportant that the treatments
be objectively applied. In our example, Product XY Z is apowder that is added to
water inal:1ratio. Theinstructionstell you to add 16 ounces (0.45 kilograms) of
the product, mixed in water, to each treatment container. This means you also need
to add 16 ounces of water to each control container. Again, the controls and
treatments must differ only in one variable. If you misread the experiment and

added nothing to the control EUs, then you will have two experimental variables:
Product XY Z and the water it was dissolved in.

Double-blind testing

How can we ensure objectivity? The best way is to take a double-blind approach to
the experiment. This means that neither the tester (who applies the treatment) nor
the evaluator (who measures the effect of the treatment) knows which plants are
controls and which are treatments. In our example, the researcher sees two
containers, marked A and B. He pours the A container into plant pots labeled A, and
the B container into plant pots labeled B. Only the person who mixed the solutions
knows which of these two containers holds just water. Likewise, the person taking
measurements doesn’t know which plants received the XY Z treatment and which
have received only water. Only at the end of the experiment are the identities of A
and B revealed.

Data analysis

At the experiment’s end, data are collected and analyzed statistically. Thisis aways
done with assistance from someone trained in scientific statistics. Statistical analysis
will help you determine if your treatment had an effect that is substantialy different
from would happen by chance alone. If there are statistically significant differences
between the control plants and the treatment plants, then the H1 hypothesisis
supported. If not, then the HO hypothesis is supported. The research does not stop
here, however. If the H1 results are positive, the experiment needs to be repeated
and the same support data obtained. For the research to become truly accepted by
other scientists, other researchers will need to repeat it aswell. In general, well-
designed, objectively run experiments are repeatable, no matter who tests them.



Differences in lab vs. greenhouse/nursery vs.
field research

Once an experiment has been successful in alaboratory or greenhouse setting, it is
often tested again in the field.

Step 1.

Step 2.

Laboratory results cannot always be extrapolated to real-life settings. Any move
between lab and field conditions should be tested. It may be that lab conditions are
S0 precise that we can’'t control or consistently reproduce them outside. Examples
are the temperature range or amount of darkness. It may be that our field
instruments can’t tell “signal” from “noise.” Whatever the reason, be cautious about
extrapolating.

After you' ve successfully repeated the research three times, you may publically
share the results. Negative results are just as important as positive ones. Thisis
especially true when testing products. Publishing in peer-reviewed or scientific
literature is best. Other means, such as agency reports and public presentations, can
also be used to reach larger audiences.

Exercises:

e Watch This Thing Called

Science Part 3: Blinded by
Science
https://www.youtube.com/wa
tch?v=jij Sr-
ZVvFnc& src vid=SImQp8ESL
B4& feature=iv& annotation i
d=annotation 356249
This Thing Called Science
Part 4: Confidently
Uncertain
https.//www.youtube.com/wa
tchv=b0OXw2zpDzHQ& src
vid=jijSr-
ZvFnc& feature=iv& annotati
on_id=annotation 304910
This Thing Called Science
Part 5: Do the Right Thing
https.//www.youtube.com/wa
tch?v=fGpjt3SKA5Q& src vi
d=b0Xw2zpDzHQ& feature=
iv& annotation_id=annotation
937579
This Thing Called Science
Part 6: Citizen Science
https.//www.youtube.com/wa
tch?v=N6eN3PI14U8



http://pubs.wpdev.cahnrs.wsu.edu/wp-content/uploads/2015/12/em100e_figure5.jpg

