Home Read Sign

niversity o
mmmmmmm
eeeeeeeeee

in

CHAPTER 1

Science and the Scientific Method




Science is with us everywhere. Advances in technology and science are rapidly transforming our world - from growing food,
developing medicines, making exercise regimes, recycling and presenting the daily weather report, to reading a map and us-
ing our mobile phones and computers.

The modern world would not be modern at all without the understandings and technology enabled by science. In the future,
being science literate will be a necessity, not an option. We cannot escape from the significance of science.

This chapter introduces the concept of science and its import-

ance in our lives (Sections 1.1 and 1.2). Student scientists will A student scientist is someone who is being
learn about what science is and how it works, and how science formally educated about science and how
graduates are able to change society for the better to practise science, as well as developing
(Section 1.2). Section 1.3 warns the student scientist about scientific skills and attributes such as
pseudoscience, and how it differs from ‘real’ science - what teamwork, communication, and personal
you are here to learn. and professional responsibility.

1.1 HOW MEDICAL SCIENCE HAS SHAPED OUR HISTORY

Medical science includes a diverse range of specialities including anatomy and physiology, biochemistry, pathology, haemato-
logy, microbiology, immunology, and pharmacology to name a few. Within these various fields of study, many advances have
been made through scientific investigation to improve our understanding of human biology, the basis of disease, and the dia-
gnosis and treatment of disease. While the number of advancements are too vast to cover in a single text, we can gain an ap-
preciation of the impact of these scientific advancements by a look at examples within physiology, one of the medical science
areas of study.




Understanding and appreciating the history of physiology provides a context for learning current physiology. It also high-
lights how scientific understanding can change, and how current beliefs may one day be obsolete. The timeline below
presents some of the notable discoveries in physiology that have informed our understanding of the human body and treat-
ment for many diseases. These scientists have all been awarded Nobel prizes in Physiology or Medicine for their discoveries.

The website Physiologylnfo.org, sponsored by the American Physiological Society, presents a timeline of physiology that
highlights important discoveries between 1822 and 2013. General physiology milestones are presented in addition to
milestones in endocrinology and metabolism.
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Every day scientific advancements that significantly enhance our understanding of physiology and quality of life are re-
vealed. The American Physiological Society has identified six ‘hot topics’ in the life sciences that are particularly important
today:

e cancer biology

e cardiovascular biology

e exercise and metabolism

¢ inflammation and immunity

¢ the microbiome (previously known as the gut flora)

e stem cells and regeneration.

Box 1.2 highlights some recent breakthroughs in four of these six key themes.

Click on the drop-downs to read more.




> Impact of prolonged sitting on vascular function in young girls
> Analysis of the intricate relationship between chronic inflammation and cancer

> Immunometabolism of obesity and diabetes: microbiota link compartmentalized immunity
in the gut to metabolic tissue inflammation

v An investigation into the relationship between age and physiological function in highly
active older adults

Ross D Pollock, Scott Carter, Cristiana P Velloso, Niharika A Duggal, Janet M Lord, Norman R Lazarus and Stephen DR
Harridge

First published in the Journal of Physiology in January 2015

This paper investigated the relation between age and physiological function, which is still poorly understood. The researchers
looked at several physiological functions — including measures of cardiovascular, respiratory, neuromuscular, metabolic,
endocrine and cognitive functions —in a group of highly active cyclists between 55 and 79 years old. The results did not reveal
any clear relations between age and any of the physiological functions tests. The researchers concluded that the relation
between function and healthy ageing is very complex, and is likely to be different depending on the individual. But; physical
activity levels are likely relevant and should be taken into account.
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1.3 SCIENCE LITERACY

A science degree helps students develop science literacy, so that graduates can con-
tribute to society positively. Experts including science academics, science students, What science is and what scientific
employment groups and professional societies identified three elements of science concepts are
literacy that a science student should understand by the time they graduate (Figure

1.1).

The practice of science, including the
methods and toals that scientists use
— that is, the scientific method

Graduates with scientific literacy are well prepared to participate in decision-mak-

ing and debate socio-scientific issues that will improve society.

The role of science in society

The scientific method is the procedure of systematic observation, and forming,

testing and modifying hypotheses. ) T
Figure 1.1: Elements of scientific literacy.

Source: Image by Nikki Andersen adapted

from La Trobe University, and used under a
presents science as absolute facts that we have always known. What the textbook CC-BY-NC-SA 4.0 licence.

doesn’'t make obvious is that these facts are only the best current information we
have, and that these facts are the results of years of work by many scientists experimenting.

In high school and university, we learn science mostly from textbooks, which often

To fully understand science, we need to know how scientists conduct science and obtain facts.

Cutting-edge knowledge at the frontier of science is not as thoroughly tested as the well-tested and long-standing know-
ledge existing in contemporary textbooks. New data may not stand up to the test of time. New theories, ideas and possibilit-
ies can easily disappear as research progresses and data are generated. What might have been initially imagined by the
phvsiologist as a ‘break-through’ discoverv can easilv end up as nothing more than a hvbothesis without data to subport it.

Previous: Introduction
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Knowledge of science concepts, or ‘what do we know?’

The first element of scientific literacy is the most obvious - knowledge in science or the collection of facts that science has
produced. Student scientists spend a large part of their undergraduate degrees learning scientific facts in their discipline
area - that is, they focus on ‘what we know’ and not on ‘how we came to know it’. Scientific facts are claims about the world
that can be directly established by a careful, unprejudiced use of the senses, or repeated and verifiable observations.

Scientific knowledge tells us about the nature of the world beyond what we see on the surface. It tells us about our cells and
the organelles within, the transmission of energy from light hitting the retina in the eye to the electrical energy travelling
down the optic nerve, and even about the conditions that existed in the world long before humans were around to observe it.

Scientific theory

The ultimate goal of science is to understand the natural world in terms of scientific theories - that is, concepts based on
what we learn from experimentation. In science, our understanding is constantly increasing and, as a result, our theories de-
velop and change.

In science, the word ‘theory’ is reserved for a conceptual scheme supported by a large number of observations; Figure
1.2 shows five currently accepted scientific theories.

Scientific theories cannot be conclusively proved or disproved, and they change when evidence requires it. Once theories are
proposed to explain the facts on a particular topic, they are rigorously and ruthlessly tested by observation and experiment.
Theories that don’t stand up to observational and experimental tests are eliminated and replaced by new potential explana-
tions that must also be tested. Science progresses through the process of trial and error, by educated guesses and dismissals
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Cell theory: The cell is the fundamental
unit of life, and all organisms are
composed of cells and cell products

Gene theory: Organisms contain
coded information, genes, that are
passed from parents to their offspring

Biogenesis: Complex living things only
come from other living things - all
cells come from other cells

Evolution: All living things have a
common ancestor, but each is
adapted to a particular way of life

Germ theory: Some disease are

rattcard hv mirFraAaraanieme rallad




Figure 1.2: Examples of scientific theories. Source: Icons from the Noun Project
used under CC-BY licence. DNA icon by Josy Dom Alexis. Fruit tree icon by
Ahmad Avatar. Monkey icon by Maxim Kulikov. Remaining icons in Public

Domain.

Science starts with problems associated with explaining some behaviour of the world or universe in light of an existing
theory. An example given by Chalmers (2013) is the observation that bats can fly well at night, even though they have
small, weak eyes.

This observation is problematic in light of the theory that living creatures see with their eyes. A potential answer will be
proposed to explain the observation - that is, a hypothesis. The hypothesis will then be tested and eliminated, or be suc-
cessful. Once a hypothesis has managed to withstand a wide range of rigorous tests, it may become a theory and the sci-
entist will move on to another problem and begin the process again.

It can take a lot of evidence and time to change established theories. There are many examples in science where theories
were believed even when there was a great deal of opposing evidence - as explored in Box 1.4.

Widely accepted during the 18th and 19th centuries, the miasma theory of disease transmission explained the origin




In 1546, Italian physician, poet, astronomer and geologist Girolamo Fracastoro
first proposed a hypothesis that contradicted the miasma theory - that conta-
gious diseases were caused and spread by transferrable seed-like bodies.
Other scientists proposed similar hypotheses , but it wasn't until the work of
Louis Pasteur and Robert Koch in the late 1860s that the germ theory became
widely accepted. Joseph Lister, who came to be known as the ‘father of modern
surgery’, applied the advances made by Pasteur to the hospital environment
and introduced sterilisation of equipment, bedding, gowns and wounds, and
washing hands to prevent infection.

Lister faced opposition despite the positive results he was achieving. It didn't
help that bacteria were too small to see - but eventually his aseptic techniques
were adopted throughout Germany, the United States, France and, finally,
Great Britain.

Figure 1.3: Robert Seymour. 1831. Cholera
‘Tramples the victors & the vanquished both.’

Public Domain.

Sometimes scientists believe in a hypothesis so much that they may think they are observing things that are not there.

The canals of Mars are a fascinating (although non-physiological) example of this.

In 1877, Italian astronomer Giovanni Schiaparelli reported the discovery of canals on Mars (Hetherington, 1976); many

astronomers including Percival Lowell (1911) and Eugéne Antioniadi (1930) also documented seeing the canals and

drew detailed maps. Around 1895, these drawings led to Lowell concluding that the canals were an irrigation system de-

veloped by Martians. When more sophisticated telescopes and imaging technology were available, astronomers includ-

ing Antioniadi proposed that these canals were an optical illusion caused by dust moving across the surface of Mars due

to heavy winds (Gifford, 1964). This was supported by images obtained in the 1960s by unmanned NASA spacecraft.




This leads into the second element of scientific literacy: understanding how we came to know scientific facts and theories.

Knowledge of the scientific method, or ‘how did we come to know it?’

Scientific method refers to the body of techniques for investigating phenomena, acquiring new knowledge, or cor-
recting and integrating previous knowledge. It is based on gathering observable, empirical and measurable evidence
subject to specific principles of reasoning (Newton, 1726/1999, pp 794-796)

The scientific method includes the elements shown in Figure 1.4.
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Figure 1.4: Elements of the scientific method. Source: Image by Yolanda Varela used under a
CC-BY-NC-SA 2.0 licence.

In a speech to graduating students at the California Institute of Technology in 2016, Atul Gawande, a surgeon and public
health researcher, said:

Science is not a major or a career. It is a commitment to a systematic way of thinking, an allegiance to a way of building
knowledge and explaining the universe through testing and factual observation (Gawande, 2016).

The process of making new discoveries in science is not as straightforward and neat as it may first appear. As a student sci-
entist, you read textbooks, and conduct ‘cookbook’ practicals in which you follow a series of steps. In practice, creating new
knowledge in science is characterised by difficulties, uncertainties and competing hypotheses

Science is a huge discipline, and the way science is done depends on the field of study. Exactly how a scientist conducts their
craft depends on what knowledge and answers they are pursuing. For example, astronomers and geologists base their un-
derstanding on field observations, whereas physiologists and chemists base their understanding on experiments.

To a physiologist, the scientific method means implementing a series of experimental steps to create new knowledge and de-
velop a more sophisticated understanding of a particular topic.

The scientific method follows seven general steps (see Figure 1.5):
1. make an observation
2.research what is already known about the topic (literature review)
3.form a testable hypothesis that may explain the observation
4. perform an experiment or series of experiments







®

m: Q@ L

I_::

Observation

Research

Hypothesis and aim

Experiment

Results

PA.AA'..n:Au\




K Share results

Figure 1.5: The scientific method. Source: Image by Nikki Andersen adapted from La Trobe University, and used under a CC-BY-NC-SA 4.0
licence.

Some philosophers and scientists prefer to see the scientific method as an ideal rather than a rule or a description of the
practice of all scientists. Scientists are humans, and this means that we are not perfect and we are different in terms of our
motivation, drive and ideas - all of which may result in science being practised differently.

Scientists may approach their quest for new discoveries differently, but they will always seek evidence that can be obtained
in different ways. The scientific method combines rational thought and imagination to predict and explain phenomena, and
the work of scientists is always open to scrutiny, criticism and debate.

Figure 1.6 shows a cyclic model of the scientific method, indicating how it is an ongoing process.
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Figure 1.6: The scientific method as an ongoing process. Source:
Scientific Method by OpenStax, used under a CC BY 4.0 licence.

TED-Ed presentation by Adam Savage on two spectacular examples of profound scientific discoveries that came from
simple, creative methods that anyone could have followed.

Note: Closed captions are available by selecting the CC button below.

How simple ideas lead to scientific discoveries




Observation and research

Scientific research starts with a scientist making an initial observation that they cannot explain with an existing theory. It can
also be a more open-ended questions, such as ‘How can | treat this particular disease?’ The scientist will study any previous
data - that is, review the existing literature on the topic area, which are facts relevant to the problem at hand. This research
may reveal that another scientist has already answered the question and, in this case, a new question will be asked. If the
guestion hasn’t been answered, the scientist will use the findings of their research to help them to design a good question
that they can test.

Hypothesis and aim

Research, and imaginative and creative thinking help the scientist to formulate a hypothesis that they can test to explain an
observation or answer a question. A hypothesis is an assumption based on knowledge obtained during the observation stage
- itis an ‘educated guess..

Data generated during an experiment either support or fail to support the hypotheses. Hypotheses may be specific (e.g.
chronic ingestion of artificial sweeteners causes weight gain in humans) or broad (e.g. viruses cause disease in animals).
Hypotheses are always subject to modification.

It is important to note that hypotheses, however, may be proven untrue. This occurs when the data do not support the hypo-
thesis, in which case, the hypothesis must be rejected or refined.

A hypothesis is tightly linked to the aim of the study, which is the objective or goal of an experiment or series of experiments.
The aim is written in a similar manner to the hypothesis. A hypothesis is a prediction about the outcome of an experiment; an
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Experiment

Physiologists conduct experiments to test whether the real world behaves as predicted by the hypothesis. The purpose of
the experiments is to find out if the resulting observations of the real world agree or conflict with the prediction - if they
agree, we can be more confident that the hypothesis is true, but if they disagree we become less confident.

Experiments are a valuable scientific tool, because when experimenting we are able to control and manipulate phenomena
and events. However, this also means that we are creating an ‘artificial environment’ for our experiments. This may not end
up reflecting what is happening in the real - messy - world.

Experiments will only help us to support or not support hypothesis if they are carried out properly. This means using care
and the right equipment and settings, and the with goal of minimising error. If we conduct careless experiments that intro-
duce error into the results, the observations (or data) are useless when we try to evaluate our hypothesis.

Part of understanding how science works includes becoming aware of the methods and tools of science. Each scientific dis-
cipline has its own specialised techniques and tools that it uses to observe the natural world; student scientists will be ex-
posed to some of these methods in practical classes during their studies. Experimental methods are not perfect, even when
scientists try their best, and they can be updated or replaced over time. Advances in technology or scientific understanding
may mean that previously accepted methods are rejected and replaced with new ones. This may also mean that experimental
results obtained using old methods are also ignored, or viewed as less relevant, because our way of thinking about the topic
has changed.

It is not always easy and straightforward to conduct well-designed experiments and to get reliable results. New experiments
may take months or even years to perfect. Scientists need to work hard to collect high-quality results, including:
e developing their theoretical and practical knowledge of an area and a technique




peat the results. If results cannot be repeated, the hypothesis is no longer supported, and the conclusion may be incorrect.
When the results of experiments are shared with the wider scientific community, the research will be judged on many things,
including the methods employed.

Also, it is very rare for a researcher to generate their experimental methods from scratch; it is more common to use methods
that have been shown by other researchers to be successful at measuring particular variables. This is another reason it is im-
portant to provide details of your methodology.

Results

Scientists collect the data generated from their experiments and analyse them to determine whether the hypothesis was
supported or not. In the analysis stage, the scientist combines the results from repeated experiments and carries out statist-
ical analysis to test the hypothesis - for example, to determine whether differences exist between different experimental
groups. Scientists will present their results as text, tables and graphs.

Results should be reproducible - that is, another scientist should be able to follow the same method and obtain the same res-
ults. If they are not able to do this, it may mean that the original results were an error. For this reason, scientists will usually
conduct a single experiment multiple times.

Scientists rarely attempt to replicate the findings of other scientists, despite the importance of reproducibility. There are few
incentives for scientists to dedicate time to replicating existing studies, and it can be difficult to replicate studies because the
methods may be unclear, and poor or incorrect study designs may have been used in the original research (Belluz et

al., 2016).

Recently, some scientists have found that when they do try to replicate studies, they have not been able to obtain the same




Conclusion

Conclusions are made about the results of the experiment in light of the hypothesis. Simply, the results do or do not support
the hypothesis. The conclusions below are the two possibilities arising from the example hypothesis and aim shown
previously:

Conclusion: Chronic ingestion of artificial sweetener caused weight gain in humans.
Conclusion: Chronic ingestion of artificial sweetener did not cause weight gain in humans.
The study hypothesis, aim and conclusion are therefore highly connected.

Scientific conclusions are subject to change when new findings dictate that they need to be changed. Quite often in science,
new studies, which might use new techniques and equipment, tell us when conclusions need to be modified or changed
entirely.

Share results

Results of experiments should be shared with the wider scientific community, so they can contribute to the pool of know-
ledge on a topic and lead to better understanding for everyone.

Scientists can communicate with their peers in different ways:
e make an oral presentation at a conference
e present a poster at a conference
e publish ajournal article in a peer-reviewed academic journal (see Box 1.5).




Results do not become a part of the pool of shared knowledge until they are published, but not all results achieve this
outcome. Scientists must present their findings in the accepted format - that is, a journal article, and convince journal
editors and referees that their work is interesting, sound and useful.

Once a journal editor accepts an article, it is subjected to peer review. This is where others scientists with expertise in
the relevant field, usually anonymously, read through and check that the work is of sufficient quality and worthy of pub-
lication. The publication and peer-review process is at the mercy of people and therefore not perfect - error, bias and
dishonesty is inherent. As a result, some research that should be published isn't - and some research that shouldn’t be
published is.

This is a stressful process because research scientists in universities and industry aim to publish their work in academic
and professional journals. Their publication record is tremendously important to scientists because it is often used to
judge the quality of their work. Ultimately, a researcher’s publication record determines whether they get or keep jobs,
or gain funding to continue their work.

Interesting and important results will be cited by other scientists in the field who will test the results, and often modify and
extend on the research. They may also report back if they find something wrong or inadequate in the research. Results that
withstand scrutiny by peers and continue to be seen as interesting, useful and correct (or not obviously wrong) will make
their way into secondary literature, that is review articles, monographs and graduate-level textbooks. If more time passes
and the results are still interesting and correct, they will find their way into undergraduate textbooks, which have the widest
reach and influence.




pert audience will struggle to understand the meaning of such publications. To communicate their findings to lay - or non-ex-
pert — audiences, scientists may talk about their work during, for example, a radio or television interview.

Chapter 6 and Chapter 7 discusses the ins and outs of writing technical publications, and Chapter 8 talks more about com-
municating science to the non-expert audience.

Observation: A physiologist determines that available evidence indicates that say drug X - which is not yet approved by
Australia’s Therapeutic Goods Administration - increases the metabolic rate, and may therefore be a promising weight
loss drug.

Hypothesis: The physiologist hypothesises that ‘drug X will cause weight loss in adult rats..
Aim: The physiologist plans a study, with the aim to ‘determine if drug X will cause weight loss in adult rats’.

Experiment: The physiologist randomly assigns 20 adult rats to a control and treatment group - 10 per group. The con-
trol group is administered a daily dose of the placebo and the treatment group is administered a daily dose of the drug
for 4 months. The control group receives a placebo instead of a drug, and all other conditions are identical to the treat-
ment group with the exception of the drug. They receive the same kind of food and water. Body weight is recorded daily.

Results: At the end of the 4-month treatment period, the physiologist performs a statistical analysis on the body weight
data. The data reveal that there is a statistical difference between treatment groups, with the treatment rats weighing
less than the control rats.
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Figure 1.7: The Scientific method in action. Source: Image by La Trobe University used under a CC-BY-NC-SA 4.0 licence.

Knowledge and appreciation of science in society, or ‘how can we contribute’?

Understanding how science influences society - and vice versa - is an important aspect of scientific literacy. Science gradu-
ates who are able to combine their scientific knowledge and how it works with an understanding of the role of science in so-
ciety will be valuable citizens who can contribute effectively to debates and decision making about science-related public
issues.

One of the roles of a science graduate is to uphold the reputation of science in society by explaining what it is and why it is
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Watch this video interview with Steven Pinker, renowned experimental psychologist and Professor in the Department

of Psychology at Harvard University, on the place of science in society.

Note: Closed captions are available by selecting the CC button below,

Steven Pinker - Science & Society

Many people already do respect science, and this has been exploited in some advertisements that tell us that a product has




On the other hand, some people do mistrust science, as evidenced by some views about climate change and childhood vac-
cinations. Although most scientists agree that climate change is occurring, some of the public still view it as an issue that is
up for debate. And despite the evidence supporting the positive impact of immunisation on human health, some parents are
reluctant to vaccinate their children.

Scientists are responsible for discoveries that have resulted in nuclear weapons and pollution, and - as a result - are distrus-
ted by some members of the public. A study published in 2012 reviewed data collected from American citizens on their so-
cial attitudes from 1974 to 2010 (Gauchat, 2012). The author found that trust in science has not declined during this time
period, except among people who described themselves as politically conservative and those who frequently attended
church. Also, levels of trust in science varied a lot according to social class, ethnicity, gender, and region. This is not surpris-
ing, given the way science and scientists have treated some populations - for example, African-American men in the
Tuskegee study (see Case Study 1.1).

e N

Marcella Alsan and Marianne Wanamaker published a working paper in the National Bureau of Economic Research in
2016 (Alsan & Wanamaker, 2016); the abstract summarises their study.

Alsan and Wanamaker’s research showed that the unethical study may have led to a distrust in doctors, which contrib-
uted to (~35%) African-American men avoiding the health care system and therefore dying earlier. This effect was
stronger the closer the men lived to Macon County, Alabama, where the Tuskegee study took place.

Although science influences how society functions, it is also true that society influences which topics are chosen for research
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e Food

e Soil and water

e Transport

e Cybersecurity

e Energy

e Resources

e Advanced manufacturing
¢ Environmental change

e Health

1.4 PSEUDOSCIENCE

“Pseudoscience is the form of science without the substance.” (Gawande, 2016)

Pseudoscience describes an idea, field, practice, body of knowledge or belief that is presented as being scientific, but does
not follow or obey the scientific method, and is not consistent with the standards of scientific research.

In 2006, the National Science Foundation (in the United States) analysed survey data from the previous 20 years and found
that many Americans have many pseudoscientific beliefs, including astrology, lucky numbers, the existence of unidentified
flying objects (UFOs), extrasensory perception (ESP) and magnetic therapy (National Center for Science and Engineering
Statistics, 2006). They found that belief in pseudoscience increased during the 1990s and early 2000s, but declined between
2001 and 2005. In 2012 (National Center for Science and Engineering Statistics, 2014):

e 55% of Americans said astrology is ‘not at all scientific’

a 7% caid thav thnaiicht actralaov wwiac ‘eart Af criantific’




These numbers have not changed dramatically since surveys began, indicating that there is much for science communicators
to achieve. Other examples of pseudoscience include acupuncture, alchemy, astrology, homeopathy, intelligent design and
physiognomy.

* The use of vague, exaggerated, or untestable claims: Many claims made by pseudoscience cannot be tested with
evidence. As a result, they cannot be falsified, even if they are not true.

* An over-reliance on confirmation rather than refutation: Any incident that appears to justify a pseudoscience
claim is treated as proof of the claim. Claims are assumed true until proven otherwise, and the burden of disproof
is placed on skeptics of the claim.

e A lack of openness to testing by other experts: Practitioners of pseudoscience avoid subjecting their ideas to
peer review. They may refuse to share their data and justify the need for secrecy with claims of proprietary or
privacy.

e An absence of progress in advancing knowledge: In pseudoscience, ideas are not subjected to repeated testing
followed by rejection or refinement, as hypotheses are in true science. Ideas in pseudoscience may remain un-
changed for hundreds — or even thousands — of years. In fact, the older an idea is, the more it tends to be trusted
in pseudoscience.

e Personalization of issues: Proponents of pseudoscience adopt beliefs that have little or no rational basis, so they
may try to confirm their beliefs by treating critics as enemies. Instead of arguing to support their own beliefs, they
attack the motives and character of their critics.

* The use of misleading language: Followers of pseudoscience may use scientific-sounding terms to make their

ideas sound more convincing. For example, they may use the formal name dihydrogen monoxide to refer to plain




Scientifically literate graduates are able to improve society by combatting pseudoscience, as discussed in the section
‘Knowledge and appreciation of science in society’.

-

Australian researchers John Cook and Professor Stephan Lewandowsky wrote The Debunking Handbook, a guide to de-
fending science as a more valid approach to explaining the world.

Click the drop down below to review the terms learned from this chapter.

> Glossary
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