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Designing research

Oddur Vilhelmsson
(with examples from Gary Barker at 
Bristol University)

http://www.bristol.ac.uk/biology/people/gary-l-barker/index.html


Research

A good research project sets out 
to answer a clear research 
question by falsifying a 
hypothesis by means of data
obtained from observations 
and/or experiments.
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Research question

Hypothesis

Data

Conclusion



Observation or experiment?

Example of a research project:

Effect of light on the expression of nifH in 
Nostoc in cryoconite.

• Several sites visited on a glacier, 

• Light (e.g. sunlight hours) measured, 

• Samples taken, cells collected, 

• RNA extracted from cells, 

• Quantitative reverse transcribed PCR 
performed. 
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Intensive, complex, and scientifically valid research project with a 
clear goal … but there are no experiments performed! => A 
research project based solely on observations.

Cryoconite is „dirt“ on glaciers where it 
accelerates melting, leading to cryoconite 
holes. In Icelandic, these holes are called 
álfavakir („fairy wells“)



So … what’s an experiment, then?

• According to Wikipedia: „An experiment is a 
procedure carried out to support, refute, or validate 
a hypothesis. Experiments provide insight into cause-
and-effect by demonstrating what outcome occurs 
when a particular factor is manipulated.”

https://en.wikipedia.org/wiki/Hypothesis
https://en.wikipedia.org/wiki/Causality


Example of experimental research:

Grow the collected Nostoc strains in pure culture → treat 
them with a known amount of light under controlled 
conditions → measure nifH expression as before. 
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Observation or experiment?



Advantages/disadvantages
Observations Experiments

+
Conditions in situ
(Nostoc observed in its habitat) -

Not reflective of natural conditions
(do Nostoc in the lab yield results reflective of 

their behaviour in their habitat?)

-
No control over variables
(light dependent on weather) +

Full control over experimental 
variables
(light intensity and patterns under full control)

-

Other (non-dependent) variables 
may skew the results
(e.g. temperature and diurnal patterns in 

expression regulation)

+

Other variables and sources of error 
also under control
(measure at different T and correct for T-

effects)

Often, a mixed approach is appropriate: 
• Observations and measurements in situ used for designing 

experiments in the lab.
• Experimental results used to design sensible strategies for sampling 

and measurements in the field. 



Are the samples representative?

• The research project should afford us the ability to construct 
true statements (inferences) about the population. 

• The samples and measurements need to be representative
of the population. 



• How do we representatively sample plankton this 
lake?

Water

= Plankton

Are the samples representative?



• To be able to draw inferences about the 
population, we need to be able to assess 
variance.

• Hence, we need more than one sample.

The average of 3 samples 
yields a measurement that is  
representative for plankton 
biomass in the lake if (and 
only if) sampling was 
correctly carried out (more on 

that later).

Water

= Sample

= Plankton

Are the samples representative?
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(requires repeats)

ANOVA – F ratio is 

Between groups /Within groups variance
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Replicates

• How to do replicate sampling?
• depends on the research question ...



1) How does growth of Arctic Nostoc strains 
respond to temperature?

Sample cryoconite at multiple sites in the Arctic.



2) How does growth of Ny Ålesund Nostoc 
strains respond to temperature?

Collect samples from several discrete valley glacier
cryoconite holes.



3) How does growth of Nostoc strains from the same 
cryoconite hole on a Ny Ålesund glacier respond to 
temperature?

Would this study be of much interest?
Don’t use it to answer question 1 or 2!



Replicates (what is n?)

Greenland Svalbard Iceland
Regions

A B C A B C A B C Sites

Cultures

High T 

Low T 
Cell counts



Replicates and randomization

3 regions
×3 sites
×3 samples
×2 treatments
×3 measurements

Here we can randomize so that the order of 
experiments becomes random. 

 27 samples, 
54 experiments, 
162 measurements 

In most statistical analysis, n refers to the number of randomizable units, which 
in this example is the number of experiments. Hence, n = 54. The 
measurements (N = 162) are technical replicates or pseudoreplicates.



Sometimes it is simple!

Greenland Svalbard Iceland

High T

Low T

Sequence RNA (transcriptomes) from each bottle, n = 6
(Three samples, six experiments, six corresponding measurements)

In this experiment, we can NOT compare the transcriptomes from the three regions. For that, 
we‘d require replications. We only have one sample from each region and can not state that 
they are representative. The only comparison we can do is high vs. low T for „Arctic Nostoc“. If 
we mean to compare the regions, we have to sequence the transcriptomes of all 27 samples!



How can we randomize an experiment?

• Can mice find their way in a 
maze equally well in darkness 
as in light?

• Have 10 female mice in a cage: 
select five to find their way in 
darkness and five in light. 

• How do we choose which 
mouse goes into which group?



How can we randomize an experiment?
 We could take the first five mice we can 

grab -> darkness, 
the five that are left -> light. 

But, that’s probably not random! The five 
most adventurous mice (or those it was easiest to 

catch for whatever reason) end up in the 
Darkness group. The experiment will be 
confounded by the selection bias! 

 How about a systematic selection?: 
1 -> D, 2 -> L, 3 -> D, 4 -> L, …

Better … but there may still be an unintended bias in the selection.

 Label each animal with a code and select randomly (such as 

by the ran# function in a calculator or Excel) to select which 
animal get which treatment.

Best.



Randomized sampling?

• Heterogeneity on a 
large scale ...
• How do we choose 

where on the 
hillside to sample?

• ... and on a small 
scale ...
• Which sub-habitat 

do we sample?

• ... in 3 dimensions.
• How deep under 

the surface?

Isn‘t this site typical enough? No matter how 
careful the actual sampling process is, the 
results will no amount to much if the site 
selection is biased: All downstream 
measurements and experiments will be 
confounded! 



• We can sample 
systematically ...
• How many samples can we 

afford to take?

• Remember that we‘ll want 
to have replicates (biological 
AND technical) downstream 
 the number of 
observations/measurements
will multiply!

• ... or randomize similarly as 
when planning 
experiments.

Some sampling schemes. 
Figure from Pepper et al. (2015) Environmental 
Microbiology, 3rd edn. Academic Press.

Here, a 25 m2 area has been marked off, and sand samples are 
taken from 0,25 m2 sub-plots that were previously determined 
randomly. 



Random selection: The sampling area determined randomly from 
a map grid or GPS-coordinates. Disadvantage: the terrain may turn out 

to be unfavourable when you get to the site. This can be circumvented by 
prior selection of alternates

Systematic selection: Walk in a 1 km transect through the area 
and take samples every 100 m (remember to note GPS-
coordinates).

Don’t forget the small scale: Determine beforehand what kind of 
sample to take. For example: sample soil at 0, 20, and 40 cm 
depth, avoiding larger rocks, roots, and plant debris.



Sample treatment and transport

Best to perform all those 
measurements on site that are 
possible.

Be consistent!

All samples should be treated and 
transported under exactly the 
same conditions within and 
among different sampling trips.

For example: if samples were 
transported on dry ice in a 
styrofoam box in trip 1, they 
should also be transported on dry 
ice in a styrofoam box in trip 2.



... back home at the lab ...

Take care with 
randomization, precision, 
and reproducibility for all 
sample treatments.

Several things to consider. 
For example ...



Arrangement in the incubator

A B C D

A B C D

A B C D

A B C D

Let’s say that treatments A, B, C, and D are 4 nutrient 
concentrations.

Do variations in light levels or temperature impact nutrient 
uptake?  Potentially confounding.

Cool Warm

Dark

Bright



Latin square

A B C D

C D A B

D A B C

B C D A

Treatments A, B, C, and D are present in every row and every 
column.

Variations in T and h do not cause bias.
(but the variance increases … why?)

Cool Warm

Dark

Bright



Latin square 
example under real-
world conditions

6 antifoulants:
Each occurs in each 
row and each 
column

Although there is 
more fouling near 
the top of the board, 
the experiment is 
not confounded 
because of the latin 
square layout.

However, variance is 
high.

A

A

A

A

A

A

B

B

B

B

B

B

C

C

C

C

C

C

D

D

D

D

D

D

E

E

E

E

E

E F

F

F

F

F

F



Blocks

• Algae grown with 0, 10, 50, or 100 mg added nutrients: Four 
bottles fit in each growth chamber.

chamber 1 chamber 2

0 0 10 10

0 0 10 10

chamber 3 chamber 4

50 50 100 100

50 50 100 100

What if … chamber 4 is a little warmer than the others? the lights 
are a little dimmer in chamber 3? the lights flicker intermittently in 
chamber 1?



chamber 1 chamber 2

0 10 50 0

50 100 100 10

chamber 3 chamber 4

100 50 10 100

10 0 0 50

Blocks can reduce systematic errors 
and investigator bias

Blocks and latin squares reduce systematic errors, but they increase variance. 
Utmost care and precision in conducting measurements and setting up equipment 
should therefore be employed regardless of randomization efforts. Any measures 
taken to reducing both errors and variance will increase the statistical robustness of 
your results. 



Natural variation and diurnal cycles

• Let‘s say we want to 
measure 
photosynthesis in a 
crop plant grown 
with and without 
glyphosate.

• Can do one 
measurement at a 
time, eight times a 
day.

• How do we arrange 
the measurements?



09.00 Glyphosate

10.00 Glyphosate

11.00 Glyphosate

12.00 Glyphosate

13.00 Control

14.00 Control

15.00 Control

16.00 Control

Photosynthesis 
increases due to 
diurnal variation 

Confounding bias!

Plan A

t       sample

Natural variation and diurnal cycles



09.00 Glyphosate

10.00 Control

11.00 Glyphosate

12.00 Control

13.00 Glyphosate

14.00 Control

15.00 Glyphosate

16.00 Control

Plan B

t sample
Photosynthesis 
increases due to 
diurnal variation, 
but results are not 
confounded by 
bias.

Natural variation and diurnal cycles



Natural variation – developmental effects

• Want to estimate 
effect of T on gene 
expression.

• Culture alga at 5°C 
and at 15°C.

• After 1 week, cell 
density higher at 
15°C than at 5°C. 

Are observed changes in gene expression due to T, or 
due to growth stage, cell density, quorum sensing, ...?



• Correlation does not necessarily imply causation!



Batch effects

High light 
(H)

Medium light 
(M)

Low light 
(L)

RNA kit 
#1

RNA kit 
#2

RNA kit 
#3

Light level is confounded with RNA kit and date ✗

June July August



H  M   L

RNA kit 
#1

RNA kit 
#2

RNA kit 
#3

Neither kit nor date confounds. ✔

Júní Júlí Ágúst

H  M   L H  M   L

Batch effects



Experimental 
variable: 

cheesecloth barrier

Controlled variables: 
time, temperature, 

placement

Results

Control sample Experimental sample

Maggots do not arise by spontaneous generation. They 
probably hatch from flies’ eggs. 

Maggots form in a piece of meat in an open jar that the flies 
can get to. Flies lay eggs. Are they the source of the maggots?

The meat is placed in 
two jars.

Two identical and 
homogeneous pieces of 

meat selected. 

Maggots appear.

Jar 1 open.

Left for a few 
days.

Maggots do not 
appear.

Jar 2 closed with 
cheesecloth.

Left for a few 
days.

Maggots form on meat regardless of whether flies can get to it.

Controlled experiments

• In the middle ages, the idea of 
spontaneous generation (originated by the 
ancient Greeks), where simple animals 
were thought to arise spontaneously 
through a process called spontaneous 
generation, was commonly held to be 
true. 

• By the end of the 16th century, however, 
William Harvey had made his famous 
observation:  „ex ovo omnia“ (everything 
comes from an egg), but nevertheless 
spontaneous generation was taken as 
gospel by most scholastic philosophers.

• Francesco Redi (1621-1697) set out to 
disprove spontaneous generation once 
and for all by demonstrating that 
maggots will not form in a piece of meat 
if the flies are kept away from it. 

• Redi‘s experiment can be presented as a 
controlled experiment conducted to 
disprove a falsifiable hypothesis, and 
thereby to discard the false theory of 
spontaneous generation (although that 
theory continued to confuse scientists for another 
220 years until it was finally laid to rest by 
Pasteur). 

(note Popper‘s falsifiability!)



Controls and blanks

• Compare gene expression in 
infected and non-infected 
plants:
• Have to treat the control plant 

with a blank (simply handling the 
plant can impact gene 
expression!)

• Effects of antibiotics on 
bacteria:
• Have to treat control samples 

with a blank (e.g. solvent without 
antibiotic)

To draw meaningful inferences from the results, one or more control
treatments are nearly always required in an experiment. Typically, the 
control sample needs to be treated with a blank.



Blinding

• Is there a danger of 
investigator bias
confounding the 
results?

• Blind coding of samples 
that will not be resolved 
until after the 
experiment has been 
conducted will usually 
eliminate investigator 
bias.



Significance and inferential statistics

We draw inferences about the population based on data on the samples. 

Hypothesis testing: Make a falsifiable null-hypothesis and test it. Example :

H0: “There is no difference in gene expression between samples 1 and 2 as judged by 

signal intensity.” If we can falsify that, then there is a significant difference. 

Calculate a test statistic in order to determine whether we can or can not reject H0. 

Very often, we set the significance limit at p < 0.05. 

Don‘t remember what a p-value is?
Here‘s an explanation: 

(http://www.youtube.com/watch?v=HTZ8YKgD0MI&feature=related) 

http://www.youtube.com/watch?v=HTZ8YKgD0MI&feature=related
http://www.youtube.com/watch?v=HTZ8YKgD0MI&feature=related


◦ Goal: Estimate the chance that the measurements represent the 
population average, using known values (μ and σ), even if we do 
not know the true population average.

Is p < 0.05 always appropriate?

The hypothesis is, 
in fact, a true 
statement

The hypothesis is, in 
fact, incorrect

We reject the hypothesis Type I error ✔

We do not reject the  
hypothesis ✔ Type II error 



Significance and inferential statistics

Student’s t-test: one of the simplest and most commonly used significance tests for comparing 

averages of two groups (e.g. treatment vs. control). 

t = = 

• Assumes a a continuous variable, “few” measurements, and a normal (Gauss) distribution.

• Use t to find p (in a table).

x1 – x2

SE

difference between averages

measurement variance (standard error)

Don‘t remember how to do a t-test in Excel?
Here‘s a demo: 

(http://www.youtube.com/watch?v=JlfLnx8sh-o)  

http://www.youtube.com/watch?v=JlfLnx8sh-o
http://www.youtube.com/watch?v=JlfLnx8sh-o


• Hypothesis: a statement than can be 
tested – preferably  sem hægt er að 
falsified – by means of an experiment.

• Model: a collection of hypothesis that a 
research project is designed to test. 
Generally constructed from one or more 
theories.

• Data: the outcome of an experiment or 
observation.

• Theory: a collection of statements that 
explains the data.

• Paradigm: the dominant scientific 
ideology of the time.

• Dogma: a statement taken to be true 
without experimental or observational 
verification.

A few concepts
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http://en.wikipedia.org/wiki/Hypothesis
http://en.wikipedia.org/wiki/Falsifiability
http://en.wikipedia.org/wiki/Experiment
http://en.wikipedia.org/wiki/Scientific_model
http://en.wikipedia.org/wiki/Observation
http://en.wikipedia.org/wiki/Theory
http://en.wikipedia.org/wiki/Paradigm
http://en.wikipedia.org/wiki/Dogma

