
Robust design, robust statistics

Why statisticians are not magicians



Jesse Owens Usain Bolt

Would Jesse Owens have beaten Usain Bolt, 

the fastest man alive today ?

Think about possible factors that make this 
comparison difficult



All comparisons must be 

fairly done

at the same time and place and 
under the same conditions



Experiment

A deliberate action imposed by a 
researcher on a biological 

system (=treatment) so that a 
response can be measured by 

contrasting it with a condition of 
no treatment (=control)



Fundamental Rule of 

Experimentation

Every experiment must have 
a contemporaneous control

Contemporaneous = at 
the same time and place



Principle of interspersion

If measurements and experiments 
can’t be done at the same time and 

place, 

they must be interspersed in 

space and time 

A A AB B B



Example of a good experiment
A river with a potential effluent problem

Flow

BEFORE

AFTER

Effluent pipe

river

river



Potential sources of confusion in 
an experiment and means of 

minimizing their effects

Source of confusion Reduce problem by:

1) Change over time Control treatments

2) Procedure effects Control treatments

3) Experimenter bias Randomize treatments & controls

4) Initial or inherent variability 

among experimental units

Replication; interspersion of 

treatments; concomitant 

observations



The problem of variability

What can we do about it ?



Science is more variable than the 

examples we have considered so far

Will these people respond in the same 
way as an Olympic athlete to 

medicines/new diets/exercise regimes ?



Why do we need to replicate ?

To show that it is not a fluke

i.e. to increase reliability of the 
experiment and to convince 

people that it is not a once-off 
occurrence



Replicates

Systems having identical 
properties and receiving identical 

treatments, either as treatments or 
controls

The purpose of replication is to 
estimate variation in response to a 

treatment due to unknown 
differences in the system



Completely 
randomized

Randomized 
Block

Systematic

Some acceptable Experimental Designs



Simple
Segregation

Clumped 
Segregation

No replication

Experimental Designs 
where the principle of 

interspersion is violated



Pseudoreplication

False replication, where 
replicates are not independent

of each other



Is this a 

pseudoreplicated design?

- F

+ F



Simple Pseudoreplication

x1

x3

x2

x4

y1

y2
y3

y4



Example of simple pseudoreplication

Hypothesis: Insect abundance is higher 

in shallow lakes

Experiment:
Sample insect abundance every 100 m 

along the shoreline of a shallow and a 
deep lake



Spatial Pseudoreplication



Temporal Pseudoreplication

time



Another type of 
Temporal Pseudoreplication

Multiple measurements on SAME 
individual, treated as independent data 
points

time

time



How prevalent is 

pseudoreplication?

Hurlbert (1984): 48% of papers

Heffner et al. (1996): 12 to 14% of papers



Solutions to these problems

• Making fair comparisons

• Lots of replication

• Independent tests, preferably 
by different researchers



There are a few “ballpark rules” that you can use:
For comparisons between categories, you should 

have at least 4 observations per category 
(preferably more)
There is usually no point in having >10 
observations per category (unless data are very 

cheap to collect!)
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F asymptotes at about 15 error d.f.

F

15
error d.f.

1 factor d.f.

2 factor d.f.

3 factor d.f.



Therefore, the probability that the F 

value from your analysis will be 

significant (i.e. >F in the table) does 

not increase after 15 error d.f.

Rule of thumb: design your experiment by 

creating the ANOVA table and calculating the 

number of replicates you need to ensure that 

error d.f. > 15



ANOVA table

• Treatment d.f. S.S. M.S. F p

• Grazing 3-1=2

• Fire 2-1=1

• Interaction 2*1=2

• Error (Residual)     15 (minimum)

Minimum sample size = 15 + 2 + 1 + 2 = 20 +1 = 21
Number of replicates = 4 (total of 24 plots)

Grazing = Low, Medium, High
Fire = Burn, No Burn



Problem of outliers

Solution?: Cook’s leverage

(should either be D
i
> 1 or D

i
> 4/n)



Sometimes there are good reasons why 

there are outliers –

“Envelope effect”

Intensity of Competition

Tree Size



Look at your data
Do a dot plot (or an x-y scatter plot)

Control Fire

Basal Cover



Researchers should use 

experience, information from the 

literature and common sense to 

decide which factors are worth 

studying



Line does not
indicate that 

higher education
leads to greater health

or that greater health
leads to higher 

education

Arrow indicates that greater
health leads to higher

professional achievement

Education

Health

Professional
Achievement

Use Flow Charts



Education

Professional
Achievement

Health

Income



Education

Professional
Achievement

Health



Consequently, we may want to include other 

causal factors

Education

Professional
Achievement

Health

School
attendance

Hygiene



We see that Basal Cover depends on several other 
variables.

This justifies its designation as a “dependent variable”

However, we note that some other variables 
(termed “independent variables”) are dependent on 
one another

Basal
Cover

Tree 
Density

Grazing Intensity

Soil Quality



Asafa Powell Tyson Gay Usain Bolt

Always the bridesmaid, never the bride: 

if Asafa Powell and Tyson Gay beat 
Usain Bolt in many races are they the best ? 
Or, is it only the Olympic Games or World 
Championships that matter ? 

Answer: There is no correct answer. You, as the 
researcher, must decide what the objective is 
(before the experiment)



Three types of questions

1. Is it real?

2. What is the form and magnitude of the 

effect?

3. What happens if conditions change?



How many relationships in your field have this form ?

Disturbance Intensity

% Cover



How big is your problem?

• Many of the controversies in the literature have 

occurred because researchers work at different 

scales

– e.g. The density of a plant species may not be related to 
soil characteristics at the scale of 10’s of metres, even 

though they may explain differences across watersheds

– At a larger scale, there may be no relationship between 
plant species on continents and types of soils

– The answer to the question of whether plant 
species are affected by soils might be “No, Yes, 
No”



To decide on an appropriate scale, 

you should consider what area, 

population, time period, physical, 

chemical or social situation you 

want the results to reflect



What test should I use?

Parametric (Large samples): 

concern about normality and 

homogeneity of variance

Non-parametric (Small samples): 

still need to be concerned about 

homogeneity of variance

Monte Carlo (Either): no concerns



Rather transform your data so that they are 

normally distributed/ homogeneity of 

variance than use a non-parametric test 

because you have more statistical power 

• Log transformation: especially if there are a 

few extreme values

• Square root transformation: when mean = 

variance

• Arcsin square-root transformation: for 

proportions or frequencies

• Box-Cox transformation: a family of 

transformations



A useful website


