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I 

p
lan

n
in

g
 an 

E
xp

erim
en

t 

O
rg

a
n

iz
in

g 
is 

w
h

a
t 

y
o

u 
d

o 
b

e
fo

re y
o

u 
d

o 
s

o
m

e
th

in
g

, 
so 

th
a

t 
w

h
e

n 
y

o
u 

d
o 

it, it is 
n

o
t 

a
ll m

ix
e

d 
u

p
. 

A
.A

. 
M

iln
e 

T
h

is 
c

h
a

p
te

r 
is 

sp
lit 

in
to 

tw
o 

s
e

c
tio

n
s an

d 
d

e
a

ls 
w

ith 
h

o
w

 
to 

d
esig

n 
an 

effective exp
erim

en
t. 

F
irst, 

w
e 

w
ill 

d
is

c
u

s
s th

e 
p

rin
cip

les 
o

f 
s

a
m

p
lin

g 
to 

sh
o

w
 h

o
w

 d
ifferen

t s
a

m
p

lin
g re

g
im

e
s affect th

e re
s

u
lts w

e o
b

tain
. T

h
en

, 
w

e 
w

ill 
p

u
t 

th
is 

k
n

o
w

le
d

g
e 

to 
use 

b
y 

d
iscu

ssin
g 

h
o

w
 

to 
d

esig
n 

y
o

u
r 

o
w

n 
exp

erim
en

t. 

4
.
1
 

P
r
i
n
c
i
p
l
e
s
 

o
f
 

S
a
m
p
l
i
n
g
 

4
.
1
.
1
 

F
i
r
s
t
,
 
C
a
t
c
h
 
Y
o
u
r
 
W
o
r
m
!
 

In C
h

a
p

te
r 2, w

e m
e

a
s

u
re

d
 ten w

o
rm

s an
d c

o
n

s
id

e
re

d
 h

o
w

 to d
e

s
c

rib
e an

d 
an

alyse th
em

. H
o

w
 w

e actu
ally o

b
tain th

e
s

e d
ata is n

o
t a trivial m

atter. T
h

e
re 

are p
ractical 

as w
ell as statistical 

is
s

u
e

s
. L

et u
s c

o
n

s
id

e
r th

e c
h

a
lle

n
g

e
. 

F
irst, 

th
e

re are 
p

ractical 
p

ro
b

lem
s: 

if w
e g

o 
o

u
t d

u
rin

g th
e 

d
ay, 

w
o

rm
s 

w
ill b

e b
u

rie
d

, an
d w

e w
ill n

e
e

d
 to d

ig th
em

 u
p

. H
o

w
 d

e
e

p
 sh

o
u

ld w
e 

go? 
A

lso
, w

e ru
n th

e 
risk o

f c
u

ttin
g s

o
m

e o
f th

em
, w

h
ic

h w
e 

w
o

u
ld th

en 
n

o
t 

b
e a

b
le to u

se. W
o

u
ld th

e
re b

e a b
la

s to
w

ard
s c

u
ttin

g an
d d

iscard
in

g 
lo

n
g

er 
W

o
rm

s?
 It w

o
u

ld p
ro

b
ab

ly b
e b

e
tte

r to go o
u

t o
n a w

et n
ig

h
t w

ith a to
rch 

an
d co

U
ect th

em
 in

to a b
ü

c
k

e
t w

h
ile th

ey are o
n th

e s
u

rfa
c

e
. Is th

e
re a b

la
s 

in w
h

ic
h w

o
rm

s c
o

m
e u

p
? A

ll o
f th

e
s

e p
ractical c

o
n

s
id

e
ra

tio
n

s m
ig

h
t in

flu
­

en
ce

 w
h

ic
h in

d
iv

id
u

a
ls w

e 
p

ick. 

H
ow

 
d

o w
e d

e
c

id
e w

h
ic

h ten w
o

rm
s to p

ick u
p fro

m
 th

e m
an

y th
o

u
s

a
n

d
s 

availab
le?

 If w
e co

llect th
em

 fro
m

 th
e fo

o
tp

ath b
e

c
a

u
s

e
 it is co

n
ven

ien
t, 

w
e 

^
ig

h
t 

h
a

v
e in

d
iv

id
u

a
ls th

at can 
m

o
ve 

th
ro

u
g

h c
o

m
p

a
c

te
d

 
so

ll an
d 

m
ig

h
t 

th
erefo

re 
b

e 
s

m
a

lle
r th

an a
v

e
ra

g
e

. W
e w

a
n

t a s
a

m
p

le of ten w
o

rm
s 

th
at 

is 
^

^
p

resen
tative o

f th
e p

o
p

u
la

tio
n

 o
f th

o
u

s
a

n
d

s o
f w

o
rm

s in th
e field

. 
D

ecid
in

g 
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In

tro
d

u
ctio

n
 

to
 S

tatistics fo
r 

B
io

lo
g

y 

on 
a m

e
th

o
d

 to
 p

ick ten
 w

o
rm

s is called
 s

a
m

p
lin

g
. T

h
is c

h
a

p
te

r w
ill d

escrib
g

 
altern

ative m
e

th
o

d
s o

f s
a

m
p

lin
g

, to
g

e
th

e
r w

ith 
th

e
ir s

tre
n

g
th

s a
n

d
 w

eak-
n

e
s
s
e
s
, a

n
d

 th
e

n
 d

iscu
ss th

e p
a

rts o
f a g

o
o

d
 e

x
p

e
rim

e
n

ta
l d

e
s

ig
n

. 

4
.
1

.2
 

T
h
e
 
C
o
n
c
e
p
t
 
o
f
 
R
a
n
d
o
m
 
S
a
m
p
l
i
n
g
 

W
e h

a
v

e a
lre

a
d

y d
is

c
u

s
s

e
d

 
th

is in
 s

o
m

e d
e

ta
il in

 C
h

a
p

te
r 1

, S
ectio

n
 

1.2.4. 
T

h
e p

u
rp

o
s

e o
f ra

n
d

o
m

 s
a

m
p

lin
g

 is to
 e

n
s

u
re th

a
t each

 
in

d
iv

id
u

a
l in

 th
e 

p
o

p
u

la
tio

n 
o

f 
in

te
re

s
t 

h
as 

an
 

e
q

u
a

l 
c

h
a

n
c

e 
o

f 
b

e
in

g
 

selected
 

(n
o

 
b

ias 
to

w
a

rd
s 

c
e

rta
in

 in
d

iv
id

u
a

ls
). 

W
e u

s
u

a
lly take 

a ra
n

d
o

m
 s

a
m

p
le 

(in
 th

is 
c

a
s

e
, o

f te
n

 o
b

s
e

rv
a

tio
n

s
). T

h
is m

a
y b

e u
n

re
p

re
s

e
n

ta
tiv

e b
e

c
a

u
s

e
, b

y ch
an

ce, 
no 

o
b

s
e

rv
a

tio
n

s h
a

v
e b

een
 

selected
 

fro
m

 a d
is

tin
c

tiv
e p

art o
f th

e p
o

p
u

la­
tio

n
. C

o
n

s
id

e
r w

h
a

t w
e m

ig
h

t in
fe

r a
b

o
u

t th
e h

e
ig

h
ts o

f ath
letes in

 g
en

eral 
if o

u
r s

a
m

p
le site w

a
s a b

a
s

k
e

tb
a

ll c
o

u
rt as o

p
p

o
s

e
d

 to
 th

e jo
c

k
e

y
's 

en
clo

-
su

re at a ra
c

e tra
c

k
. T

h
e

s
e

 are o
b

v
io

u
s b

ia
s

e
s

, b
u

t w
e m

a
y n

o
t k

n
o

w
 

th
e 

b
ia

s
e

s
 o

f o
u

r p
o

p
u

la
tio

n b
e

fo
re w

e s
a

m
p

le th
e

m
, so

 w
e n

e
e

d
 to

 take g
e

n
e

ra
l 

p
re

c
a

u
tio

n
s

. 

4
.
1

.3
 

H
o
w
 
t
o
 
S
e
l
e
c
t
 
a
 
R
a
n
d
o
m
 
S
a
m
p
l
e
 

Let 
U

S
 co

n
sid

er a w
o

rk
e

d e
x

a
m

p
le o

f h
o

w
 to

 g
en

erate a ra
n

d
o

m
 s

a
m

p
le

. F
o

r 
sim

p
licity w

e w
ill im

a
g

in
e th

a
t a s

m
a

ll S
q

u
are c

o
n

ta
in

s 400 b
u

sh
es, 

co
n

ve-
n

ien
tly a

rra
n

g
e

d
 at 1 m

 in
te

rv
a

ls in
 20 ro

w
s a

n
d

 20 c
o

lu
m

n
s

. F
ig

u
re 4.1 b

e
lo

w
 

s
h

o
w

s th
e w

e
ig

h
t o

f fru
it (g

) fro
m

 each
 b

u
s

h
. W

e n
eed

 to
 w

o
rk o

u
t h

o
w

 to
 

s
e

le
c

t a ra
n

d
o

m
 s

a
m

p
le w

ith
o

u
t k

n
o

w
in

g a
n

y
th

in
g a

b
o

u
t th

e d
istrib

u
tio

n of 
the 

p
o

p
u

latio
n

. 
H

ow
 

co
u

ld w
e d

o
 it b

a
d

ly
?

 O
n

e o
f th

e e
a

s
ie

s
t w

a
y

s is to
 w

a
lk a

ro
u

n
d

 an
d

 
s

a
m

p
le th

e first ten
 b

u
sh

es 
w

e see. 
U

s
in

g
 th

is m
e

th
o

d
, w

e w
o

u
ld p

ro
b

a
b

ly 
h

a
v

e a b
ias to

w
a

rd
s th

e b
ig

g
e

s
t, m

o
s

t c
o

n
s

p
ic

u
o

u
s

, b
u

sh
es. 

O
u

r s
a

m
p

le o
f 

b
u

sh
es 

(an
d

 p
ro

b
a

b
ly th

e yield
) w

o
u

ld b
e b

ig
g

e
r th

a
n

 th
e p

o
p

u
la

tio
n aver­

ag
e, so

 fro
m

 o
u

r s
a

m
p

le w
e w

o
u

ld in
fe

r th
a

t b
u

sh
es h

a
v

e a larg
er yield th

an
 

th
ey a

c
tu

a
lly d

o
. A

lso
, o

u
r b

u
sh

es w
o

u
ld p

ro
b

a
b

ly a
ll b

e o
n

 th
e ed

g
e, so

 w
e 

m
ay 

s
a

m
p

le b
u

sh
es 

th
a

t are n
o

t c
o

m
p

e
tin

g
 as m

u
c

h
 fo

r w
a

te
r a

n
d

 sp
ace. 

T
h

is s
h

o
w

s h
o

w
 p

ro
b

le
m

a
tic s

a
m

p
lin

g
 can

 b
e, a

n
d

 w
h

y tim
e sp

en
t p

lan
n

in
g 

is n
o

t w
a

s
te

d
. 

T
o

 s
e

le
c

t a p
o

s
itio

n at ra
n

d
o

m
 w

e c
o

u
ld u

se th
e last tw

o
 d

ig
its fro

m
 th

e 
ra

n
d

o
m

 n
u

m
b

e
r b

u
tto

n o
n

 o
u

r c
a

lc
u

la
to

r. If th
is g

iv
e

s 0
.3

0
2

 a
n

d
 th

e
n
 0

.4
2

0
, 

th
is w

o
u

ld 
id

e
n

tify th
e p

o
s

itio
n in

 ro
w

 2 a
n

d
 c

o
lu

m
n 20 (2 m

 d
o

w
n 

fro
m

 
the 

to
p

 o
f th

e field
, a

n
d

 20 m
 fro

m
 th

e left). If w
e s

e
le

c
t a ra

n
d

o
m

 s
a

m
p

le 
of 

16 
p

o
s

itio
n

s at 
w

h
ic

h 
to

 h
a

rv
e

s
t 

th
e 

c
ro

p
 a

n
d

 
m

e
a

s
u

re 
its yield

, 
w

e 
c

o
u

ld 
g

et 
th

e 
s

e
le

c
tio

n
 

s
h

o
w

n
 

in
 F

ig
u

re 
4

.1
. N

o
te 

th
a

t, b
y 

ch
an

ce, 
n

o
 

p
o

s
itio

n
s h

a
v

e b
een

 selected
 

fro
m

 th
e to

p
 rig

h
t o

r b
o

tto
m

 rig
h

t o
f th

e field
, 

w
h

e
re 

c
ro

p
 

y
ie

ld
s 

h
a

p
p

e
n

 
to

 
b

e 
lo

w
. S

o
, 

th
is 

s
a

m
p

le 
is 

ra
n

d
o

m
, b

u
t 

u
n

re
p

re
s

e
n

ta
tiv

e
. 
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4
.1 

R
an

d
o

m
 s

a
m

p
le o

f 16 b
u

s
h

e
s

. 
B

o
ld

 n
u

m
b

e
rs in

d
ic

a
te s

a
m

p
le

s
. 

4
.
1
.
4
 

S
y
s
t
e
m
a
t
i
c
 
S
a
m
p
l
i
n
g
 

In system
atic s

a
m

p
lin

g
, s

a
m

p
le u

n
its are ch

o
sen

 
to

 ach
ieve m

a
x

im
u

m
 d

is
-

p
ersio

n o
v

e
r th

e p
o

p
u

latio
n

. T
h

e
y are n

o
t ch

o
sen

 
at ra

n
d

o
m

 b
u

t re
g

u
la

rly 
sp

aced
 in

 th
e fo

rm
 o

f a g
rid (F

ig
u

re 4.2). 
T

h
e first p

o
in

t o
f a system

atic s
a

m
p

lin
g

 g
rid s

h
o

u
ld

 b
e ch

o
sen

 at ra
n

d
o

m
 

so
 th

a
t w

e d
o

 n
o

t g
en

erate a s
y

s
te

m
a

tic b
ia

s
, fo

r e
x

a
m

p
le

, a
lw

a
y

s m
is

s o
u

t 
the 

e
d

g
e

s o
f a site. O

n
ce 

th
is is ch

o
sen

 
(fo

r e
x

a
m

p
le

, c
o

lu
m

n 
15, ro

w
 2 in

 
F

ig
u

re 4.2), th
e o

th
e

r s
a

m
p

le p
o

in
ts are ch

o
sen

 
in

 a fixed p
a

tte
rn

 fro
m

 th
is 

P
o

in
t, a

n
d

 so
 th

e
y are n

o
t in

d
e

p
e

n
d

e
n

t o
f each

 o
th

er. 
M

u
c

h u
se is m

a
d

e o
f system

atic s
a

m
p

lin
g

. F
o

r e
x

a
m

p
le

, e
v

e
ry lO

th tree in
 

every 
lO

th 
ro

w
 m

a
y b

e 
m

e
a

s
u

re
d

 
in

 fo
re

s
try p

la
n

ta
tio

n
s

. A
s lo

n
g 

as 
th

e 
n

u
m

b
e

r o
f s

a
m

p
le u

n
its is h

ig
h

, 
th

ere is little risk o
f c

o
in

c
id

in
g

 w
ith 

a
n

y 
e

n
v

iro
n

m
e

n
ta

l p
a

tte
rn

 th
a

t m
ig

h
t affect tree g

ro
w

th (e.g
., d

ra
in

a
g

e C
h

an
n

els), 
än

d
 th

e d
a

ta are o
ffe

n
 treated

 as if th
e

y w
e

re fro
m

 a ra
n

d
o

m
 s

a
m

p
le

. 



In
tro

d
u

ctio
n

 
to

 S
tatistics 

fo
r 

B
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lo
i 
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3 
4 

5 
6 

7 
8 

9 
10 

11 
12 

13 
14 

15 
16 

17 
18 

19 
20 

1 
8 

7 
12 

9 
6 

8 
12 

14 
7 

4 
5 

4 
3 

7 
4 

2 
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6 
8 

2 
16 

18 
9 

10 
7 

9 
14 

10 
6 

3 
4 

8 
5 

6 
5 

3 
3 

4 
6 

e 
3 

22 
15 

17 
14 

12 
13 
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9 

4 
5 

6 
5 

7 
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6 
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4 
5 

7 
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13 

10 
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9 
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8 
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19 

22 
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19 

12 
19 
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21 
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19 
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22 
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14 

8 
25 
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16 
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13 
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16 
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23 

25 
28 

33 
30 

27 
31 

25 
22 

20 
24 

29 

9 
20 

17 
14 

16 
17 

19 
20 

24 
25 

27 
32 

40 
42 

35 
35 

37 
29 

28 
27 

35 

10 
25 

22 
19 

25 
29 

32 
36 

30 
35 

4
0 

41 
4

7 
45 

40 
32 

33 
27 

27 
31 

30 

11 
29 

30 
27 

32 
37 

42 
45 

45 
43 

51 
53 

52 
48 

39 
42 

37 
33 

29 
27 

20 

12 
31 

35 
38 

45 
47 

44 
49 

51 
50 

58 
56 

50 
41 

43 
30 

27 
29 

23 
21 

19 
13 

28 
33 

30 
37 

40 
39 

42 
46 

51 
48 

44 
40 

37 
30 

35 
22 

21 
17 

14 
16 

14 
26 
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32 

35 
35 

31 
29 

32 
4

0 
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35 
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19 

20 
11 

12 
10 

13 
12 

15 
22 

28 
31 

29 
28 

27 
25 
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16 

22 
19 

16 
8 

4 
2 

3 
6 

5 
7 

10 

16 
21 

22 
28 

26 
31 

27 
22 

24 
20 

14 
10 

8 
6 
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4 
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4 

3 
1 

5 

17 
17 
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30 

31 
31 
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25 
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12 
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7 
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6 
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2 

1 
0 

0 
0 

0 
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17 

24 
31 

33 
27 

22 
19 

17 
14 
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9 

7 
3 

0 
3 

1 
0 

4 
2 

0 

19 
19 

19 
21 

17 
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16 
16 

19 
16 

13 
10 

12 
8 

3 
1 

0 
3 

2 
5 

3 

20 
23 

21 
17 

14 
13 

19 
23 

17 
12 

11 
6 

9 
7 

3 
1 

0 
1 

1 
2 
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4
.
2
 

S
ystem

atic 
s

a
m

p
le o

f 16 b
u

s
h

e
s

. 

In so
cial su

rveys, every 50th
 n

am
e o

n
 th

e electo
ral roll m

ig
h

t b
e selected

 as a 
p

erso
n

 to
 b

e in
terview

ed
. T

h
is is very co

n
ven

ien
t. H

o
w

ever, it is im
p

o
rtan

t to
 be 

aw
are o

f th
e p

o
ssib

ility o
f b

ias. If flats w
ere in

 b
lo

cks o
f 25 an

d
 w

ere all o
ccu

p
ied

 
by 

co
u

p
les, w

e m
ig

h
t o

n
ly in

te
rv

ie
w

 p
eo

p
le w

h
o

 lived o
n

 th
e g

ro
u

n
d

 flo
o

r! 
S

ystem
atic 

s
a

m
p

lin
g

 is v
e

ry efficien
t fo

r d
e

te
c

tin
g

 rare even
ts b

e
c

a
u

s
e

 w
e 

are le
s
s

 likely to
 m

iss o
n

e su
ch

 even
t 

(p
erh

ap
s a fa

lle
n

 tree w
ith

in 
a w

o
o

d
 

o
r a m

o
leh

ill in
 g

rasslan
d

) th
a

n
 if th

e s
a

m
p

lin
g

 h
as a ra

n
d

o
m

 elem
en

t. A
ls

o
, 

b
e

c
a

u
s

e
 w

e are m
o

re likely to
 in

c
lu

d
e b

o
th

 v
e

ry s
m

a
ll a

n
d

 v
e

ry larg
e in

d
i­

vid
u

als, th
e m

ean
 

o
f a h

o
m

o
g

en
eo

u
s 

p
o

p
u

la
tio

n
 is o

ffe
n

 c
lo

s
e to

 th
e tru

e 
m

ean
 b

u
t h

as a larg
e S

tan
d

ard
 erro

r. 

4
.
2
 

C
o
m
p
a
r
i
n
g
 
M
o
r
e
 
T
h
a
n
 
T
w
o
 
G
r
o
u
p
s
 

S
o

 
far w

e h
ave learn

ed
 h

o
w

 to
 co

m
p

are 
m

e
a

n
s o

f tw
o

 g
ro

u
p

s
. V

ery o
ffe

n
, 

h
o

w
e

v
e

r, w
e 

w
ish 

to
 co

m
p

are 
th

e m
ean

 
p

e
rfo

rm
a

n
c

e 
o

f several 
d

iffe
re

n
t 

categ
o

ries. 
F

o
r 

exam
p

le: 

79 

, 
D

o
 fo

u
r fertilisers d

iffer in
 th

e
ir cro

p
 yield

s?
 

D
o 

th
ree s

p
e

c
ie

s
 o

f p
la

n
t d

iffer in
 th

e
ir ab

ility to
 co

lo
n

ise 
lo

am
?

 

, 
D

o
 fiv

e d
ru

g
s d

iffer in
 th

e
ir ab

ility to
 eu

re d
is

e
a
s
e
?

 

th
is sectio

n
 w

e w
ill see h

o
w

 to
 d

esig
n

 e
x

p
e

rim
e

n
ts th

at w
ill an

sw
er 

su
ch

 
u

estio
n

s. L
et u

s start b
y d

e
s

ig
n

in
g

 an
 e

x
p

e
rim

e
n

t to
 in

vestig
ate th

e 
effect 

%
 fertiliser o

n
 yield o

f b
arley. W

e w
ill h

ave th
ree treatm

en
ts (A

, B
, a

n
d

 C
). 

X
he te

rm
 treatm

en
t is u

sed
 to

 d
escrib

e 
w

h
a

t th
e cro

p
 re

c
e

iv
e

s —
 so

 w
e are 

g
o

in
g to

 d
e

s
ig

n
 an

 e
x

p
e

rim
e

n
t w

ith th
ree 

treatm
en

ts. 

4
.
3
 

P
r
i
n
c
i
p
l
e
s
 
o
f
 
E
x
p
e
r
i
m
e
n
t
a
l
 

D
e
s
i
g
n
 

4
.
3
.
1
 

O
b
j
e
c
t
i
v
e
s
 

It is g
o

o
d

 p
ractice 

to
 w

rite d
o

w
n 

th
e b

a
c

k
g

ro
u

n
d

 to
 y

o
u

r exp
erim

en
t. 

T
h

is 
co

n
sists o

f w
h

y y
o

u
 are in

terested
 in

 th
e p

ro
b

le
m

 an
d

 y
o

u
r g

en
eral 

o
b

jective. 
It is g

o
o

d
 to

 in
c

lu
d

e an
y im

p
o

rtan
t a

s
p

e
c
ts

 o
f th

e b
io

lo
g

y o
f y

o
u

r exp
erim

en
tal 

o
rg

an
ism

, o
r 

an
y 

p
ractical co

n
sid

eratio
n

s 
th

at m
ay 

affect 
th

e 
exp

erim
en

tal 
layo

u
t. D

o
 y

o
u

 n
eed

 to
 leave s

p
a
c
e

 b
etw

een
 p

lo
ts to

 a
v

o
id

 cro
ss-co

n
tam

in
atio

n
?

 
Do y

o
u

 n
eed

 to
 leave a

c
c
e
s
s

 s
p

a
c
e

 fo
r w

a
te

rin
g

 o
r feed

in
g

?
 It is b

e
s

t to
 id

en
tify 

an
y b

io
lo

g
ic

a
l facto

rs th
at w

ill affect y
o

u
r la

y
o

u
t early o

n
. 

4
.
3
.
2
 

R
e
p
l
i
c
a
t
i
o
n
 

R
ep

licatio
n g

ives u
s a

n
 in

d
ic

a
tio

n
 o

f th
e V

a
ria

tio
n

 o
f resu

lts a
n

d
, in

 th
is w

ay, 
an 

id
ea 

o
f 

th
e 

accu
racy 

o
f 

o
u

r 
estim

ates. 
S

u
p

p
o

s
e 

y
o

u
 

are 
a 

p
o

H
cem

an
 

atten
d

in
g a

n
 accid

en
t. If y

o
u

 a
rriv

e o
n

 th
e s

c
e
n

e
 a

n
d

 fiv
e s

e
p

a
ra

te 
w

itn
esses 

teil y
o

u
 th

a
t th

e car w
as b

lu
e

, y
o

u
 w

o
u

ld b
e m

u
c

h
 m

o
re c

o
n

fid
e

n
t th

at th
e 

car w
as b

lu
e th

a
n

 if th
ere 

w
e

re o
n

ly o
n

e 
w

itn
e

s
s

. S
im

ila
rly

, su
p

p
o

se 
fo

u
r 

w
itn

esses 
say b

lu
e

, a
n

d
 o

n
e s

a
y

s
 g

reen
. Y

o
u

 w
o

u
ld still p

ro
b

a
b

ly co
n

clu
d

e 
th

at th
e car 

w
as b

lu
e

, b
u

t w
ith 

le
s
s

 c
e

rta
in

ty th
a

n
 b

efo
re. 

R
e

p
lic

a
tio

n
 

h
as 

also
 g

iv
e

n
 y

o
u

 an
 id

ea o
f th

e V
ariatio

n
. If y

o
u

 h
a

d
 s

p
o

k
e

n
 to

 th
e first w

itn
ess 

(g
reen

) a
n

d
 s

to
p

p
e

d
 th

ere, y
o

u
 w

o
u

ld h
ave c

o
n

c
lu

d
e

d
 th

e w
ro

n
g co

lo
r a

n
d

 
h

ave n
o

 id
ea ab

o
u

t th
e sp

read
 o

f o
p

in
io

n
. 

T
h

is 
co

n
cep

t 
is 

illu
s

tra
te

d
 g

ra
p

h
ic

a
lly b

e
lo

w
 

(F
ig

u
re 

4.3). 
N

o
te 

h
o

w
 

in
creasin

g
 

th
e n

u
m

b
e

r 
o

f rep
licates 

d
ra

m
a

tic
a

lly c
h

a
n

g
e

s 
th

e re
la

tio
n

s
h

ip
 

än
d

 th
e in

feren
ces 

y
o

u
 w

o
u

ld 
d

raw
. 

S
o, h

o
w

 d
o

 w
e rep

licate each
 treatm

en
t in

 a p
la

n
n

e
d

 exp
erim

en
t (F

ig
u

re 4.4)?
 

It is n
o

 g
o

o
d

 ju
st S

p
littin

g a field in
 th

ree a
n

d
 a

p
p

ly
in

g a d
iffe

re
n

t fe
rtilis

e
r 

to each
 th

ird (F
ig

u
re 4

.4
a

). P
e

rh
a

p
s th

e n
a

tu
ra

l fertility o
f th

e s
o

ll is h
ig

h
e

r 
3t th

e b
o

tto
m

 o
f th

e slo
p

e, so
 w

h
ic

h
e

v
e

r fe
rtilis

e
r is allo

cated
 to

 th
at p

o
s

itio
n

 
^ill ap

p
ear to

 b
e even

 b
etter th

a
n

 it re
a

lly is in
 c

o
m

p
a

ris
o

n
 w

ith th
e o

th
ers. 

T
h

ere is o
n

ly o
n

e rep
licate o

f each
 treatm

en
t so

 h
o

w
 can

 w
e teil w

h
e

th
e

r th
e 
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4
.3 

(a
-d

) A
s th

e n
u

m
b

e
r o

f rep
U

cates 
in

c
re

a
s

e
s

, th
e s

h
a

p
e o

f th
e re

la
tio

n
s

h
ip

 c
h

a
n

g
e

s
. W

e c
a

n
 

ha\'e 
m

o
re c

o
n

fid
e

n
c

e 
in

 th
e 

e
s

tim
a

te 
w

ith 
m

o
re 

re
p

h
c

a
tio

n
. (e): A

 d
a

ta 
set 

w
ith 

th
e 

s
a

m
e g

ro
u

p
 

m
e

a
n

s b
u

t s
m

a
lle

r 
s
p
r
e
a
d
. 

(0 
T

h
e 

re
la

tio
n

s
h

ip
 b

e
tw

e
e

n
 

re
p

lic
a

tio
n
 
a
n
d th

e
 
S
t
a
n
d
a
r
d 

erro
r. In

 
e

a
c

h
 c

a
s
e
, th

e
 
S
t
a
n
d
a
r
d 

e
rro

r 
d
e
c
r
e
a
s
e
s

 w
ith in

c
re

a
s

in
g

 re
p

lic
a

tio
n

, as s
h

o
w

n
 b

y th
e e

rro
r b

a
rs 

g
e

ttin
g 

sm
aller. 

S
ta

n
d

a
rd

 
e

rro
r c

a
n

n
o

t 
b

e 
c

a
lc

u
la

te
d

 
fo

r o
n

ly o
n

e 
g

ro
u

p
, so

 
th

e e
rro

r b
a

r 
is 

m
is

s
in

g fo
r th

is d
a

ta s
e

rie
s

. A
s s

h
o

w
n

 b
y th

e d
iffe

re
n

c
e b

e
tw

e
e

n
 

(e) a
n

d
 (f), le

s
s

 sp
read

 
g

iv
e

s 
a s

m
a

lle
r S

tan
d

ard
 erro

r, w
h

ic
h in

d
ic

a
te

s th
a

t w
e h

ave a b
e

tte
r e

s
tim

a
tio

n
 o

f th
e m

e
a

n
. 

p
lan

n
in

g
 

an
 

E
xp

erim
en

t 
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B
o
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(b) 
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(a) A
llo

c
a

tin
g

 tre
a

tm
e

n
ts 

w
ith

o
u

t 
re

p
lic

a
tio

n
. (b

) 
A

n
 e

x
p

e
rim

e
n

t 
w

ith 
fo

u
r 

rep
licates, 

e
a

c
h

 
ra

n
d

o
m

ly a
llo

c
a

te
d

 
to

 a p
o

s
itio

n
 o

n
 th

e 
field

. 

allo
cate treatm

en
ts) to

 fo
u

r o
f th

e
m

, w
e w

ill im
p

ro
v

e m
atters (F

ig
u

re 
4.4b

). 
W

e n
o

w
 h

ave fo
u

r rep
licates o

f each
 treatm

en
t. 

W
e can

 co
m

p
are th

e y
ie

ld
s fro

m
 th

e fo
u

r p
lo

ts re
c

e
iv

in
g

 o
rg

an
ic fertiU

ser 
treatm

en
ts. A

n
y V

a
ria

tio
n

 in
 th

e
s

e y
ie

ld
s is c

a
u

s
e

d
 b

y ra
n

d
o

m
 V

a
ria

tio
n

 in
 

co
n

d
itio

n
s a

c
ro

s
s

 th
e site. T

h
e s

a
m

e is tru
e fo

r V
a

ria
tio

n
 in

 th
e fo

u
r y

ie
ld

s 
fro

m
 treatm

en
t B

 a
n

d
, sep

arately, fro
m

 treatm
en

t C
. S

o, re
p

h
c

a
tio

n
 h

as g
iv

e
n

 
US

 th
ree s

e
p

a
ra

te estim
ates 

o
f th

e b
a

c
k

g
ro

u
n

d
 o

r ra
n

d
o

m
 V

a
ria

tio
n

 in
 th

e 
yield

s o
f p

lo
ts re

c
e

iv
in

g
 th

e s
a

m
e tre

a
tm

e
n

t. 
T

h
e g

reater th
e rep

licatio
n w

e h
ave (p

erh
ap

s six p
lo

ts o
f each

 treatm
en

t in
stead

 
o

f fo
u

r), th
e m

o
re in

d
ep

en
d

en
t p

ieces o
f evid

en
ce w

e h
ave ab

o
u

t th
e fertilisers' 

effects. T
h

is m
ean

s th
at w

e are ab
le to

 d
etect 

sm
aller real d

ifferen
ces in

 yield 
b

etw
een

 th
e p

o
p

u
latio

n
s fro

m
 w

h
ich w

e h
ave taken

 o
u

r sam
p

les. W
e can

 ach
ieve 

in
creased

 
p

recisio
n

 in
 o

u
r estim

ates 
o

f th
e p

o
p

u
la

tio
n

 m
ean

 yield
s an

d
 o

f d
if­

feren
ces b

etw
een

 th
em

 b
y h

a
v

in
g

 m
o

re rep
licatio

n
. A

 m
o

re tech
n

ical d
iscu

ssio
n

 
on ch

o
o

sin
g

 h
o

w
 m

u
c

h
 rep

licatio
n

 is n
eed

ed
 to

 b
e fo

u
n

d in
 A

p
p

e
n

d
ix B

. 

4
.
3
.
3
 

R
a
n
d
o
m
i
s
a
t
i
o
n
 

T
h

e fo
u

r rep
licate p

lo
ts o

f each
 treatm

en
t m

u
s

t b
e allo

cated
 to

 p
o

s
itio

n
s in

 
th

e field at ra
n

d
o

m
 to

 a
v

o
id

 th
e u

n
k

n
o

w
n b

ia
s

e
s

 w
e d

iscu
ssed

 b
efo

re 
(S

ectio
n

 
4

.1
.3

). T
h

is is ach
ieved

 b
y n

u
m

b
e

rin
g

 th
e 12 p

lo
ts fro

m
 1 to

 12 (F
ig

u
re 4

.5
a

). 
W

e th
e

n
 u

se 
th

e ra
n

d
o

m
 n

u
m

b
e

r b
u

tto
n

 o
n

 th
e calcu

lato
r 

(o
r u

se ra
n

d
o

m
 

n
u

m
b

e
r ta

b
le

s
) to

 s
e

le
c

t 4 o
f th

e
s

e p
lo

ts fo
r treatm

en
t A

 (e.g
., th

e n
u

m
b

e
rs 

0
.8

0
9
, 0

.3
1
2
, 0

.7
0
7
, 0

.8
3
6
, a

n
d

 0.101 
allo

cate 
th

is treatm
en

t to
 p

lo
t 

n
u

m
b

e
rs 

9, 12, 7, a
n

d
 1

; w
e ig

n
o

re th
e v

a
lu

e 36 fro
m

 0
.8

3
6

 b
e

c
a

u
s

e
 it is g

reater th
a

n
 

12) 
(F

ig
u

re 4.5b
). 

T
h

e
n

 w
e s

e
le

c
t fo

u
r m

o
re n

u
m

b
e

rs 
fo

r treatm
en

t B
, a

n
d

 
treatm

en
t C

 m
u

s
t g

o
 o

n
 th

e fo
u

r p
lo

ts th
at re

m
a

in
, w

h
ic

h w
ill b

e ra
n

d
o

m
 

b
e

c
a

u
s

e
 w

e ra
n

d
o

m
is

e
d

 A
 a

n
d

 B
. 



^•iiruuuction TO
 sm

iisncsfor 
üiotog 
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B
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F
IG

U
R

E
 

4.5 

(a) N
u

m
b

e
rin

g o
f p

lo
ts to e

n
a

b
le ra

n
d

o
m

 allo
catio

n 
o

f treatm
en

ts 
(b

-d
) A

llo
c

a
tin

g e
a

c
h

 
treat­

m
e

n
t 

to a p
lo

t in tu
rn

. 

A
s w

ith selectin
g 

a s
a

m
p

le fro
m

 o
n

e p
o

p
u

la
tio

n (C
h

ap
ter 2), w

e can th
in

k 
o

f ra
n

d
o

m
is

a
tio

n in allo
catin

g treatm
en

ts 
to exp

erim
en

tal u
n

its as an In
su

r­
a

n
c

e
 p

o
licy. It p

ro
tects u

s fro
m

 o
b

ta
in

in
g e

s
tim

a
te

s o
f treatm

en
t m

e
a

n
s
 
t
h
a
t
 

are b
ia

s
e

d
, th

at is, co
n

sisten
tly 

h
ig

h
er o

r lo
w

e
r th

an th
e p

o
p

u
la

tio
n
 
m
e
a
n
.
 

T
h

is c
o

u
ld a

ris
e b

e
c

a
u

s
e

 a
ll th

e p
lo

ts fo
r o

n
e 

treatm
en

t 
h

ap
p

en
ed 

to
 
b
e in 

th
e
 
C
o
r
n
e
r o

f th
e field w

h
e

re th
e c

ro
p w

as d
am

ag
ed 

b
y fro

st. T
h

e rep
licates 

o
f e

a
c

h
 treatm

en
t 

m
u

s
t b

e 
in

tersp
ersed 

(m
ix

e
d u

p
) o

ver 
th

e site, an
d
 
r
a
n
­

d
o

m
is

a
tio

n is
 
a g

o
o

d w
a

y o
f ach

ievin
g th

is. M
o

s
t statistical a

n
a

ly
s

e
s a

s
s

u
m

e 
th

at y
o

u h
a

v
e ra

n
d

o
m

is
e

d exp
erim

en
tal u

n
its to th

e treatm
en

ts. 
V

ery rarely, 
ra

n
d

o
m

is
a

tio
n m

ay p
ro

d
u

ce an arran
g

em
en

t 
o

f p
lo

ts in w
h

ic
h

, say, th
e fo

u
r 

rep
licate 

p
lo

ts o
f o

n
e 

treatm
en

t 
are g

ro
u

p
e

d 
to

g
eth

er 
at th

e b
o

tto
m

 o
f 

the 
slo

p
e. 

S
tatistically, 

th
is 

w
o

u
ld 

b
e 

fin
e 

b
e

c
a

u
s

e
 

ra
n

d
o

m
is

a
tio

n 
w

o
rk

s 
to 

e
n

s
u

re 
th

at 
exp

erim
en

ts 
in g

en
eral 

are 
b

ia
s 

free. 
H

o
w

e
v

e
r, 

w
e 

are 
o

n
ly 

in
terested 

in th
is p

a
rtic

u
la

r in
s

ta
n

c
e o

f th
e exp

erim
en

t, 
w

h
ic

h w
ill 

c
o

s
t us 

tim
e 

an
d 

m
o

n
ey. 

In th
e 

c
a
s
e

 o
f 

ra
n

d
o

m
is

a
tio

n 
p

ro
d

u
c

in
g a c

le
a

r b
ia

s
, it 

w
o

u
ld b

e p
ru

d
e

n
t to re

ru
n th

e ra
n

d
o

m
is

a
tio

n p
ro

c
e

s
s a

n
d re

a
llo

c
a

te p
lo

ts. 
O

n
ly d

o th
is in very c

le
a

r c
a
s
e
s
, h

o
w

ever. H
u

m
a

n
s are v

e
ry g

o
o

d at d
e

te
c

t­
ing 

p
attern

s, 
a

n
d 

as 
a c

o
n

s
e

q
u

e
n

c
e

, w
e 

te
n

d 
to 

th
in

k w
e 

see 
c

lu
s

te
rs in 

p
attern

s 
th

at are actu
ally tru

ly 
ra

n
d

o
m

. 

4
.
3
.
4
 

C
o
n
t
r
o
l
s
 

S
h

o
u

ld w
e h

ave a co
n

tro
l in an exp

erim
en

t? 
A

 co
n

tro
l is th

e n
a

m
e g

iven to a 
treatm

en
t in w

h
ic

h n
o

th
in

g is ap
p

lied to th
e p

lo
t. W

e can th
en see w

h
a

t ch
an

g
es 

take p
lace n

atu
rally d

u
rin

g 
th

e exp
erim

en
t. 

S
tah

stically, 
w

e treat th
is as 

an 
extra treatm

en
t. A

 V
ariatio

n o
n th

is id
ea is a p

ro
ced

u
ral co

n
tro

l. For 
exam

p
le, 

in 
a d

ru
g trial, w

e m
ig

h
t in

ject 
th

ree 
d

ifferen
t d

ru
g

s 
in

to p
eo

p
le 

(th
e 

treat­
m

en
ts), an

d th
e co

n
tro

l w
o

u
ld b

e in
jectin

g sah
n

e. T
h

is m
e

a
n

s th
at w

e are n
o

t 
co

m
p

arin
g p

eo
p

le w
h

o h
a

v
e h

ad an in
jectio

n w
ith p

eo
p

le w
h

o h
ave n

o
t. 

p
lan

n
in

g
 

an 
L

xp
erim

em
 

S
o far w

e h
ave b

een
 co

n
sid

erin
g a sim

p
le exp

erim
en

t in w
h

ic
h fertilisers are 

g
p

p
lied to a field

. Im
ag

in
e 

a m
o

re co
m

p
licated 

exp
erim

en
t 

in w
h

ic
h w

e 
are 

jriterested in th
e effect o

f sh
eep

 g
razin

g at d
ifferen

t tim
es o

f year o
n th

e n
u

m
b

er 
w

ild
flo

w
er s

p
e
c
ie

s
 in g

rasslan
d

. W
e can fen

ce o
ff each

 p
lo

t to m
a

k
e su

re th
at 

t
h
e sh

eep
 are 

in th
e rig

h
t p

lace at the rig
h

t tim
e each

 year fo
r, say, 

5 years. 
flo

w
ever, th

e g
rasslan

d 
p

resen
t at th

e b
eg

in
n

in
g w

ill co
n

tain a rän
g

e o
f sp

ecies
 

ch
aracteristic o

f its lo
catio

n
, so

ll typ
e, an

d p
revio

u
s m

a
n

a
g

e
m

e
n

t (fo
r 

exam
p

le, 
alw

ays g
razed w

ith sh
eep

 o
r w

as g
ro

w
in

g m
aize 2 years ag

o
). S

o, if w
e carried 

out th
e s

a
m

e exp
erim

en
t o

n an
o

th
er site 50 k

m
 aw

ay, th
e s

p
e
c
ie

s
 p

resen
t w

o
u

ld 
be rath

er d
ifferen

t. T
h

u
s, h

avin
g co

n
tro

l p
lo

ts o
n each

 site is u
sefu

l. It teils us 
w

h
at h

ap
p

en
s o

n each
 site in th

e a
b

s
e
n

c
e

 o
f an

y g
razin

g treatm
en

ts. 
W

e 
can 

think o
f it as p

ro
v

id
in

g a
 
S
t
a
n
d
a
r
d co

m
p

ariso
n b

etw
een

 
t
h
e tw

o
 
s
i
t
e
s
.
 

4
.
3
.
5
 

B
l
o
c
k
i
n
g
 

W
h

at 
w

e 
are 

d
o

in
g in exp

erim
en

tal 
d

esig
n 

is 
m

a
k

in
g 

it e
a
s
y

 to p
a

rtitio
n 

V
a
r
i
a
t
i
o
n in

to w
h

a
t w

e are in
terested 

in an
d w

h
a

t w
e are n

o
t. W

e w
ill c

o
v

e
r 

this in g
re

a
te

r d
etail in C

h
ap

ter 
5, b

u
t in th

e m
e

a
n

w
h

ile
, 

it is im
p

o
rta

n
t to 

in
tro

d
u

ce th
e c

o
n

c
e

p
t o

f b
lo

c
k

in
g

. In S
e

c
tio

n
 4.3.3 

w
e lo

o
ked at 

ran
d

o
m

is­
atio

n as 
a w

a
y o

f a
v

o
id

in
g exp

erim
en

tal 
b

ia
s

e
s

. A
n

o
th

e
r w

a
y to d

o th
is is 

b
y b

lo
c

k
in

g
, an

d 
th

e 
tw

o te
c

h
n

iq
u

e
s are 

ro
u

tin
e

ly u
s

e
d

 to
g

eth
er. 

W
h

e
re

a
s 

ran
d

o
m

isatio
n 

is u
s

e
d

 to co
n

tro
l fo

r u
n

kn
o

w
n

 
b

ia
s

e
s

 o
r V

ariatio
n

, b
lo

c
k

in
g 

is b
ro

u
g

h
t in to co

n
tro

l fo
r kn

o
w

n
 o

r likeh
/ d

ifferen
ces b

etw
een 

rep
licates. 

W
ith th

e co
m

p
letely 

ran
d

o
m

ised 
d

is
trib

u
tio

n o
f treatm

en
ts 

e
a

rh
e

r in th
is 

ch
ap

ter, it is q
u

ite lik
e

ly th
at w

e w
ill 

a
llo

c
a

te tw
o re

p
lic

a
te

s o
f a p

articu
lar 

treatm
en

t 
to th

e field m
a

rg
in at th

e to
p o

f th
e s

lo
p

e an
d n

o
n

e to th
e m

a
rg

in 
at th

e b
o

tto
m

. T
h

erefo
re, 

o
u

r resu
lts 

fo
r each

 fertiliser co
u

ld be 
in

flu
en

ced 
as m

u
c

h b
y th

e s
a

m
p

le
 
l
o
c
a
t
i
o
n as th

e effect o
f fertiliser. If w

e w
ere to carry 

out su
ch an exp

erim
en

t m
a

n
y tim

es, e
ffe

c
ts w

o
u

ld even o
u

t b
e

c
a

u
s

e
, p

e
rh

a
p

s 
next tim

e, th
e s

a
m

e treatm
en

t m
ig

h
t b

e o
verrep

resen
ted 

at th
e b

o
tto

m
 o

f th
e 

slo
p

e. 
H

o
w

ever, 
i
f w

e h
a

v
e o

n
ly th

e re
s

o
u

rc
e

s fo
r o

n
e 

o
r tw

o 
exp

erim
en

ts, 
We 

n
e

e
d

 to fin
d a w

a
y
 
o
f o

verco
m

in
g 

k
n

o
w

n variatio
n

s 
lik

e th
is. L

o
o

k
 
a
t
 

the tw
o fo

llo
w

in
g g

rap
h

s; 
s
e
e h

o
w

 o
u

r In
terp

retatio
n c

h
a

n
g

e
s
 
i
f
 
w
e k

n
o

w
 

th
at th

e 
h

ig
h

er 
v

a
lu

e
s
 
i
n each

 treatm
en

t 
c

o
m

e fro
m

 w
etter 

so
ll. If 

w
e 

can 
find 

a w
a

y
 
o
f in

c
lu

d
in

g th
is In

fo
rm

a
tio

n
 
i
n th

e an
alysis, 

th
en th

e erro
r 

(th
e 

sp
read

 
o
f th

e resu
lts) w

ill clearly
 
b
e m

u
c

h le
s
s

 (F
ig

u
re 

4.6). 

If 
w
e k

n
o

w
 th

at th
e so

il 
i
s d

ry
 
a
t th

e to
p
 
o
f o

u
r field an

d w
et at th

e b
o

tto
m

, 
th

en
 
w
e s

h
o

u
ld b

lo
ck fo

r th
is rath

er th
an ran

d
o

m
ise. W

e h
a

v
e fo

u
r 

rep
licates, 

so 
it m

a
k

e
s s

e
n

s
e

 to d
iv

id
e th

e field in
to fo

u
r b

lo
c

k
s an

d rep
resen

t each
 
o
f
 

Our 
th

ree 
treatm

en
ts
 
i
n each

 b
lo

ck. W
e sh

o
u

ld still ran
d

o
m

ise 
th

e p
o

s
itio

n 
of treatm

en
ts 

w
ith

in b
lo

ck, b
u

t th
e m

a
in (k

n
o

w
n

) b
ia

s
 
i
s alread

y 
d

ealt 
w

ith 
b

y b
lo

ck. T
h

e 
lo

g
ic o

f b
lo

c
k

in
g is th

at rath
er 

th
an averag

in
g 

o
u

t a b
ia

s
, w

e 
are in

vestig
atin

g it lik
e a treatm

en
t, so th

at w
e w

o
rk o

u
t th

e effect it has 
an

d 
t
h
e
n d

isco
u

n
t 

it. H
o

w
 w

e a
n

a
ly

s
e a d

esig
n 

th
at in

clu
d

es 
a b

lo
c

k
in

g 
facto

r 
Will b

e co
vered 

in C
h

a
p

te
rs 5 an

d 
6. 



p
lan

n
in

g
 

an 
E

xp
erim
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T
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B
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B
lo
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lo
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F
IG

U
R

E
 

4
.7 

A
 ra

n
d

o
m

is
e

d 
c

o
m

p
le

te 
b

lo
c

k 
d

e
s

ig
n

; 
e

a
c

h
 tre

a
tm

e
n

t 
is p

resen
t 

in e
a

c
h

 b
lo

c
k

, b
u

t th
e 

o
rd

e
r 

w
ith

in e
a

c
h

 b
lo

c
k is ra

n
d

o
m

is
e

d
. 

A
 ra

n
d

o
m

is
e

d 
co

m
p

lete 
b

lo
c

k 
d

e
s

ig
n 

(F
ig

u
re 

4.7) 
a

n
d 

red
u

ces ra
n

d
o

m
 

V
ariatio

n an
d im

p
ro

v
e

s o
u

r ab
ility to d

etect 
d

ifferen
ces 

b
etw

een 
treatm

en
ts. 

E
ach

 q
u

arter o
f th

e exp
erim

en
t is a "b

lo
c

k
," a

n
d each

 b
lo

ck co
n

tain
s a co

m
p

lete 
set o

f a
ll th

e treatm
en

ts w
ith

in it. E
ach

 b
lo

c
k is selected

 so th
at th

e co
n

d
itio

n
s 

are even 
(o

r h
o

m
o

g
en

eo
u

s) 
w

ithin 
it b

u
t th

ey d
iffer b

e
tw

e
e

n
 o

n
e 

b
lo

ck 
an

d 
an

o
th

er. S
o, if th

e p
reced

in
g d

ia
g

ra
m

 rep
resen

ts a field th
e to

p b
lo

ck m
ig

h
t b

e 
on sU

g
h

tly san
d

ier 
so

il, an
d th

e b
lo

ck at th
e b

o
tto

m
 m

ig
h

t b
e m

o
re 

sh
ad

ed 
b

ecau
se

 o
f a h

ed
g

e. T
h

e
s

e
 d

ifferen
ces 

s
h

o
u

ld n
o

t b
e to

o g
reat, as b

lo
c

k
in

g is 
ju

st a w
a

y o
f g

e
ttin

g rid o
f co

n
fu

sin
g V

ariatio
n an

d w
ill n

o
t g

ive reaso
n

ab
le 

resu
lts u

n
le

s
s th

e w
h

o
le exp

erim
en

t is co
n

d
u

cted o
n a reaso

n
ab

ly u
n

ifo
rm

 site. 
H

o
w

 s
h

o
u

ld w
e allo

cate th
e fo

u
r treatm

en
ts to th

e th
ree p

lo
ts w

ith
in e

a
c

h
 

b
lo

ck? T
h

is m
u

s
t b

e d
o

n
e u

s
in

g ra
n

d
o

m
 n

u
m

b
e

rs (as in F
ig

u
re 4.7), b

u
t h

e
re 

w
e w

o
u

ld g
e

n
e

ra
te ra

n
d

o
m

 n
u

m
b

e
rs fro

m
 1 to 3 to e

n
s

u
re th

at each
 treat­

m
en

t h
as 

an eq
u

al 
c

h
a

n
c

e o
f o

c
c

u
rrin

g o
n e

a
c

h
 p

lo
t. W

e n
u

m
b

e
r th

e fo
u

r 
p

lo
ts in e

a
c

h
 b

lo
c

k fro
m

 1 to 3. T
h

en w
e u

se th
e ra

n
d

o
m

 n
u

m
b

e
r b

u
tto

n o
n 

O
ur calcu

lato
r. If th

e last d
ig

it is 2, w
e allo

cate treatm
en

t A
 to p

lo
t 2; if n

u
m

b
e

r 
1 

a
p

p
e

a
rs 

n
ext, 

w
e 

allo
cate 

treatm
en

t 
B

 
to 

p
lo

t 
1

. T
h

is 
le

a
v

e
s p

lo
t 

3 
fo

r 
treatm

en
t C

. R
e

p
e

a
t th

is p
ro

c
e

s
s fo

r th
e n

ext b
lo

ck. 
B

lo
ckin

g s
h

o
u

ld b
e u

sed w
h

erever th
ere m

a
y b

e a tre
n

d in th
e e

n
v

iro
n

m
e

n
t 

th
at c

o
u

ld affect 
th

e featu
re 

in w
h

ich y
o

u are in
terested

. 
F

o
r 

exam
p

le, 
in a 

g
lassh

o
u

se h
eatin

g
, p

ip
es m

a
y b

e at th
e rear o

f th
e b

en
ch

, so o
n

e b
lo

ck sh
o

u
ld 

at th
e rear an

d an
o

th
er at th

e fro
n

t o
f th

e b
en

ch
. E

ven in lab
o

rato
ries 

an
d 

g
ro

w
th cab

in
ets th

ere can b
e im

p
o

rta
n

t g
rad

ien
ts in e

n
v

iro
n

m
e

n
ta

l variab
les 

th
at m

ake it w
o

rth
w

h
ile a

rra
n

g
in

g y
o

u
r p

lo
ts (p

o
ts, trays, p

etri d
ish

es, 
etc.) 

n
ito b

lo
cks. It is c

o
m

m
o

n to b
lo

ck feed
in

g exp
erim

en
ts w

ith an
im

als b
y p

u
ttin

g 
th

e h
eaviest 

an
im

als in o
n

e b
lo

ck an
d th

e lig
h

test o
n

e
s in an

o
th

er b
lo

ck. T
h

is 
h

elp
s to take acco

u
n

t o
f d

ifferen
ces 

in w
e

ig
h

t at th
e start o

f th
e exp

erim
en

t. 
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jor 

D
lO

lO
gy 

4
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R
e
c
o
r
d
i
n
g
 
D
a
t
a
 
a
n
d
 
S
i
m
u
l
a
t
i
n
g
 
a
n
 

E
x
p
e
r
i
m
e
n
t
 

C
o

n
s

id
e

rin
g h

o
w

 m
u

c
h

 tim
e
 
a
n
d re

s
o

u
rc

e
s y

o
u

 w
ill sp

en
d

 o
n

 y
o

u
r exp

eri­
m

e
n

t, it s
h

o
u

ld
 b

e c
o

m
p

u
ls

o
ry to

 s
im

u
la

te it b
efo

re y
o

u
 start. T

h
in

k ab
o

u
t 

w
h

a
t y

o
u

 are g
o

in
g

 to
 m

easu
re 

a
n

d
 h

o
w

 y
o

u
 s

h
o

u
ld

 lay it o
u

t in
 y

o
u

r la
b

 
o

r field n
o

teb
o

o
k. If y

o
u

 are re
a

lly o
rg

an
ised

, it is w
o

rth creatin
g

 a d
ata tab

le 
and 

p
rin

tin
g o

u
t c

o
p

ie
s o

f it to
 stick in

 y
o

u
r n

o
teb

o
o

k. T
ry to

 co
p

y th
e d

ata 
o

n
to a s

p
re

a
d

s
h

e
e

t as 
so

o
n

 as 
p

o
ssib

le. 
A

s
id

e fro
m

 
p

ro
vid

in
g 

a co
p

y, th
is 

w
ill h

ig
h

lig
h

t m
istakes w

h
ile th

e d
ata is fresh

 in
 y

o
u

r m
in

d
. P

h
o

to
c

o
p

y d
ata 

s
h

e
e

ts
 w

h
e

n
e

v
e

r y
o

u
 can

; if y
o

u
 can

n
o

t d
o

 th
is in

 th
e field

, a u
s

e
fu

l su
b

stitu
te 

is to
 take d

ig
ital p

h
o

to
s at th

e e
n

d
 o

f every d
ay. T

h
e

s
e

 are u
s

u
a

lly o
f su

ffi-
cien

tly h
ig

h q
u

a
lity to

 b
e ab

le to
 re

c
re

a
te y

o
u

r d
ata if it g

e
ts lo

st. In
 th

e real 
W

o
rld

, 
p

a
g

e
s g

et w
e

t o
r to

rn o
u

t, so
 d

o
 n

o
t fo

rg
e

t to
 n

u
m

b
e

r every p
a

g
e o

r 
su

b
ject 

(w
o

rm
, p

la
n

t, b
acterial p

late). 
A 

h
u

g
e n

u
m

b
e

r o
f u

n
d

e
rg

ra
d

u
a

te p
ro

jects can
n

o
t b

e an
alysed

 
at a

ll o
r at 

le
a

s
t in

 th
e w

a
y th

at w
as a

n
tic

ip
a

te
d

. T
h

is m
a

y b
e d

u
e to

 d
e

s
ig

n
, o

r lo
s

s
 
o
f
 

d
ata p

o
in

ts
. D

ata p
o

in
ts are lo

st b
y p

la
n

ts o
r a

n
im

a
ls d

yin
g

, 
e

x
p

e
rim

e
n

ta
l 

p
lo

ts g
e

ttin
g

 d
is

tu
rb

e
d

, o
r b

y s
o

m
e

o
n

e
 
C
l
e
a
r
i
n
g 

o
u

t th
e frid

g
e in

 th
e lab

. 
M

u
rp

h
y

's L
a

w
 is a

liv
e a

n
d

 w
ell in

 m
o

s
t e

x
p

e
rim

e
n

ts
. A

lth
o

u
g

h in
 p

rin
c

ip
le 

w
e 

s
h

o
u

ld
 b

e ab
le to

 g
et th

e d
esig

n
 co

rrect, it is a g
o

o
d

 id
ea to

 c
re

a
te d

u
m

m
y 

d
ata u

s
in

g
 ra

n
d

o
m

 n
u

m
b

e
rs

, a
n

d
 u

se th
e

s
e to

 try o
u

t y
o

u
r p

ro
p

o
s

e
d

 an
alysis. 

If th
e
 
C
o
m
p
u
t
e
r d

o
e

s n
o

t let y
o

u
 ru

n
 th

e an
alysis y

o
u

 w
a

n
t, it m

a
y b

e th
at 

you 
h

ave in
s

u
ffic

ie
n

t re
p

lic
a

tio
n

 o
r s

o
m

e o
th

er p
ro

b
le

m
 th

at y
o

u
 c

o
u

ld
 fix 

b
efo

re s
ta

rtin
g

 th
e e

x
p

e
rim

e
n

t. If th
is an

alysis w
o

rk
s

, try d
e

le
tin

g
 ra

n
d

o
m

ly 
s

e
le

c
te

d
 d

ata p
o

in
ts to

 see 
h

o
w

 ro
b

u
st y

o
u

r d
e

s
ig

n
 is. If th

e lo
s

s o
f o

n
e o

r 
tw

o 
d

ata 
p

o
in

ts p
reven

ts y
o

u
 fro

m
 

ru
n

n
in

g 
th

e fest y
o

u
 w

a
n

t, y
o

u
 m

ig
h

t 
w

a
n

t to
 reco

n
sid

er th
e d

e
s

ig
n

. In
 ad

d
itio

n to
 th

e facto
r o

f in
terest, take n

o
te 

o
f u

n
u

s
u

a
l o

b
servatio

n
s 

th
a

t m
ig

h
t in

flu
e

n
c

e th
e resu

lts. Y
o

u
 m

ig
h

t b
e 

ab
le 

to 
acco

u
n

t 
fo

r th
e

m
 later, o

r it c
o

u
ld

 lead
 o

n
to

 an
o

th
er stu

d
y. 

T
h

e take-h
o

m
e m

e
s

s
a

g
e

 is th
a

t tim
e sp

en
t p

la
n

n
in

g
 is n

ever w
a

s
te

d
. D

is
­

cu
ssin

g
 y

o
u

r e
x

p
e

rim
e

n
ta

l d
esig

n
 w

ith an
 exp

erien
ced

 
re

s
e

a
rc

h
e

r w
ill id

e
n

­
tify m

o
st p

itfalls a
n

d
 p

ro
b

a
b

ly th
ro

w
 u

p
 m

o
re id

e
a

s to
 in

c
o

rp
o

ra
te

. H
a

v
in

g 
a c

le
a

r id
ea o

f w
h

a
t y

o
u
 
a
r
e d

o
in

g a
n

d
 exactly w

h
a

t to
 reco

rd
 s

a
v

e
s

 a lo
t o

f 
tim

e in
 th

e field o
r lab

. // n
o

th
in

g
 e

is
e
, carry o

u
t a d

u
m

m
y

 an
alysis 

to
 see if yo

u
 

can
 a

n
a
ly

s
e

 yo
u

r 
e
x
p

e
rim

e
n

t acco
rd

in
g

 
to

 yo
u

r 
p

la
n

e
. 
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5
 

S
i
m
u
l
a
t
i
n
g
 
Y
o
u
r
 

E
x
p
e
r
i
m
e
n
t
 

You 
can

 c
re

a
te d

u
m

m
y d

ata a
n

d
 an

alyse 
th

e
m

 fo
r v

e
ry c

o
m

p
lic

a
te

d
 

exp
er­

im
e

n
ts

. H
o

w
e

v
e

r, w
e w

ill 
s

h
o

w
 y

o
u

 h
o

w
 to

 d
o

 th
is w

ith 
a s

im
p

le e
x

p
e

ri­
m

e
n

ta
l d

esig
n

 w
h

ic
h can

 b
e an

alysed
 

w
ith a fest w

e h
ave alread

y 
co

vered
 

(th
e tw

o
-s

a
m

p
le t-test). 

I P
lanning an E

xp
e

rim
e

n
t 

o
/ 

S
u

p
p

o
s

e y
o

u
 h

ave b
een

 asked
 

to
 c

a
rry o

u
t an

 e
x

p
e

rim
e

n
t to

 co
m

p
are th

e 
effects o

f 
tw

o
 d

iffe
re

n
t in

sect 
d

iets 
o

n
 

th
e 

a
m

o
u

n
t 

o
f 

fra
s

s 
(in

sect 
fe

c
e

s
) 

p
ro

d
u

ced
. Y

o
u

 h
ave 18 in

s
e

c
ts availab

le, a
n

d
 y

o
u

 can
 c

h
o

o
s

e w
h

ic
h d

ie
t e

a
c

h
 

in
sect 

re
c

e
iv

e
s

. T
h

e 
d

ata co
llected

 
is th

e d
ry w

e
ig

h
t o

f fra
s

s p
ro

d
u

c
e

d
 b

y 
each

 in
sect. 

4
.
5
.
1
 

C
r
e
a
t
i
n
g
 
t
h
e
 
D
a
t
a
 
S
e
t
 

VVe h
ave 18 s

ite
s a

n
d

 2 treatm
en

ts, so
 w

e n
eed

 th
e d

ata in
 T

ab
le 4

.1
. 

You 
can

 ty
p

e th
is in

, o
r g

et M
IN

IT
A

B
 to

 d
o

 it fo
r y

o
u

. L
ab

el th
e c

o
lu

m
n

s
, 

and 
th

e
n

 g
o

 to
 
C
a
l
o
M
a
k
e
 
P
a
t
t
e
r
n
e
d
 
D
a
t
a
>
 
S
i
m
p
l
e
 
S
e
t
 
o
f
 
N
u
m
b
e
r
s
>
 
S
t
o
r
e
 

p
a
t
t
e
r
n
e
d
 
d
a
t
a
 
i
n
: In

sect 
F
r
o
m
 
f
i
r
s
t
 
v
a
l
u
e
: 1

 
T
o
 
l
a
s
t
 
v
a
l
u
e
: 18

 
I
n
 
s
t
e
p
s
 
o
f
: 1 

L
i
s
t
 
e
a
c
h
 
v
a
l
u
e
: 1

 
L
i
s
t
 
w
h
o
l
e
 
s
e
q
u
e
n
c
e
: 

1 
D

o 
th

is ag
ain

 fo
r T

reatm
en

t, u
s

in
g

 first v
a

lu
e 1

, last v
a

lu
e 2, a

n
d

 listin
g 

each
 v

a
lu

e o
n

c
e

, a
n

d
 y

o
u

 s
h

o
u

ld
 g

et th
e d

ata p
ro

v
id

e
d

 in
 T

ab
le 4

.1
. T

h
is is 

fin
e, but 

w
e clearly h

ave n
o

t ra
n

d
o

m
ly allo

cated
 th

e s
ite

s to
 e

a
c

h
 treatm

en
t. 

W
e 

can
 

d
o

 
th

is 
b

y 
m

a
k

in
g

 u
se 

o
f 

a 
trick 

in
 

M
IN

IT
A

B
: 

C
a
l
o
R
a
n
d
o
m
 

D
a
t
a
>
S
a
m
p
I
e
 
f
r
o
m
 
C
o
l
u
m
n
(
s
)
>
S
a
m
p
l
e 

18
 
r
o
w
s
 
f
r
o
m
 
c
o
l
u
m
n
(
s
)
: T

reatm
en

t 
S
t
o
r
e
 
s
a
m
p
l
e
s
 
i
n
: T

reatm
en

t. M
a

k
e su

re th
a

t 
t
h
e
 
s
a
m
p
l
e
 
w
i
t
h 

rep
lacem

en
t 

b
o

x is
 
n
o
t ch

ecked
. T

h
is ra

n
d

o
m

is
e

s tre
a

tm
e

n
t w

ith re
s

p
e

c
t to

 in
sect n

u
m

b
e

r, 
and 

y
o

u
 s

h
o

u
ld

 g
et s

o
m

e
th

in
g

 like T
ab

le 4.2. N
o

te th
a

t if y
o

u
 d

o
 th

is y
o

u
rs

e
lf, 

you 
s

h
o

u
ld

 g
et s

o
m

e
th

in
g

 s
im

ila
r, b

u
t n

o
t exactly th

e s
a

m
e b

e
c

a
u

s
e

 o
f th

e 
ra

n
d

o
m

is
a

tio
n p

ro
c

e
s

s
. 

T
A

B
L

E
 

4
.1 

In
s

e
c

t 
N

u
m

b
e

r a
n

d
 T

re
a

tm
e

n
t 

fo
r 

In
s

e
c

t 

E
x

p
e

rim
e

n
t 

In
s

e
c

t 
T

re
a

tm
e

n
t 

1 
; 

2
 

1 

3
 

1
 

4
 

1
 

5
 

1
 

6
 

1 

7
 

1 

8
 

1 

9
 

1 

1
0
 

1
1
 

2
 

1
2
 

2
 

1
3
 

2
 

1
4
 

2
 

1
5
 

2
 

1
6
 

2
 

1
7
 

2
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m
tro

a
u
ctio

n
 

to
 i>

ta
m

tics fo
r 

B
io

lo
, 

T
A

B
L

E
 

4
.2

 

T
re

a
tm

e
n

ts 
R

a
n

d
o

m
is

e
d 

to
 In

s
e

c
ts 

In
sect 

T
re

a
tm

e
n

t 

1 
1 

2 
2 

3 
1
 

4 
2
 

5 
2
 

6 
1
 

7
 

8
 

1
 

2
 

9
 

1
 

1
0
 

2
 

11
 

1
 

1
2
 

1
 

1
3
 

2
 

1
4
 

2
 

1
5
 

2
 

1
6
 

2
 

1
7
 

2
 

1
8
 

1
 

T
A

B
L

E
 

4
.3

 

S
im

u
la

te
d 

D
a

ta 
fo

r th
e

 In
s

e
c

t 
E

x
p

e
rim

e
n

t 

In
sect 

T
re

a
tm

e
n

t 
F

ra
s

s W
e

ig
h

t 

1 
1 

1
2
.9

0
1
3

 
2
 

2
 

1
2
.6

8
3
5

 
3
 

1
 

1
0

.2
6

1
0

 
4
 

2
 

9
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5
2

8
 

5
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6
 

1
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1
 

11.6366
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2
 

1
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1
2
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1

3
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1
1
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13 
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14 
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1

0
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5
6
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1
2
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16 

2 
1

0
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9
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9
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2 

1
2
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2
1
4
 

18 
1 

1
2
.4

7
1
6

 

F
in

ally, y
o

u n
e

e
d
 to

 sim
u

late
 
t
h
e
 
d
a
t
a
 (th

e
 th

in
g

s y
o

u w
ill 

r
e
c
o
r
d
 in

 th
e
 

exp
erim

en
t). D

o
 th

is b
y: 

C
a
l
o
R
a
n
d
o
m
 
D
a
t
a
>
N
o
r
m
a
l
>
G
e
n
e
r
a
t
e
 1

8
 
r
o
w
s
 
o
f
 

d
a
t
a
 
S
t
o
r
e
 
i
n
 
c
o
l
u
m
n
(
s
)
:

 F
ra

s
s

 w
e

ig
h

t 
M
e
a
n
: 

12
 
S
t
a
n
d
a
r
d
 
d
e
v
i
a
t
i
o
n
:
 1.(3. 

If y
o

u alread
y h

ave a
n

 estim
ate o

f th
e m

ean an
d S

tandard d
eviatio

n
 
o
f

 w
h

at-
e
v
e
r
 
y
o
u
 
a
r
e

 m
easu

rin
g

, in
clu

d
e it fo

r realism
, b

u
t it 

d
o
e
s
 
n
o
t
 
m
a
t
t
e
r
 
t
o
o

 m
u

ch
. 

T
h

e sim
u

lated d
ata 

a
re

 s
h

o
w

n in
 T

ab
le 4

.3
. 

p
la

n
n
in

g
 an E

xp
e

rim
e

n
t 

8
9
 
'
 

^
 
5
.
2
 

A
n
a
l
y
s
i
n
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