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Hummingbirds are nectarivores:
herbivores which feed on the nectar
in some species of flower.

In return for food, they pollinate
the flower. This is an example of

mutualism.

Hummingbird bills have evolved to
suit their preferred source of food.

Researchers studying the evolution of
hummingbirds take measurements of bill lengths
and body sizes for comparative purposes.

The treatment of data collected in scientific
investigations is known as statistical analysis.

Hummingbird with pollen
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Let's compare two species of hummingbirds:

Ruby-throated hummingbird (Archilochus colubris) Broadbilled hummingbird (Cynanthus latirostris)

Is there a significant difference in bill-length and body mass
between the ruby-throated and broadbilled hummingbirds?

Important things to consider:
1. Sample size must be large enough to generate
reliable data

(and large enough to perform statistical tests)

2. Uncertainty and error of measurements.



Measurements and Uncertainty
Uncertainty: the margin of error in a measurement.

e.g. this hummingbird weighs \
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Ruby-throat on a digital balance
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Rulers have uncertainty at both ends:

Analogue measurements are
usually (£half the smallest measured division)

The last decimal point is an estimate.
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Now we can plug our raw data into Excel

Be neat from the start and save trouble later.

A B C D E
1 Comparing bill length in A. colubris and C. latirostris
2 Bill length (mm) (+ 0.1mm)
3 n A. colubris  C. latirostris
a 1 13.0 17.0 Give the raw data table a title
3 s 14.0 18.0 Include uncertainty
6 3 15.0 18.0
7 4 15.0 18.0
8 5 15.0 19.0
9 b 16.0 19.0
10 7 16.0 15.0 =————— Be consistent with the number of decimal places:
11 8 18.0 20.0 don't use more than the limits of your equipment!
12 2 18.0 20.0 (Format: number, and then adjust)
13 10 19.0 20.0
14 A. colubris  C. latirostris
15 Mean
16| STDEV
17

In this case, n=10 for each species (n doesn't have to be the same for both
(total sample size is 20) groups, though the closer the better.)



Find the mean averages of each sample set

For data processing in Excel,
it's easiest just go straight
into the Formulas tab.

'More Functions'
'Statistical'

To find the arithmetic mean,
select AVERAGE.

Then highlight the
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1 Comparing bill length in A. colubris and C. latirostris @ Information » AVERS AVERAGE( N
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13 10 19.0 20.0 COUNT
14 A. colubris | C. latirostris
15 Mean COUNTA
16 STDEV COUNTBLANK

data to be processed

Select this box To calculate it yourself:

mean (X) = 2 X

n

(sum of values)
sample size
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Function Library Defined Names Formula Audi
AVERAGE v (% X « f«| -AVERAGE(B4:B13)
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Plot your means on a graph:
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Putting the headings and values
together cuts down on messing around with Excel graphs
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C. latirostris has a higher mean bill length than A. colubris...

185

19.0

185 —

= - - =
o = = [
in -1 in =1

Rean bill kength (mm) (£0.1mm)
=
=

155

-
u
(=1

-
s
i

=
I
[=1

In this case, range (max - min values)

A Comparison of bill lengths in A. colubris

and C. latirostris

mean

Specics of Humminghird

X

C. latirostris

range

... but that is only part of the story.

The mean is a measure of the central tendency of the
data, yet it tells us nothing of the spread of the data.

Our data could be clustered near the mean, or have high

| variability:

mean x

range
The mean here is the same, but there is a greater

is small - most of the recorded values spread of data - there is more variability. This is also
are very close to the mean. This is known a NORMAL DISTRIBUTION.
as a NORMAL DISTRIBUTION.



What is the range of these data?
68, 56, 65, 75, 68, 74, 21,67, 72,69, 71, 67/,
max-min values= - =



What is the range of these data?
68, 56, 65, 75, 68, 74, 21,67, 72,69, 71, 67,
max-min values = 75-21=54



What is the range of these data?

68, 56, 65, 75, 68, 74, 21,67,72,69, 71, 67,

max-min values = 75-21=54

This suggests a large variability, but look more closely:

21
| | L |

68
65 74

56 - 68
. Xe7 l7275 ,

1
I I I | '

This value is far from the other
data, causing the mean and
range to be skewed.

The range here is large - but the mean is not in the

centre. This suggests that that some data points are
far from the majority of others - they have
SKEWED the distribution of the data.

' 676971 '

The vast majority of values are clustered
around this end of the distribution.

The mean is not in the middle of this cluster,
as it has been affected by the outlier, 21.

mean

range '



Standard deviation is a measure of the spread of most of the data.
68% of all data fall within = 1 standard deviation (s) of the mean

This gives us a more reliable view of the 'true' spread of data - it is not
affected by one or two anomalous results.

68%
0.04 1
-1s / +1s
YK
34% 34%
0.02
95% of all data points lie
within 2s of the mean,
0 01 either side.
Only a few isolated data points
lie outside 2s of the mean.
O | [ I T |

0O 10 20 30 40 50 60 70 80 90 100



Practice Question

A set of length measurements are taken with a mean of 2.5cm and a standard
deviation of 0.5cm. Which of the following statements is true?

A. 68% of all data lie between 2.5cm and 3.5cm
B. 68% of all data lie between 1.5cm and 3.5cm
C. 95% of all data lie between 1.5cm and 3.5cm

D. 95% of all data lie between 2.0cm and 3.0cm



Practice Question

A set of length measurements are taken with a mean of 2.5cm and a standard
deviation of 0.5cm. Which of the following statements is true?

A. 68% of all data lie between 2.5cm and 3.5cm 95% of data in 2sd

B. 68% of all data lie between 1.5cm and 3.5cm 68% of data in 2sd

f all data lie between 1.5cm and 3.5cm

D. 95% of all data lie between 2.0cm and 3.0cm

One sd = 0.5cm

68% of a data are within £1sd
So 68% are between 2.0cm and 3.0cm

1.5 2.5 35

95% of a data are within +2sd
So 95% are between 1.5cm and 3.5cm



Practice Question
A set of data looks like this: 4, 5,5, 5, 6, 6, 6, 7, 7, 9 with a mean of 6.

Which of the following is the best estimate of standard deviation?

A.0 B.1 C.6 D.5



Practice Question
A set of data looks like this: 4, 5,5, 5, 6, 6, 6, 7, 7, 9 with a mean of 6.

\‘N,-/

most data are the mean =1

Standard deviation is a measure of
where most of data (68% *+1sd) lie

Which of the following is the best estimate of standard deviation?

A.0 C.6 D.5



How can | find the mean and standard deviation on my calculator?

It's always a good idea to read the instructions...

1. Start up the calculator and select 'STAT' from the Main Menu.

2. If there is already data in there, hit this button:
List IJList 2|List 3|List u|

FRGM) TUM
e pEa

wva Gve [oeC DR D>

| 3. And then hit DEL-A to clear it.
4. Now you can add your new data
into the first column.
(Do one set at a time)

List I|List 2[List 3|List 4
2
3
4

1

[SkTa [5hT0 [DEL [EEDP[INE

N e W -

DOO0OO0OOO 5. To find the statistical data:
o““‘ List IJList 2]List 3|List u List IJList 2JList 3|List |

Qo000 ®
20000
| .q.o. W4['e% 1UAF, [JuAr [P 4
OoO®D® el ~" Andthen...




So what does it mean?

CABID PN AT P
T-Uariabl Ll
-Jarlia (=]
% =416.875 = |
Zx, =3335 » sum of all values
%Gn  =54.9395975 i i
xdn-t =38. 7325002 » standard deviation (check it on Excel)
R
CON O POWER. G DD __ Hit the EXIT button to go back to your list.

%
000000
oo
=Y -¥-¥-]
°‘° ° o For Texas Instruments help, visit:

. ' : : : http://click4biology.info/c4b/1/gceStat.htm
9009
OOODD

You can use your GDC for all kinds of statistical tricks, so
spend some time learning how to make it work.

Casio screenshots taken from
http://www.keymath.com/documents/da2/CalculatorNotes/CFX9850/DA_CFX-9850_01.pdf




Using a Scientific Calculator to find Standard Deviation

P EN

H casio - -_'.. 1.ON - MODE| 3| (STAT - statistics)

!
|

2. SHIFT

SHIFT

1

1

5. Select 4: xdn-

then choose 2:Data

3. Delete old data and enter new data
(enter number, then|=|)

4. At the bottom of the data:

(Stat)

and then hit 5:Var

| —— Standard Deviation

6. And then hit| = |when the table comes up.

The standard deviation will appear at the bottom of the column.



Error bars are a graphical representation of the variability of data

We can plot error bars to represent range, standard deviation, standard deviation or
other estimates of variability. For us, standard deviation is usually the most useful.

I Which of these sets of data has the largest mean?

value

Which set has the greatest variability in the data?

Set A Set B



Error bars are a graphical representation of the variability of data

We can plot error bars to represent range, standard deviation, standard deviation or
other estimates of variability. For us, standard deviation is usually the most useful.

_ Which of these sets of data has the largest mean?
| |
*P Set A

Which set has the greatest variability in the data?

value

Set B laroe standard deviation
b = high variability

Set A Set B



Using Excel to calculate Standard Deviation:
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Plot standard deviation as error bars on the graph:
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Plot standard deviation as error bars on the graph:
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Do it again to create the
negative error bar



Now each column has an error bar that is its own standard deviation.

130 ~ @3 I

E

F G

H | J

K

v

A B C D

1 Comparing bill length in A. colubris and C. latirostris
2 Bill length (mm) (* 0.1mm)

3 n A. colubris  C. latirostris

4 1 13.0 17.0

5 2 14.0 18.0

6 3 15.0 18.0

7 4 15.0 18.0

8 5 15.0 19.0

9 6 16.0 19.0

10 7 16.0 19.0

11 8 18.0 20.0

12 9 18.0 20.0

13 10 19.0 20.0

14 A. colubris  C. latirostris

15 Mean 15.9 18.83

16| STDEV 1.91 1.03

To test that it worked, change
one value from one column.
It should change the mean
and STDEV, as well as adjust

Mean bill length (mm) {(#0.1mm)

25.0

15.0

5.0

0.0

A Comparison of bill lengths in A. colubris and
C. latirostris (error bars represent standard deviation) =

—t—

A. colubris

Species of Hummingbird

C. latirostris

—adjust title

only one error bar.

Don't forget to 'undo’ this test again once you're sure it worked.



Which sample population has:

Mean bill length {mm) {£0.1mm)

25.0 T

200 -

150 +

100 -+

50 1

0.0

A Comparison of bill lengths in A. colubris and
C. latirostris (error bars represent standard deviation)

T ,
I 1
A. colubris C. latirostris

Species of Hummingbird

A. The longest mean bill?

B. The greatest variability in data?



Which sample population has:

Mean bill length (mm) (£0.1mm)

250 +

200 +

150 +

10.0 +

5.0

0.0

A Comparison of bill lengths in A. colubris and

C. latirostris (error bars represent standard deviation)

T
T 1
A. colubris C. latirostris

Species of Hummingbird

A. The longest mean bill?

C. lativostris

B. The greatest variability in data?

A colubris



Overlap of error bars gives us a clue as to the significance of the results:

250 250
A Comparison of bill lengths in A. colubris and
. p gt . A Comparison of bill lengths in A. colubris and
C. latirostris (error bars represent standard deviation) i , L
- C. latirostris (error bars represent standard deviation)

E 20.0 E 20.0

£ E 1

- - 1

o o
E 150 ‘E 150 I
E E
= =

) 17

S 100 1 S 100 E—
3 5

c c

g 5.0 g 5.0

= =

00 0.0 -
A. colubris C. latirostris A. colubris C. latirostris
Species of Hummingbird Spedies of Humminghird

Large overlap .". lots of shared data No overlap .. no (or very little) shared data

Results are not likely to Results are likely to
be significantly different be significantly different
(the difference between means is (the difference between means is

most likely due to chance) most likely to be real)



We can see overlap clearly when we plot data as frequency curves:

large overlap " small overlap

Large overlap .". lots of shared data  Small overlap .. very little shared data

Results are not likely to Results are likely to
be significantly different be significantly different
(the difference between means is (the difference between means is

most likely due to chance) most likely to be real)



Which set of data has...

a. a larger range (high variability)?
b. a greater standard deviation?

C. more precise results?

d. a higher mean?

e. a higher frequency at the mean?

A

frequency

continuous variable



Which set of data has...
a. a larger range (high variability)? Set B
b. a greater standard deviation? SET B

C. more precise results? St A (can be suonested)
d. a higher mean? Set B o
e. a higher frequency at the mean? < gt A
A

- B

O

C

cu

>

>

v

“

X X

continuous variable



To be sure whether our results are significant or not,

we need to carry out a statistical test.

Mean bill length (mm) (£0.1mm)

25.0

200

15.0

10.0

5.0

0.0

A Comparison of bill lengths in A. colubris and
C. latirostris (error bars represent standard deviation)

:
1

A. colubris

Species of Hummingbird

C. latirostris

Is the difference
between these
means real or the
result of chance?



The t-test is a statistical test which helps us determine the significance
of the difference between the means of two populations.

In other words:
"Are the means of two populations far enough apart for us to call them truly 'different’?"

230

A Comparison of bill lengths in A. colubris and In this example, there seems to be a
C. latirostris (error bars represent standard deviation) difference in the bill len gth between
e overlap (small) J1.8mm A. colubris and C. latirostris.
15.9mm

15.0

We can also see some overlap in the data, as
shown by the error bars.

100
We can use the t-test to test if the difference
between the means is large enough to be
considered significant.

Mean bill length (mm) (+0.1mm)

0.0

A. colubris C. latirostris

n=10 n=10

Species of Hummingbird




The t-test tells us the probability of two data sets being the same.

If P =1, the two sets of data are exactly the same.
If P =0, the two sets of data are not at all the same.

So the higher the value of P, the more the data overlap:

Y

A

\

JAVAN

X

P=1 (the data are identical)

P=0.5 (half are in common)

X

P=0 (no shared data)

The smaller the overlap, the more significant our results.



With the t-test we always start by stating the Null Hypothesis:

H, = "There is no significant difference”

This is always the same.

If our t-test instructs us to accept Hy, it means that the two
population means are not significantly different.

If it instructs us to reject Hp, then we can say that there is a
significant difference between the two means.



We can calculate 't' for a pair of data sets and compare it to
calculated 'critical values' dependent on a number of pre-determined factors:

? . . o .
How sure do we want to be? < Significance () (confidence = 1-)
Biology: P 0.10 0.05 0,025 0.01 0.005
usually 95% confidence less confident more confident

(or P<0.05) X 90% 95% 97.5% 99% 99.5%




We can calculate 't' for a pair of data sets and compare it to
calculated 'critical values' dependent on a number of pre-determined factors:

? . . e .
How sure do we want to be? < Significance (o) (confidence = 1-)
Biology: P 0.10 0.05 0.025 0.01 0.005
usually 95% confidence less confident more confident
df X 90% 95% 97.5% 99% 99.5%

(or P<0.05) /-

degrees of freedom
(total sample size -2)



We can calculate 't' for a pair of data sets and compare it to
calculated ‘critical values' dependent on a number of pre-determined factors:

How sure do we want to be? < Significance () (confidence = 1-x)

Biology: P 0.0 0.05 0.025 0.01 0.005
usually 95% confidence less confident more confident

(or P<0.05) df X 90% 95% 97.5% 99% 99.5%

/ '7— 078 6314 12.706 i11.821 63.657

'\ | X886 29X 4.303 6965 092§

degrees of freedom 2 | 638 7 353 3,182 4.54] 5 841

(total sample size -2) 4 1.533 2.132 2776 3.74 }.604

¢ 176 ' 015 ) §7 3.363 4.032

6 . 440 1.943 2.447 3,143 3.707

| 415 | 895 ) 365 J QU 3. 499

R 1 397 | R61) 2 306 ) 896 3. 355

0 | 1IR3 | 833 2 942 Y K71 3 25()

10 1372 1.812 2.228 2764 3,169

critical values



Worked example:

A researcher measured the wing spans of 12 red-throat

and 13 broadbilled hummingbirds.

Ho = "There is no significant difference”

.. critical value =

Significance (&) (confidence = 1-0

0.10 0.05 0.025 0.01 0.0

| 3.078 6314 12.706 31.821 63.(
2 1.886 2.920 4.303 6.965 9.¢
3 1.638 2.353 3.182 4.541 5.1
4 1.533 2.132 2.776 3.747 4.0
5 1.476 2015 2.571 3.365 4.
6 1.440 1.943 2.447 3.143 3.
7 1415 1.895 2.365 2.998 3.
8 1.397 |.860 2.306 2.896 3.
9 1.383 1.833 2.262 2.821 3.
10 1.372 1.812 2.228 2.764 3.
11 1.363 1.796 2.201 2.718 3.
12 1.356 1.782 2.179 2.681 3.
13 1.350 1.771 2.160 2 650 3.0
14 1.345 1.761 2,145 2.624 2.
15 1.341 1.753 2.131 2.602 2.
16 1.337 1.746 2.120 2.583 2.
7 1.333 1.740 2.110 2.567 2.
I8 1.330 1.734 2.101 2.552 2.
19 1.328 1.729 2.093 2.539 2.
20 1.325 1.725 2.086 2.528 2.
21 1.323 1.72 2.080 2518 2.
22 1.321 1.717 2.074 2.508 2.
23 1.319 1.714 2.069 2.500 2.
24 1.318 1.711 2.064 2492 2.
25 1.316 1.708 2.060 2.485 2.
26 1.315 1.706 2.056 2479 2 &
27 1.314 1.703 2.052 2473 2.
28 1.313 1.701 2.048 2.467 2.
29 1.311 1.699 2.045 2.462 2.
30 1.310 1.697 2.042 2.457 2.



Worked example:

A researcher measured the wing spans of 12 red-throat ar

and 13 broadbilled hummingbirds.

H, = "There is no significant difference”

df = (12+13)-2 = 23
P=

.. critical value =

Significance (&) (confidence = 1-¢

0.10 0.05 0.025 0.01 0.0
l 3.078 6.314 12.706 31.821 63.1
2 1.886 2.920 4.303 6.965 9,
3 1.638 2.353 3.182 4.541 5.
4 1.533 2.132 2.776 3.747 4.4
5 1.476 2015 2.571 3.365 4.
O |.440 1.943 2.447 3.143 3
7 | 415 1.895 2.365 2.998 3.
8 1.397 |.860 2.306 2.896 3.
0 1.383 1.833 2.262 2.821 3
10 1.372 1.812 2.228 2,764 3.
11 1.363 1.796 2.201 2.718 3.
12 1.356 1.782 2.179 2.68] 3.
13 1.350 1.771 2.160 2.650 3.
14 1.345 1.761 2.145 2.624 2.
15 1.341 1.753 2.131 2.602 2.
16 1.337 1.746 2.120 2.583 2.
17 1.333 1.740 2.110 2.567 2,
I8 1.330 1.734 2.101 2.552 2.
19 1.328 1.729 2.093 2.539 2
20 1.325 1.725 2.086 2.528 2.
21 1.323 1.721 2.080 2518 2
22 1.321 1,217 2074 2.508 2.
23 1.319 1.714 2.069 2.500 2.
24 1.318 1.711 2.064 2492 2.
25 1.316 1,708 2.060 2485 2.
26 1.315 1.706 2.056 2479 2.
27 1.314 1.703 2.052 2473 2.
28 1.313 1.701 2.048 2.467 2.
29 1.311 1.699 2.045 2.462 2.
30 1.310 1.697 2.042 2 457 2.



Worked example:

A researcher measured the wing spans of 12 red-throat f

and 13 broadbilled hummingbirds.

H, = "There is no significant difference"
df = (12+13)-2 =23
P=0.05

.. critical value =

Significance (x) (confidence = 1-¢

0.10 0.05 0.025 0.01 0.0

1 3.078 6314 12.706 31.821 63.4
2 1.886 2920 4.303 6.9635 9.4
3 1.638 2353 3.182 4.541 S.!
- 1.533 g5 o U 2.776 3.747 4.
5 1.476 2015 2.57 3.365 4.
6 1.440 1,943 2.447 3.143 Y
7 1.415 1.895 2.365 2.998 3.
b 1.397 1.860 2.306 2.896 3.
9 1.383 1.833 2.262 2.821 3.
10 1.372 1.812 2.228 2.764 3.
11 1.363 1.796 2.201 2718 3.
12 1.356 1.782 2.179 2.681 3.
13 1.350 1.771 2.160 2 650 3.
14 1.345 1.761 2.145 2.624 2.
15 1.341 1.753 2.131 2.602 2.
16 1.337 1.746 2.120 2.583 *
7 1.333 1.740 2.110 2.567 2.
I8 1.330 1.734 2.101 2.552 2.
19 1.328 1.729 2.093 2.539 2.
20 1.325 1725 2.086 2.528 2.
21 1.323 1.721 2.080 2518 2.
22 ]1.32] 1.717 2.074 2.508 2.
23 1.319 1.714 2.069 2.500 2.
24 1.318 1.711 2.064 2.492 2.
25 1.316 1.708 2.060 2.485 2
26 1.315 1.706 2.056 2.479 2,
27 1.314 1.703 2.052 2473 2.
28 1.313 1.701 2.048 2.467 2.
29 1.311 1.699 2.045 2.462 2,
30 1.310 1.697 2.042 2.457 2.



Worked example:

A researcher measured the wing spans of 12 red-throat df

and 13 broadbilled hummingbirds.

H, = "There is no significant difference"
df = (12+13)-2=23
P=0.05

.. critical value =1.714

0.10

Significance (&) (confidence = 1-0

0.05 0.025 0.01 0.0

l 3.07¢ 6314 12.706 31.821 63.4

2 1.886 2920 4.303 6.965 9.«

3 1.638 2.353 3.182 4.541 5.1

- 1.533 2132 2.776 3.747 4.0

5 1.476 2015 2.571 3.365 4.

6 1.440 1,943 2.447 3.143 X

7 1.415 1.895 2.365 2.998 3.

S 1.397 1.860 2.306 2.896 3.

0 1.383 1.833 2.262 2.821 3.

10 1.372 1.812 2.228 2.764 3.
11 1.363 1.796 2.201 2718 3.
12 1.356 1.782 2.179 2.681 3.
13 1.350 1.771 2.160 2650 3.
14 1.345 1.761 2.145 2.624 2.
15 1.341 1.753 2.131 2.602 2!
16 1.337 1.740 2.120 2.583 » X
17 1.333 1.740 2.110 2.567 2,
IR 1.330 1.734 2.101 2.552 2
19 1.328 1.729 2.093 2.539 r &
20 1.325 1.725 2.086 2.528 v 3
21 1.323 1.721 2.080 2518 2.
22 1.321] 7 2074 2.508 2.
23 1319 Q@na) 2,069 2,500 2,
24 1.318 1.711 2.064 2.492 2.
25 1.316 1.708 2.060 2.485 2.
26 1.315 1.706 2.056 2.479 2.
27 1.314 1.703 2.052 2,473 2.
28 1.313 1.701 2.048 2.467 2,
29 1.311 1.699 2.045 2.462 ‘X
30 1.310 1.697 2.042 2.457 2



Worked example:

A researcher measured the wing spans of 12 red-throat ¢

and 13 broadbilled hummingbirds.

H, = "There is no significant difference”
df =(12+13)-2 =23
P=0.05

.". critical value =1.714

T was calculated as 2.15 (this is done for you)
\Y

T C
2.15>1.714

If t < cv, accept H,
If t > cv, reject H,

0.10 0.05

I 3.078 6314
2 |.886 2920
3 |.638 2.353
4 1.533 Z132
5 1.476 2015
6 |.440 1.943
7 [ 415 1.895
S 1.397 1.860
9 1.383 1.833
10 1.372 1.812
A 1.363 1.796
12 1.356 1.782
13 1.350 1.771
14 1.345 1.761
15 1.341 1.753
16 1.337 1.746
17 1.333 1.740
I8 1.330 1.734
19 1.328 1.729
20 1.325 1.725
21 1.323 1.721
22 1,321 el
23 1319 Q@Qna)
24 1.318 1.711
25 1.316 1.708
26 1.315 1.706
27 1.314 1.703
28 1.313 1.701
29 1.311 1.699
30 1.310 1.697

0.025

12.706
4.303
3.182
2.776
-

571

2.5/

447
365
306
\f‘ > ]

2.228

(S I -

2.201
2.179
2.160
2.145
2.131

2.120
2.110
2101
2003
2086

(N0
074
069
064
2.060

20 B B B B B O J

2.056
2.052
2.048
2.045
2.042

Significance (&) (confidence = 1-¢

0.01 0.0
31.821 63.4
(\_‘)(\F A
4.54] 5.1
3.747 X
3.365 4.
3.143 3.
2 UUS 3.
2 896 3.
2.821 3.
2,764 3.
2.718 3.
2 681 3.
2 650 3
> ] (‘ﬁ_; \‘1
2.602 2,
2.583 2.
2.567 2
b ) i\' b ] “
2539 2
~ ;\N “
2518 2.
2.508 2.
2.5(0) 2.
9 J\)" ) )
2,485 2,
2479 # 2
2.473 2.
2 467 2,
2.462 2.
Y 457 )



Worked e
xample:
A researcher m . : Signifi
easured the wing spans of 12 red-throat = lgn|£E?ECe (x) (confidence = 1-¢
’ .- 0.025 0.01 0

and 13 broadbilled hummingbirds.
g 3.078 6.314 12.706 31.821 63

H - IlTh . . ) ™
0 ere L . - 1.886 3 92 i
is no significant difference” ; dee BB e s s
4 | 31 3. 10 4.54] <
+ 1583 2R ) 776 e 5.
3 1.476 Y (115 gy 3.747 1.
df = (12+13)-2 = 23 S S e
: 1.440 1.943 Ty == .

/ 1415 [.895 :"1::__\ s

P= : 1.397 1.860 > 306 :'{.M'\
- 0-05 9 ]..:H_; |,H3‘1 ':._‘ . '\L‘H‘I‘ .“\_

10 | 372 1817 === 2821
. N 2.228 2.764 3
| 1 - =
. critical E o W G ia i
. al value=1.714 13 1.350 1771 i o .
t was cal 1 . % s 3
culated as 2.15 (this is done for you) i R

_‘ 1.337 1.746 2120 s
t cv 7133 g L o
2 15 > 1 19 : e 1.734 2,101 e :
. . Yr. 1 ] ?:11 I (1) “"‘.— ¥4
If t < . 7 14 20 1 325 | 725 :-” , i 2510 )
cv, accept H, | o 2.086 2,528 :
. :1 1.323 - n
If t > cv, reject H, . . 21 1 Qg 20w 2s8 2
.. reject HO 23 1.319 (1.714) e 2.508 2,
"There is a signifi d .. ' 2064 S 8
icant di 25 1 216 g 2.064 2,492 ,
- throats and rfference between . I S o 2
and broadbills in terms Uf win " :"_‘ 1.315 1.706 > 056 o 2,
g span - I31% 1.703 2,052 Qj:} -
30) ,] 092 2.043 2.462 N
| 0 1.607 2.042 5 :q: -_..



Why do we I"ejeCt HO ift>cv? Significance () (confidence = 1-&x)

df 0.10 0.05 0.025 0.01 !].Illﬁk
If the calculated value for t is greater than s 90 | pecreasing P = g
the critical value, we reject HO. 3 | 638 1353 | more confidence 5.841
-4 1.333 2132 2776 3.7417 1.604
1.476 Y015 2?57 3.365 1.032
This is because as t increases, we become more 6 | 440 | 047 > 447 3,143 1,707
confident that the results are real and not due to \ B {{’l ; {:::;: i
chance. 1.833 2.262 2 821 3,250
1.372 1.812 2.228 2,764 3.169
_ ) 1.36 1.796 2.201 2718 3.106
Notice that as the values of t increase, 12 1.35¢ 1.782 2179 3,055
13 1.350) 1.771 2.160 1 (50 3.012
the values of P decrease. 1345 176 2145 2624 2977
5 1.341 1.753 2.131 2,602 2947
16 1.337 1.746 2.120 2.583 2921
_ 1.333 1.74 2.110 2.567 2.89%8
If t is less than the critical value, we are less s = EE e aia ok
confident that the difference between the means 20 1.325 1.725 2086 2,528 2,845
is significant. 21 1.323 1.721 2,080 2518 2831
22 1,321 Ll 2.074 2.508 2.819

23 1.319 : 2 :

This corresponds with increasing values of P, A | 'l - == ]

bigger numbers, more confident



In the exam, you may be given a value for t and asked to
determine whether two sets of data are significantly different.

Use the question to determine the degrees of freedom and confidence
limits and compare the calculated value of t to the table provided.

e.g. 1.
A student measures 16 snail shells on the south side of an island and 15 on the
north. She calculates t as 2.02 and chooses a confidence limit of 95% (0.05).
Are her results significantly different?

H, = "There is no significant difference"”

df = (total)-2 =

.. critical value =

df

(4]

b
9

60
70

0.10

1078

h$,14]

|.638

1 §%3%

176

1.440

415

: .ii‘l ]

1.383

- o

” § 3

1T

156
50
145
341

confidence limits

0.05

6314

-

90

-
s

2.132

2015

|
I
|
|
|

i
|
1
]
[

ROS
il

¥ 3
LER

. /O

]

| O

1
|

|
|
|

97

i
H/bh

671

| .67

4

0.025

12.706

N3

3.182

= I

R ]

< b I b3 I < 1 2

—
i D

120
110
1
043
04

L)
074
069
(6l
()

056
052
-5
045
042

0zl
ooy

2.000
.99



In the exam, you may be given a value for t and asked to
determine whether two sets of data are significantly different.

Use the question to determine the degrees of freedom and confidence
limits and compare the calculated value of t to the table provided.

e.g. 1:

A student measures 16 snail shells on the south side of an island and 15 on the
north. She calculates t as 1.61 and chooses a confidence limit of 95% (0.05).
Are her results significantly different?

H, = "There is no significant difference”

df = (total)-2 = (16+15)-2 = 29

P=0.05

: cv
. critical value = 1.699 1.61 < 1.699

"There is a no significant difference between
north and south-side snails in terms of shell size"

V¢

.. accept Hy

dr

)
S0
)

-
i

confidence limits

0.10

1078
| B8R0

1.638

176

0.058

\
6314
2 920

-~ 3=
i s

2018

NGO 5

0.025

1 2. 706
4.303%
3.182

u -
[

2 =)
2074
D69
T (6

LML)

-

2 056
152

2048

2.021
20009
2 000

1.9494



In the exam, you may be given a value for t and asked to

determine whether two sets of data are significantly different.

Use the question to determine the degrees of freedom and confidence
limits and compare the calculated value of t to the table provided.

e.g. 2:

A student measures the resting heart rates of 10 swimmers and 12 non-swimmers.
He calculates t as 3.65 and chooses a confidence limit of 95% (0.05).
Are his results significantly different?

dr

0l

confidence limits

0.10 0,05
1.078 6.314
| .B86 2900
| .63 2.353
1.533 2.132
1. 476 2018
|.440 1.9

1.415 1.895
1.397 | .R6iM)
1.383 1.833
1.372 1.812
1.363 1.796
1.356 1.782
1.350 1 I
1.345 1.761
1.341 1.753
1.337 1.746
1.313 1. 740
1.330 1.734
1.328 1.729
1.325 1.725
1.32 1.721
1.321] 1.717
1.319 1.714
1.318 1.711
1.316 1.708
1.315 1.706
1.314 1.703
1.513 .701
1.311 | 6
1.310 1.697
1.303 1.684
1.294 | 676
1.296 1.671
1.204 1.667

0.025

12.706
4.303
1.182

e ]

=1 D
2 £71
2.447
2.365

306



In the exam, you may be given a value for t and asked to

determine whether two sets of data are significantly different.

Use the question to determine the degrees of freedom and confidence
limits and compare the calculated value of t to the table provided.

e.g. 2:

A student measures the resting heart rates of 10 swimmers and 12 non-swimmers.
He calculates t as 3.65 and chooses a confidence limit of 95% (0.05).
Are his results significantly different?

H, = "There is no significant difference"
df = (total)-2 = (10 + 12)-2 = 20
P=0.05

. critical value =1.725 t cV

3.65>1.699

, y ¢
.. reject Hy

"There is a significant difference between
red-throats and broadbills in terms of wing span”

drl

-

Ol)

-
i)

confidence limits

0.10

VOTX
| K86

| 638

0.05

La ] :I.

L

(i

0l
O

| .6W7

| %

1.6/6

| .66

0.025

12.706
4 3
| ]-\.1

u -
[

=)

2 (69
Y el

Y (M0

2 056

-

2.021
2.000
2000

1.9494



Some more awesome t-test resources:

= e | 66 9% 1

Proenmees ) 1 QL S »
D it g b Vot
USING -TABLES

The focus of this discussion s the proper use of the Habdle, perhaps the most
widely used statistical table.  Many of the lopics, however, will also apply 10 the use of
other statistical tables. The f-able consists of a seres of columns, each of which
reprasents a specific probability of making a Type | (a) error. The rows of the Hable
correspond 1o the degrees of freedom avalable from a sanple. The body of the table
s composed of the critical values for sach combination of o and degrees of freedom
A critical vadue is the largest value you should expect from a statistical lest of a sample,
i the null hypothesis is true. In other words, if you conduct a statistical analysis and
caicuiate a vaiue of f that is larger than the designated critical value, then you should
conciude that the sampis does not support the null hypothesis

One of the primary sources of confusion surrounding the use of iables is the
fact that there are two forms of the table avalabie. A two-talled table (Tabie B 2)
spits o between the tails of the [ distribution, while » one-tailed I-table (Tadble B 3) puts
@ adl under one tall of the distribution. As you might guess. a two-talled table works
most sasily for two-talled tests of hypotheses, while one-talled tables are designed for
one-talied lests. In pracice. eithor table can Do used with ather type of last as long as
you know what kind of table you have. Examine the tables on the next page. Notice
that the critical values for o = 0.05 in the two-lalled tabie are the same as the critical
values for @ = 0.025 in the one-talled table. Remember, in the hwo-taled table, o has
been divided evenly boatwoon the two tals of the distribution. This moans that If o =
0.05, hat! of this value (0.025) is associated with each tall, and tharefore the critica!
value should ba identical 1o that for the one-talled table with o = 0.025

¥

http://www.lIssu.edu/faculty/jroese/recipes/t-Table.swf
Q

Lenmancn

The T-Test, by Geoff Browne 4

Shaete favorite 4 Getfile  More..

%e our results reliable enough to

support a conclusion?
Mdo-EuopeanSdlool
Essex, UK
(& shate M 4 Db » M [(tr22 e

http://www.slideshare.net/gurustip/the-ttest-by-geoff-browne
a

0http://udel.cdu/-~mcdonald/statttest.html

Click4Biology: Statistical Analysis

OCC | LabBanks | StudentBlog | TeacherBlog | Audio |Reading | Brights | Edge | EOL

Home . e .

Topic 1: Statistical analysis
01. Statistical Analysis P Iy
02. Cells About software and calculators
Y Mhaecainbess af Lifs

http://click4biology.info/c4b/1/statl.htm
3



http://www.lssu.edu/faculty/jroese/recipes/t-Table.swf
http://click4biology.info/c4b/1/stat1.htm
http://udel.edu/~mcdonald/statttest.html
http://www.slideshare.net/gurustip/the-ttest-by-geoff-browne

Carrying out the T-test in Excel (This will be useful for investigations)
() -0 Hummingbirds xsx - Micrasoft Excel

Home Insert Page Layout Formulas | Data Review View Add-Ins Nitro PDF

F T D E®A0 0@ prerr i e
S~ Use in Formula - % Trace Dependen
Insert AutoSum Recently Financial I.oﬂr.ﬂ Text Date & Lookup & Math Mare o
Function *  Used~ - - Time- Reference- & Trig= Functions = Manager 7 Create from Selection ¢, Remove Amows
. | swusvat > [ pomson -
— B18 - "\_‘_Ll § § . ‘l Engineering PROB :
. A B G D : F s Sube ’ QUARTRE [ K L
1 Comparing bill length in A. colubris and C. latirostris o Information » -
F | Bill length (mm) (¢ 0.1mm)
3 n Acolbris C latirostris | ™
4 1 13.0 17.0 | | =W
5 2 14.0 18.0 | swoee
6 3 15.0 18.0 | smau
7 4 15.0 18.0 e
8 5 15.0 15.0
9 6 16.0 19.0 |
0 7 16.0 15.0 | | STOEVA
11 8 18.0 20,0 |  swmew
12 9 18.0 20,0 | stoevea
13 10 19.0 20.0 —
14 A. colubris C. latirostris
15 Mean 15.9 18.8 | et
16 STDEV 1.91 1.03 e
- TTEST
DS — _—
19 i TIEST
© Excel can calculate P directly.
22 | Returns the probability assocated
23 | with a Student's t-Test.
24 & Press F1 for more help.
25 | WS
26 | | zvest =
27 | J& Insert Function..




Carrying out the T-test in Excel (This will be useful for investigations)

W A g
el
Home Insert Page Layout Formulas Data Review View Add-Ins Nitro PDF

j’r z | i - I ?J A ’ ] Jl] ) ) Define Name :I— Trace P

| I} f. Jse in Formula ¥ Trace C
Insert | AutoSum Recently Financial Logical Text Date & Lookup & Math More Name 3
Function - Used Time = Reference = & Trig = Functions Manager B Create from Selection <[ REMOV
Function Library Defined Names
TTEST * (" X « fc =TTEST(B4:B13,C4:C13,2,2)
A | B ' C . D E F G H I J K
1 Comparing bill length in A. colubris and C. latirostris
2 Bill length (mm) (+ 0.1mm)
3 n A, colubris '_(_:._.'Fir.‘:gs_tfif“. Da'ta set A
4 1 130 ! 17.0 :
L]
5 2 14.0 : 18.0 E Function Arguments
L]
6 3 15.0 : 18.0 ' TTEST
: 2 B0 180 : Arrayl | 13;14;15;15;15;16;16;18;18;19)
3 5 15.0 : 19‘0 E W M'Bla { 4 , , e ’ el ’ ’ cl }
A 6 160 19.0 : $C13 — Data set B
10 7 160 ! 19.0 E Tails [2 =2
L] N -
11 8 18.0 20.0 : Type |2 B =2
12 9 18.0 ' 20.0 E - 0.000514697
13 10 13.0 fo...200 . ' Returnst associated with a Student’s t-Test,
14 A, colubris C. latirostris Array2 ks the J data set.
15 Mean 15.9 18.8
16 STDEV 1.91 1.03
17 t-test
18 =|:4:::13,2.2}
| oK I Cancel
19 I
20

Use 2 tails and type 2 for a basic t-test
comparing two sets of data



Carrying out the T-test in Excel
Interpreting the results

A B L D E

1 Comparing bill length in A. colubris and C. latirostris
2 Bill length (mm) (+ 0.1mm)
3 n A. colubris C. latirostris
4 1 13.0 17.0

5 2 14.0 18.0

6 3 15.0 18.0

7 4 15.0 18.0

8 5 15.0 19.0

9 6 16.0 15.0

10 7 16.0 15.0

11 8 18.0 20.0

12 9 18.0 20.0

13 10 19.0 20.0

14 A. colubris C. latirostris
15 Mean 15.9 18.8

16| STDEV 1.91 1.03

17 t-test

18 Ho =There is no significant di ence
19 P= 0.000514697

20

21 P <0.05

(This will be useful for investigations)

Remember: the smaller the value of P, the
greater the confidence that the difference
between the means is significant.

So if we are jumping directly to a calculation
of P, we use this rule:

If P < 0.05, reject Hy

(we are more than 95% confident that
the difference is not due to chance)

22 Therefore reject Hg

23 There is a signiifcant difference in bill length
24 between A. colubris and C. latirostris

25

= P is much smaller than 0.05



How about the comparison in body weights?

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28

There is a signiifcant difference in body weight

between A, colubris and C. latirostris

Mean body weight (g) (+0.05g)

E

45

35

25

1

05

F G

Comparing body mass in A. colubris and C. latirostris
(error bars represent standard deviation)

——

A_colubris

Hummingbird Species

C.latirostris

A B C
Comparing body weight in A. colubris and C. latirostris
Body weight (g) (+ 0.05g)
n A. colubris C. latirostris
1 2.7 3.1
2 2.8 3.4
3 2.8 3.5
- 2.9 357
5 2.9 3.8
6 2.9 3.9
7 3 3.9
8 3.1 4
9 3.4 4.1
10 3.6 4.1
A. colubris C. latirostris
Mean 3.01 3.75
STDEV 0.284604989 0.327448045
t-test
H, =There is no significant difference
P= 0.0000399
P<0.05
Therefore reject H,




Cat Fleas vs Dog Fleas

""A Comparison of Jump Performances of the Dog Flea, Ctenocephalides canis (Curtis, 1826)
and the Cat Flea, Ctenocephalides felis felis (Bouche, 1835)," M.C. Cadiergues, C. Joubert,
and M. Franc, Veterinary Parasitology, vol. 92, no. 3, October 1, 2000, pp. 239-41.

Winner of the 2008 Ig Nobel prize
for Biology.
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http://www.youtube.com/watch?v=fJEZg4QN760
O

IMPROBABL@ 9; Research that makes people LAUGH and then THINK
RESEARCH j\»t 4

http://improbable.com/ig/ig-pastwinners.html
&)



http://www.youtube.com/watch?v=fJEZg4QN760
http://improbable.com/ig/ig-pastwinners.html

Correlations can suggest relationships between sets of data:

P A~ [ 8 | ¢ | o | e | ¢ | & | w [ o | 3 | «x
Comparing bill length and body weight in A. colubris

bill length 13.0 14.0 15.0 15.0 15.0 16.0 16.0 18.0 18.0 19.0
weight 2.7 2.8 2.8 2.9 2.9 2.9 3 3.1 34 3.6

Correlation between bill length and body weight in A. colubris

1
2
3
4
5
6
7 38
3

9

36 .

34 | * In this set of data, there is a
. strong positive correlation

. between bill length and body weight.

10
11
12
13
14
15
16
17
18
19
20
21
22
23 2.2
24
25 z -

26 120 130 140 150 16.0 17.0 18.0 150 200
27
28
29
30

2.8

*

26

24 |

Body weight (g) (£0.05g)

Bill length (mm) (£0.1mm)




Examples of correlations:

4

y strong positive

no correlation




But correlations do not prove causality!

If a correlation exists, further research is needed to
determine whether or not the relationship is causal.

Global Average Temperature Vs. Number of Pirates

g
5 2600
In the investigation, one would have independent, - e |
dependent and carefully controlled variables. g /ﬁ/{
? 145 90
Some causal relationships: 1
- Temperature vs enzyme activity " 18
- Concentration vs rate of diffusion E .
. . 35000 45000 20000 15000 5000 400 17
- CO, concentration vs rate of photosynthesis Number of Pirates (Approximate)

Clearly no causal relationship!

By manipulating the independent variable, Uhttp:waw.venganza.orglahuutlopen-letter.’

we can measure a change in the dependent variable.



Go easy on the coffee, boys!

Funny graphs:
o = —
© T Correlation between caffeine intake . Relationship Between Money and Problems
and sperm damage in males ve #
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How could you test the causality of this relationship?


http://humrep.oxfordjournals.org/cgi/content/full/22/1/180

Try out this for amazing human population statistics:
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Playp -

http://graphs.gapminder.org/

See the talk here:

Hans Rosling: No more boring data: TEDTalks

) * % ok ok
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http://www.youtube.com/watch?v=hVimVzgtD6w
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http://graphs.gapminder.org/
http://www.youtube.com/watch?v=hVimVzgtD6w

T USED @ THINK, THEN I TOOK A | | SOUNDS LKE THE
CORRELATION IMPUED| | STATISTICS CLASS. Cmss HELPED.

7% 1% M

For more IB Biology resources:

http://sciencevideos.wordpress.com



http://sciencevideos.wordpress.com/

