Statistics in Plant Physiology
In this exercise you will gain some experience with data collection, analysis, and basic decision making in science. Math is the foundation of these essential and basic procedures of science as a process. Since plant physiology is one subdiscipline of science, these fundamental methods are critical to future exercises where numerical data are generated. It is hoped that you will begin to understand why the word "prove" is not an important part of the scientific vocabulary. Outcomes in the biological world are influenced by environmental factors, but also by chance events; for this reason, some facility with probability and statistics is essential to becoming a scientist. Areas marked by a pencil on the right margin MUST be completed today. There is no time today to complete the analysis homework in class…please don’t try to do it!
A Simple Comparison
Observation: Organisms have parts, which can be measured in terms of length. You have likely "sized-up" yourself in a mirror or by direct observation. Did you measure? A dicot plant has two cotyledons, some also have two primary leaves. Are they the same size?
Question: Are the two primary leaves of a bean plant the same size?
Hypothesis: The primary leaves are the same size.
Prediction: If the primary leaves are the same size, then the width (at its widest) across the two leaves should be the same.
Experiment: Select one plant for your team measurements.
Measure the width of both 1° leaves at their widest point: _______cm  _______cm
Was this really an experiment?   Yes    No  
If no, why not?	
	
If this is not an experiment, what is it?  _____________
Analysis:
The two leaves are   different    identical   in their widest dimension.
Decision: 
The hypothesis: "The primary leaves are the same size"   is    is not   rejected
There is very little doubt about the outcome here because you have asked a discrete question with a measurable answer. Think about sources of error.
Did the prediction thoroughly test the hypothesis?    Yes    No  
If not, what else might we measure to more thoroughly test the hypothesis?
(hint: the key word is “size”!)
1. 	
2. 	
Most investigations yield not only answers but more questions as well. Scientists are curious people! Can this simple observation of one individual be meaningful? Can the results of this study of one bean plant be generalized to the population of bean plants in the room?
S2010	Name	
	Partner(s)	

197-_____=_____/197=______.____	Name	
	Partner(s)	
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Simple Comparisons with Replications
Observation: You also notice that the plant used by other people in the room is not precisely the same size as yours.
Question: Do all bean plants have primary leaves of equal size?
Hypothesis: The bean plants have leaves of equal size.
Prediction: If the bean population has primary leaves of equal size, then a sample of the bean population should have primary leaves of equal size.
Notice that we cannot go out and measure the leaves of the entire bean plant population on earth, so we must settle for a sample. We hope we can take a representative sample (that is a random sample). Our sample will be all the plants in this laboratory. In spite of any shortcomings, we will continue our analysis since we lack a better sample.
Experiment: Bean primary leaf measurement data for the class are posted on the board.
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By collecting lots of data, do we now have an experiment?     Yes    No  
If no, why not?	
Page 5
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Analysis: Clearly we have various widths in each sample and must now include an assessment of this variation in preparing for our decision. Calculate the mean (average) width and the standard deviation of the samples. The latter gives us some measure of the variation (or spread) around the mean. A computer can do these math chores for us easily.
Descriptive Statistics:
Enter the leaf data into a Microsoft Excel™ spreadsheet starting with cell A1 and ending with cell F18. In Cell A20 type the formula: =average(A1:A18) and hit return; A20 now contains the mean width of wider leaf blade for all of the bean plants in the class. Copy cell A20, Select cells B20 to F20, and Paste. Round all of the averages properly (one more decimal place than you have precision in your measuring instrument/data)!
	Average Width of
Wider Leaf
	Average Width of
Narrower Leaf
	Average Length of
Wider Leaf
	Average Length of
Narrower Leaf
	Average Weight of Wider Leaf Blade
	Average Weight of Narrower Leaf Blade

	.        cm
	.        cm
	.        cm
	.        cm
	.         g
	.          g


The standard deviations are obtained by typing the formula: =stdev(A1:A18) into A21, hitting return, and then copying cell A21 into B21 to F21. Round properly!
	Std. Dev. Width of
Wider Leaf
	Std. Dev. Width of
Narrower Leaf
	Std. Dev. Length of
Wider Leaf
	Std. Dev. Length of
Narrower Leaf
	Std. Dev. Weight of Wider Leaf Blade
	Std. Dev. Weight of Narrower Leaf Blade

	.        cm
	.        cm
	.       cm
	.       cm
	.         g
	.          g


Statistical Hypothesis Testing:
Scientists have developed methods for statistical testing of data to give estimates of how much error is involved in the analysis. These fall into two categories: parametric and non-parametric tests. Parametric tests make one important assumption (among others): that the samples are from a normal distribution. This assumption can be justified graphically for each sample by plotting a histogram of the number of leaves at a particular width (on the y-axis or ordinate) versus some equal size ranges (on the x-axis or abscissa). The plot should give a bell-shaped curve if the distribution is normal. But this is messy and deciding whether the plot is properly “normal” is quite subjective!
A more-objective way to assess normalcy can be done by calculation. One way to determine how closely your data compare to a normal distribution is to calculate the dataset’s kurtosis and skewness. Kurtosis is the degree of “pointedness” of the dataset’s distribution that you obtain mathematically rather than graphically. In A22 type =kurt(A1:A18) and hit return. Copy A22 and paste across B22 to F22. Enter the values:
	Kurtosis Width of
Wider Leaf
	Kurtosis Width of
Narrower Leaf
	Kurtosis Length of
Wider Leaf
	Kurtosis Length of
Narrower Leaf
	Kurtosis Weight of Wider Leaf Blade
	Kurtosis Weight of Narrower Leaf Blade

	^
	^
	^
	^
	^
	^


(circle ^ if more-pointed or circle – if more-blunt than normal curve)
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The kurtosis value returned is near 0 if your dataset has a distribution curve perfectly as pointed as a normal curve; positive values indicate a taller-pointed while negative values indicate a shorter-blunt curve. To decide whether the values are “close enough” we compare the absolute value of kurtosis to a value twice the standard error of kurtosis =2*SQRT(24/n), in our case n=18). The 2*SE Kurtosis for our data: 	
Be sure to circle the appropriate symbol in the kurtosis chart. If most of our parameters have neither symbol circled, then our data appear to be normally distributed.
Skewness is a measure of how symmetrical is the shape of the dataset’s distribution. In A23 type =skew(A1:A18) and hit return. Copy cell A23 across B23 to F23. Enter values in the cells below:
	Skewness Width of
Wider Leaf
	Skewness Width of
Narrower Leaf
	Skewness Length of
Wider Leaf
	Skewness Length of
Narrower Leaf
	Skewness Weight of Wider Leaf Blade
	Skewness Weight of Narrower Leaf Blade

	           
	           
	           
	           
	           
	           


(circle  if high outliers or circle  if low outliers compared to normal curve)
A normal distribution is perfectly symmetrical (skewness of 0), but a dataset with a positive skewness has a long tail in one direction (high outliers), and a dataset with a negative skewness has a long tail in the other direction (low outliers). To decide whether the values are “close enough” we compare the absolute value of skew to a value twice the standard error of skew =2*SQRT(6/n), in our case n=18).
The 2*SE Skew for our data:  	If most of our skew values have 
neither symbol circled, then our data appear to be normally distributed.
Does it appear that our samples came from a normal distribution?   Yes    No  
If our samples did not come from a normal distribution we would have to use a non-parametric test.
Student’s T-Test.
If the assumption of normal distribution appears valid, we can then proceed to do a parametric statistical test. In this case, we will proceed regardless!
Go to cell A24 and type the formula: =TTEST(A1:A18,B1:B18,2,1) and hit the return key. In this formula, the two data ranges are indicated, followed by 2 (for a two-tailed test), followed by 1 (for an assumption of paired data). The value of p for the Student’s T-test will appear in A24. Round this value to 3 decimal places. If the value of p is less than your chosen -value, then you reject the null hypothesis and the two samples are statistically different. Generally we use an -value of 0.05 (5%) to make our decision. If p is more than your chosen , then you cannot reject the null hypothesis and your two samples are statistically identical (in spite of any “apparent differences” in mean).
Paste cell A24 into C24 and into E24, enter the p-values below and interpret them.
	p-value Width of
1° Leaf
	Significantly Different Width?
	p-value Length of
1° Leaf
	Significantly Different Length?
	p-value Weight of 1° Leaf
	Significantly Different Weight?

	0.
	Yes      No
	0.
	Yes      No
	0.
	Yes      No



Decision:  Based upon Student’s T-test, the hypothesis:
"Bean plants have leaves of equal size" is:    rejected    not rejected  
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How About An Experiment?
Observations: A single bag of beans was purchased from the store. Some of the beans were soaked in water overnight, the rest from the same bag remain dry. Clearly the soaking has had some effect upon length.
Question: Does soaking beans cause them to expand?
Hypothesis: Soaking does not cause beans to expand.
Prediction: If soaking does not cause beans to expand, then beans which have been soaked will not be significantly larger than beans which have been kept dry.
Experiment: A sample of 20 beans was divided into two sub-samples. One sub-sample of 10 was placed in water, the other sub-sample of 10 beans was kept in dry conditions. Use a balance to its greatest precision to determine the weight of each bean.
	Wet
	   .       
	   .       
	   .       
	   .       
	   .       
	   .       
	   .       
	   .       
	   .       
	   .       

	Dry
	   .       
	   .       
	   .       
	   .       
	   .       
	   .       
	   .       
	   .       
	   .       
	   .       


Is this really an experiment?    Yes    No  
Analysis:
Mean weight of Wet Beans _______ g ± Standard Deviation of the Mean _______ g
Mean weight of Dry Beans _______ g ± Standard Deviation of the Mean _______ g
Student’s T-test
Is there a difference between the mean weight of the two samples?   p: ___.______
Based on a 1-tailed, unpaired, t-test, the soaked beans are   lighter   the same weight   heavier   
Since we have not demonstrated yet that the two samples fall into a normal distribution, we will also carry out a non-parametric test: the Wilcoxon Test.
Wilcoxon (Mann-Whitney) Test
Rank all the bean weights on a scale from 1 (the lightest) to 20 (the heaviest) and note whether each is wet or dry. In cases of ties, average the ranks they cover and assign the average to each of the tied values.
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	Rank
	Weight
	 if dry

	1
	
	

	2
	
	

	3
	
	

	4
	
	

	5
	
	

	6
	
	

	7
	
	

	8
	
	

	9
	
	

	10
	
	




	Rank
	Weight
	 if dry

	11
	
	

	12
	
	

	13
	
	

	14
	
	

	15
	
	

	16
	
	

	17
	
	

	18
	
	

	19
	
	

	20
	
	



Exercise #1	Name	

Sum of the ranks for dry seeds______	Sum of the ranks for wet seeds __________
If there were no difference between the sub-samples, these rank sums would be identical!

Since they are not identical, are they different enough to reject the hypothesis of equality? The Wilcoxon or W-statistic is the lesser of the two rank sums or the rank sum of the smaller sample if the two samples are of different sizes.
What is the W-statistic in our case? __________
This statistic is compared with a table value for =0.05 found below. Use the two sample sizes (n1 and n2) for rows and columns to locate the table value.
	What are the table values? WL___________	WU___________
	n2=
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	
	n2=
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	n1=3
	5
	6
	6
	7
	7
	8
	8
	9
	10
	10
	
	n1=3
	16
	18
	21
	23
	26
	28
	31
	33
	35
	38

	4
	6
	11
	12
	12
	13
	14
	15
	16
	17
	17
	
	4
	18
	25
	28
	32
	35
	38
	41
	44
	47
	51

	5
	6
	12
	18
	19
	20
	21
	22
	24
	25
	26
	
	5
	21
	28
	37
	41
	45
	49
	53
	56
	60
	64

	6
	7
	12
	19
	26
	28
	29
	31
	32
	34
	36
	
	6
	23
	32
	41
	52
	56
	61
	65
	70
	74
	78

	7
	7
	13
	20
	28
	37
	39
	41
	43
	45
	46
	
	7
	26
	35
	45
	56
	68
	73
	78
	83
	88
	94

	8
	8
	14
	21
	29
	39
	49
	51
	54
	56
	58
	
	8
	28
	38
	49
	61
	73
	87
	93
	98
	104
	110

	9
	8
	15
	22
	31
	41
	51
	63
	66
	68
	71
	
	9
	31
	41
	53
	65
	78
	93
	108
	114
	121
	127

	10
	9
	16
	24
	32
	43
	54
	66
	79
	82
	85
	
	10
	33
	44
	56
	70
	83
	98
	114
	131
	138
	145

	11
	10
	17
	25
	34
	45
	56
	68
	82
	96
	100
	
	11
	35
	47
	60
	74
	88
	104
	121
	138
	157
	164

	12
	10
	17
	26
	36
	46
	58
	71
	85
	100
	116
	
	12
	38
	51
	64
	78
	94
	110
	127
	145
	164
	184


Decision Rule:
We reject the hypothesis of equality if the W-statistic is less than WL or greater than WU.
Decision:
Based on the Student’s t-test and the Wilcoxon Rank-Sum test, the hypothesis:
"Soaking does not cause beans to expand" is:    rejected    not rejected  
Our hypothesis used the term "expand" and our prediction used the term "larger." In our experiment we tested the weight of the soaked beans.
What weight adjective would describe the soaked beans? 	
Do I Always Need a Statistical Test?
Observation: Our soaked beans sure do seem larger than the dry beans, but how can we measure the volume of an oddly shaped living-bean?
Question: Does soaking beans cause them to expand?
Hypothesis: Soaking does not cause beans to expand. [note: null hypothesis=good form!]
Prediction: If soaking does not cause beans to expand, beans which are soaked will not be significantly larger than dry beans.
Experiment: Measure the volume of bean seeds by displacement of water in a graduated cylinder.  Calculate the volume per bean by dividing the total volume of beans added by the number of beans added.
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	Soaked Beans
	Dry Beans

	Final Liquid Level
	mL
	mL

	Starting Level
	-14    mL
	-14   mL

	Total Volume of Beans Added
	mL
	mL

	Number of Beans Added
	beans
	beans

	Volume per Bean
	mL/bean
	mL/bean


The group of dry beans receiving no treatment is the ________________ group.
The group of soaked beans is called the ________________ group.
Analysis:
Examining the volume per bean, there is a striking difference.
Can we perform a T-test or Wilcoxon test on these data?    Yes    No   hint: dof=n1+n2-2
If No, why not? The degrees of freedom we have to do a test is:	
If we wanted to redo our volume measurements, how could we do them so that we could use a statistical test for our analysis?
	would give _____ dof.
or	would give _____ dof.
We will not make any further measurements, but perhaps we may satisfy our need for significance by recalling that scientists find 5% error acceptable.
Calculate the ratio of the volume per soaked bean to the volume per dry bean.      .       
The soaked beans occupy             %  of the volume of the dry beans.
Is there at least a 5% difference between the beans?   Yes    No  
Decision:
Based on a displacement test, the hypothesis:
 "Soaking does not cause beans to expand" is:   rejected    not rejected  
Why did we always write our hypotheses in a "treatment has no effect" form?
	
By having our hypotheses rejected, are we poor scientists?   Yes    No  
Why did we not have the option to "prove" any of our hypotheses?	
	
Please note: quite often in Plant Physiology, the responses to stimuli are large enough that statistical analysis is often not required…as shown in this case.
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What If A Project Has More Than One Outcome?
Sometimes a project has more than one possible outcome. Plant breeding and genetic transformation studies have this feature. We don't have time for either of these projects today, so we will do a comparison of treatments on seed germination. We will use a Chi-square test to analyze models that have more than one outcome. 
I'm sure you know that seeds generally sprout if placed in a warm, moist area…but this response is “all or nothing”…a seed either sprouts or it does not..there are just two outcomes. It is like tossing a coin having either heads or tails. We can test whether a tossed coin is fairly balanced by testing the observed flips against an expectation that half of the time you get heads. We will do this instead with dishes of lettuce seeds kept warm and moist for two days.
You are presented with three dishes of lettuce seeds. One has been kept in a box with a red filter, one has been kept in a box with far-red filter, the last has been kept in a box but wrapped with foil the dark. The lights were turned on for one hour, and then turned off. The dishes were left in the boxes until you remove them. Count the number of seeds that germinated (even a 1mm root emerging counts as germinated!). Since there were 50 seeds sown in each dish, you can determine the ungerminated seeds by subtraction. The idea is to test whether the results of either light treatment are different from the model results shown in the dark control.
Question:	
Hypothesis:	
Prediction: If	then	
	when	
Experiment:
	
	Red Light
	Far-Red Light
	Darkness

	Germinated Seeds
	
	
	

	Ungerminated Seeds
	
	
	


Analysis: Once again, rather than doing the old-fashioned tabular calculations, we will let Excel do the Chi-Squared Test for us. For each test, one range contains the set of observed outcomes by category (A1:A2), another range contains the matching expected outcomes by category (C1:C2). In our case, the expected values are in the dark control. Go to cell A4 and type the formula: =CHITEST(A1:A2,$C$1:$C$2) and hit the return key, the p-value is calculated and placed in A4. Copy A4 and paste in B4. Decision rule: If the p-value is less than your -value, then your hypothetical dark model is rejected. If one of your data categories is a 0, enter a 1 in Excel instead (but do NOT change your data above) to fix the “division by 0” error.
Decision: Because of the…
p-value:    .        , the dark model   is    is not   rejected, so red light is   stimulating    ineffective    inhibiting  .
p-value:    .        , the dark model   is    is not   rejected, so far-red light is   stimulating    ineffective    inhibiting  .
In each line above, one of the boxes is a decision, the other is a conclusion.
Which box above represents the decision? The   left    center    right   one.
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What If I Have More Than Two Outcomes?
You are presented with group of beans which is the result of a mating between two genotypes of bean plant. Each bean is the result of one syngamy. The colors of the beans are the phenotypes controlled by the genotypes. This group of beans could be from a monohybrid or a dihybrid cross…test which one! Think about your Bio 230 course…dominance and cross outcomes.
Question:	.
Hypothesis: The offspring beans provided are from a   monohybrid   dihybrid   cross.
Prediction: If my hypothesis is true, then I should observe a:	ratio
assuming	is dominant when	.
Experiment: Count the beans in your group of beans by phenotype category.
	Phenotype
	Red
	Pink
	White
	Total

	Observed
	
	
	
	


Analysis and Decision: Perform a X2 test in the tables below:
	Phenotype
	Red
	Pink
	White
	Total

	Expected
	
	
	
	



p-value:  0.              the hypothesis   is    is not   rejected, the beans are from a   di-    mono-   hybrid cross
When is a Result Meaningful?
Statistically significant simply means p < he probability is less than a pre-selected critical value. Please note that this does NOT mean the result is important or interesting (scientifically meaningful); that kind of biological decision requires a scientist not a statistician!
Are There Different Levels of Significance?
When your chosen critical value is =0.05, a test with p=0.001 is not more significant than a test with p=0.020; both outcomes are statistically significant. Some plant physiology articles will show numbers in tables with superscript symbols such as those found in the key below:
	symbol
	p
	Meaning

	ns
	>0.05
	not significant

	*
	<0.05
	significant

	**
	<0.01
	very significant

	***
	<0.001
	extremely significant


Such interpretations are deemed erroneous by statisticians.
Note:
There is more to statistics in plant physiology than just comparison of means (t-test and Wilcoxon) and discrete ratios of outcomes (Chi-squared), but this is a start. Later in the semester we will do a regression test...that is an important one for dose-dependent responses. We will also test differences in proportions (percentages) with a z-test.
Page 10
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Greenhouse Tour
Tour
In this first lab exercise, you will be given a tour of the ECSU greenhouses. You will learn about how this facility provides the light, temperature, water, minerals, soil, humidity, and space for growing plants. You will learn about its efficiency and design compromises. You might want to take some field notes. This tour provides an overview of environmental factors that influence the normal function of plants. Plant physiology is the study of normal plant function. Through the semester you will examine the roles of these factors in plant function.
Activities
You will be shown how to prepare friable soil. Such soil is moist enough to form a ball when squeezed together; it is dry enough for the ball to crumble at a touch. You will learn how to fill a pot firmly with soil and where to put it for the subirrigation watering system.
For future exercises, you and a partner will plant:
· one pot of five bean seeds
· one pot of five sunflower seeds
· one pot of five okra seeds
· two pots each with a cutting of scented geranium treated with Hormodin 1
You will put a pot label into each pot with your group name and plant identification, and put your pots in the tray for the subirrigation watering system in greenhouse bay 4.

Before you leave today, please be check all the pages to be sure you have recorded data in every area of this worksheet where the pencil icon appears. You will need these data for the analysis.
I think plant physiology is fun...I hope you will like it too! 


