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BIOM 602 ANALYSIS of COVARIANCE Chapter #12

Analysis of covariance (ANCOVA) is a combination of anova (discrete independent
variables) and regression (quantitative independent variables) techniques.  The discrete
variable is referred to as a class or treatment variable, while the quantitative independent
variable is called the covariate, continuous or regression variable.  The CLASS statement
in MIXED allows us to identify these two independent variable types.  If an independent
variable is listed in the CLASS statement it is considered a class variable; any
independent variable not listed in the CLASS statement is considered a covariate.  In
general, hypotheses about class or interactions among class variables  are tests of
differences among their means.  On the other hand, tests of hypotheses about covariates
or interactions including any covariate are tests about their regression coefficients.

Use of ANCOVA is generally for one or both of the following reasons:  1)  The scientist
is interested in the interactions between a covariate and class variable and/or 2) the
covariate is a measure of uncontrolled variation in the experimental units, and the
response variable needs to be adjusted for the variation in the covariate.  This adjustment
generally improves sensitivity and adjust the treatment means to a common value (the
mean) of the covariate allowing for a fairer comparison of the treatment means.  This use
of covariance techniques is a substitute for blocking in cases where the blocking
information was unavailable when the experiment was being designed, or the experiment
was not blocked for some other reason.  Ideally the covariate is not influenced by the
treatment or is measured prior to treatment.  However, there are times when analysis of
covariance may still be a useful interpretative tool, even when the treatment has an effect
on the covariate.   

As one might expect the assumptions of ANCOVA combine those of regression and
anova.  In addition, the second use of ANCOVA, adjustment of the response variable for
the covariate, assumes that the class variable by covariate interaction is negligible. 
Otherwise adjustment of the response variable to the mean covariate value is misleading,
since the interaction indicates that differences among the class variable are dependent on
the value of the covariate.

Because the covariate is not generally controlled by the researcher, the design balance
among class variables and covariates is often very poor.  As a result the analysis is non-
orthogonal and requires a more tedious approach to identify a simple model that explains
the data. You begin with a full model that includes all the usual treatment factors and
their interactions.  Next add the covariate(s);  any reasonable expressions (logs, covariate
squared or squared and cubed) to account for any non-linear trends; and reasonable
interactions between covariate(s) terms and treatment factors.  You then proceed to
remove nonsignificant higher order sources one at a time in successive runs of the
program, reducing (simplifying) the model until you reach a final model containing only
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the class and class variable interactions and the significant covariate(s) and covariate
interactions.  You cannot, however, remove lower order nonsignificant sources that are
completely contained in a higher order source of variation.

You must determine what is a reasonable full model based on the treatment structure,
available covariates, and most importantly based on your knowledge of what covariate(s)
and covariate by treatment interactions are biologically reasonable.  You may be tempted
to simply include many non-linear terms and every possible covariate by class interaction;
this is not a good practice, since by shear numbers of sources of variation in the model
you are likely to find significant sources by chance alone (type I error).  In many cases the
size of the full model must be kept small, since every added covariate and covariate by
class variable interaction source reduces the residual degrees of freedom thus reducing the
precision of the estimation of your experimental error.  If you complete an analysis and
find that the final model contains a significant covariate source for which you have no
reasonable biological explanation, it is likely that this source should not have been
included in the full model.  

Just to illustrate the flexibility of the covariance models, the following are a few possible
full models, where y is the dependent variable; A, B, and C are treatment or class
variables; and  X and Z are possible covariates. 

model y = A  X  X*A;  One way treatment structure with linear covariate

model y = A  B  A*B  X  X*A  X*B  X*A*B; Factorial treatment structure with
linear  covariate

model y = A  X  X*X  X*A  X*X*A; One way treatment structure with linear and
quadratic  covariates

model y = A  X  Z  X*A  Z*A; One way treatment structure with two linear
covariates

model y  = A  B  C A*B  A*C  B*C  A*B*C  X  X*A  X*B  X*C  X*A*B  X*A*C
 X*B*C  X*A*C;    Three factor factorial treatment structure with linear

covariate and covariate interactions with the class
variables.
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Syntax for covariance analysis using PROC MIXED follows:

PROC MIXED;
CLASS <class id variables>

Do not include the covariate(s) in the
CLASS statement.

MODEL  <dep var> = <full model> /
                                        ddfm=satterth;

Start with the full model

Repeat PROC MIXED on reduced models Repeat the preceding three
statements on reduced models until
you identify the final model.

PROC MIXED;
CLASS <class id variables>;
MODEL <dep var> = <final model> /
                                       ddfm = satterth
                                                    solution
                                     outp=<data set name>;

Requests the solution to the linear
model be printed and prints
predicted values.

Used to create an output data set
containing the predicted values for
plotting if the design and reduced
model are simple.

ESTIMATE etc. Used to obtain estimates of intercepts
and slopes.

LSMEANS etc. Used to obtain means and mean
comparisons for the class sources of
variation.
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SAS example program log for analysis of covariance, Lab #12 Comments:

1    TITLE1 LAB#12:  ANALYSIS OF COVARIANCE;

2

3    OPTIONS LS=66 PS=54 PAGENO=1 NODATE;

4

5    TITLE2 Effect of two diets on final wt (kg) of rabbits;

6    TITLE3 Initial weight is included as a covariate;

7    TITLE4 Blocks are same gender litter mates;

8    DATA diet;

9    INPUT blk diet$ initial final;

10   LINES;

        Data lines entered h ere

21   RUN;

23   PROC PRINT DATA=diet;

24   QUIT;

NOTE: The PROCEDURE PRINT used 0.11 seconds.

These data were selected to represent a relatively simple

experiment where the dependent variable and the covariate are

the same variable measured pre- and post- treatment.  This is

generally the best covariate when available in a study. 

ANCOVA is not the only way to analyze these data.  Probably

the most common analysis would be to analyze the change in

weight (gain).  Another common approach for pre-post data is

to compute a ratio.  For example post/pre or (post-pre)/pre,

maybe expressed as percentage change.  All of these approaches

have assumptions that should be approximately true for the

analysis to be appropriate.  In addition to the usual ANOVA

assumptions, analysis of the difference (post-pre) assumes

that the relationship between pre and post data can be

described as a linear relationship with a slope of one. 

Computing the ratio for post/pre assumes that the relationship

between the two variables is linear through the origin.  You

will see that an appropriate ANCOVA provides a way of checking

these assumptions of derived variables.  

                 LAB#12:  ANALYSIS OF COVARIANCE                 1
         Effect of two diets on final wt (kg) of rabbits
            Initial weight is included as a covariate
               Blocks are same gender litter mates

              OBS    BLK    DIET    INITIAL    FINAL

                1     1      A        0.39      1.31
                2     1      B        0.51      1.37
                3     2      A        0.64      1.73
                4     2      B        0.69      1.58
                5     3      A        0.41      1.12
                6     3      B        0.75      1.64
                7     4      A        0.33      1.26
                8     4      B        0.48      0.96
                9     5      A        0.53      1.63
               10     5      B        0.57      1.25
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26   TITLE5 Standard RCB anova;

27   PROC MIXED DATA=diet COVTEST;

28   CLASS blk diet;

29   MODEL final = diet

30               / DDFM=KR;

31   RANDOM blk;

32   LSMEANS diet;

33   QUIT;

It is generally recommended that when you conduct an ANCOVA

that you also conduct the usual ANOVA on the dependent

variable.  The usual ANOVA is generally compared to the final

ANCOVA to help understand the effects of the ANCOVA.

                 LAB#12:  ANALYSIS OF COVARIANCE                 2
         Effect of two diets on final wt (kg) of rabbits
            Initial weight is included as a covariate
               Blocks are same gender litter mates
                        Standard RCB anova

                        Model Information

      Data Set                     WORK.DIET
      Dependent Variable           final

                     Class Level Information

        Class    Levels    Values

        blk           5    1 2 3 4 5
        diet          2    A B

                           Dimensions

               Covariance Parameters             2
               Observations Used                10
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                 LAB#12:  ANALYSIS OF COVARIANCE                 3

         Effect of two diets on final wt (kg) of rabbits

            Initial weight is included as a covariate

               Blocks are same gender litter mates

                        Standard RCB anova

                  Covariance Parameter Estimates

                              Standard         Z

     Cov Parm     Estimate       Error     Value        Pr Z

     blk          0.006000     0.03553      0.17      0.4329

     Residual      0.06480     0.04582      1.41      0.0786

                  Type 3 Tests of Fixed Effects

                        Num     Den

          Effect         DF      DF    F Value    Pr > F

          diet            1       4       0.10    0.7716

                       Least Squares Means

                              Standard

  Effect  diet      Estimate     Error    DF  t Value  Pr > |t|

  diet    A           1.4100    0.1190  7.94    11.85    <.0001

  diet    B           1.3600    0.1190  7.94    11.43    <.0001

Note the residual variance for the standard ANOVA.  One of the

advantages of ANCOVA is increased sensitivity.  Sensitivity

will be increased if the variation in the dependent variable

attributed to variation in the covariate is sufficiently large

to offset the loss in degrees of freedom.
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35   TITLE5 Covariate analysis with test of parallelism;

36   PROC MIXED DATA=diet RATIO COVTEST;

37   CLASS blk diet;

38   MODEL final = diet

39                 initial

40                 initial*diet

41               / DDFM=KR;

42   RANDOM blk;

43   QUIT;

This is the analysis of my full model.  Diet is the class

variable and initial (pre treatment weight) is the covariate. 

The model also includes the covariate by class variable

interaction.  This source of variation provides a test of

parallelism for the relationship between the dependent

variable and the covariate.  The hypothesis being tested is

that Ho: $ 1 = $ 2 = . . ., that is the linear slope for the

relationship between final weight and initial weight is the

same for all diets.  If the interaction source of variation is

non-significant then we delete this source and run the reduced

model.

                 LAB#12:  ANALYSIS OF COVARIANCE                 4
         Effect of two diets on final wt (kg) of rabbits
            Initial weight is included as a covariate
               Blocks are same gender litter mates
           Covariate analysis with test of parallelism

                        Model Information

      Data Set                     WORK.DIET
      Dependent Variable           final

                     Class Level Information

        Class    Levels    Values

        blk           5    1 2 3 4 5
        diet          2    A B

                           Dimensions

               Covariance Parameters             2
               Observations Used                10
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                 LAB#12:  ANALYSIS OF COVARIANCE                 5

         Effect of two diets on final wt (kg) of rabbits

            Initial weight is included as a covariate

               Blocks are same gender litter mates

           Covariate analysis with test of parallelism

                  Covariance Parameter Estimates

                              Standard         Z

     Cov Parm     Estimate       Error     Value        Pr Z

     blk                 0           .       .         .

     Residual      0.02038     0.01177      1.73      0.0416

                  Type 3 Tests of Fixed Effects

                         Num     Den

        Effect            DF      DF    F Value    Pr > F

        diet               1       6       0.93    0.3729

        initial            1       6      21.79    0.0034

        initial*diet       1       6       0.07    0.7963

The reason for running this model is to determine if the

relationship between final and initial weight is the same for

both diets.  The initial*diet interaction is clearly non-

significant indicating that parallel regression lines for the

two diets is a reasonable assumption.
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45   Title5 Covariate anal adjusting trt means for initial wt;

46   PROC MIXED DATA=diet COVTEST;

47   CLASS blk diet;

48   MODEL final = diet

49                 initial

50               / DDFM=KR;

51   RANDOM blk;

53   *** Statements were added after selection as final model;

54   ESTIMATE 'intercept, diet A' INTERCEPT 1 diet 1 0;

55   ESTIMATE 'intercept, diet B' INTERCEPT 1 diet 0 1;

56   ESTIMATE 'slope' initial 1;

57   LSMEANS diet / PDIFF;

58   QUIT;

This is the analysis of the reduced model.  Since the

interaction was non-significant it has been deleted.  The

hypothesis for the covariate is that Ho: b = 0, that is there

is no linear relationship between final weight and initial

weight.  The class variable hypothesis is Ho: : 10  = : 2 0  = . .
., that is the diet means are equal when adjusted to the mean

of the covariate.  The ESTIMATE and LSMEANS statements were

added after selection of this model as the final model.  The

ESTIMATE statements are used to generate the intercepts and

slope for the final model.

                 LAB#12:  ANALYSIS OF COVARIANCE                 6
         Effect of two diets on final wt (kg) of rabbits
            Initial weight is included as a covariate
               Blocks are same gender litter mates
        Covariate analysis adjusting trt means for initial wt

                        Model Information

      Data Set                     WORK.DIET
      Dependent Variable           final

                     Class Level Information

        Class    Levels    Values

        blk           5    1 2 3 4 5
        diet          2    A B

                           Dimensions

               Covariance Parameters             2
               Observations Used                10
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                 LAB#12:  ANALYSIS OF COVARIANCE                 7
         Effect of two diets on final wt (kg) of rabbits
            Initial weight is included as a covariate
               Blocks are same gender litter mates
        Covariate anal adjusting trt means for initial wt

                  Covariance Parameter Estimates

                              Standard         Z
     Cov Parm     Estimate       Error     Value        Pr Z
     blk                 0           .       .         .
     Residual      0.01768    0.009452      1.87      0.0307

                  Type 3 Tests of Fixed Effects

                        Num     Den
          Effect         DF      DF    F Value    Pr > F
          diet            1       7      10.42    0.0145
          initial         1       7      25.03    0.0016

                            Estimates

                               Standard
  Label              Estimate     Error    DF  t Value  Pr > |t|
  intercept, diet A    0.5099    0.1895     7     2.69    0.0310
  intercept, diet B    0.1860    0.2421     7     0.77    0.4675
  slope                1.9567    0.3911     7     5.00    0.0016

                       Least Squares Means
                             Standard

  Effect  diet      Estimate     Error    DF  t Value  Pr > |t|
  diet    A           1.5470   0.06547     7    23.63    <.0001
  diet    B           1.2230   0.06547     7    18.68    <.0001

               Differences of Least Squares Means

                                Standard
Effect  diet  _diet   Estimate   Error     DF   t Value   Pr > |t|
diet    A      B       0.3239    0.1004     7     3.23     0.0145

In the ANOVA there was a small block component of variance. In

the ANCOVA the block component of variance is zero indicating

that differences between blocks was also associated with

initial weight.  Variation in final weight that can be

attributed to differences in initial has resulted in a 70%

reduction in the residual variance (.0648 to .0177), certainly

worth the loss of 1 degree of freedom.

Tests of the fixed effects indicate that the relationship

between final weight and initial weight is significantly

different from zero and that diet means compared at the mean

initial weight are significantly different.  

The intercept for diet A is significantly different from zero

and slope of the regression line is greater than one (t =

(1.96-1)/.39).  Analyses of the computed ratio or the

difference between initial and final weight would not have met

the assumptions for those derived variables.  Thus, the ANCOVA

provides a more appropriate analysis.

Note that in addition to the increase in sensitivity, the

ANCOVA indicates a larger difference between the two diets. 

This is due to the positive relationship between initial and

final weight, and to the fact that rabbits assigned to

treatment A tended to have lower initial weights than those

assigned to treatment B.  The ANCOVA estimates of the

difference between the final weights for the two diets would

be .32 kg, had all rabbits started the study with the same

initial weight.  The ANOVA found an observed difference of .05

kg. In this case the differences between the treatments

increase with covariance adjustment, but covariance may result

in either an increase or a decrease in treatment differences.
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61   TITLE2 The expt examines the effect of trt on firmness;

62   TITLE3 of apples.  There is an untrted control and three;

63   TITLE4 dates of application of the chemical AVG.  Apple;

64   TITLE5 diameter is known to influence fruit firmness and;

65   TITLE6 has been included as a covariate;

66   DATA pressure;

67   INPUT x1 y1 x2 y2 x3 y3 x4 y4;

68   trt=1; diameter=x1; pressure=y1; OUTPUT;

69   trt=2; diameter=x2; pressure=y2; OUTPUT;

70   trt=3; diameter=x3; pressure=y3; OUTPUT;

71   trt=4; diameter=x4; pressure=y4; OUTPUT;

72   DROP x1--y4;

73   LINES;

S;

        Data lines entered here

84   RUN;

The second example examines the effect of chemical (AVG) and

the timing of its application on the firmness of apples.  The

dependent variable is the pressure required to puncture the

apple skin.  It is also known that the diameter of the apple

is associated with firmness and that this relationship is non-

linear.  

86   PROC PRINT DATA=pressure;

87   QUIT;
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                 LAB#12:  ANALYSIS OF COVARIANCE                 8
        The expt examines the effect of trt on firmness
        of apples.  There is an untrted control and three
        dates of application of the chemical AVG.  Apple
        diameter is known to influence fruit firmness and
                 has been included as a covariate

                OBS    TRT    DIAMETER    PRESSURE
                  1     1       1.80        22.0
                  2     2       2.27        19.5
                  3     3       2.70        17.0
                  4     4       2.04        22.5
                  5     1       1.65        27.5
                  6     2       2.16        20.0
                  7     3       2.68        17.0
                  8     4       2.23        18.0
                  9     1       1.89        22.5
                 10     2       2.25        19.0
                 11     3       2.36        17.5
                 12     4       2.61        18.5
                 13     1       1.94        21.5
                 14     2       1.71        25.5
                 15     3       2.54        18.5
                 16     4       2.47        20.0
                 17     1       1.96        23.0
                 18     2       2.52        20.0
                 19     3       2.00        19.0
                 20     4       2.38        19.5
                 21     1       2.28        19.5
                 22     2       2.62        19.5
                 23     3       1.97        24.0
                 24     4       2.37        20.5
                 25     1       2.10        19.0
                 26     2       2.45        18.5
                 27     3       2.07        20.0
                 28     4       2.37        21.0
                 29     1       2.54        18.5
                 30     2       2.20        22.5
                 31     3       2.01        21.0
                 32     4       2.56        19.0
                 33     1       2.40        19.0
                 34     2       1.83        29.0
                 35     3       2.30        20.0
                 36     4       2.74        18.0
                 37     1       2.45        18.5
                 38     2       1.86        24.5
                 39     3       2.15        20.0
                 40     4       2.72        19.0
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89   TITLE7 Standard one-way anova;

90   PROC MIXED DATA=pressure COVTEST;

91   CLASS trt;

92   MODEL pressure = trt

93                  / DDFM=KR;

94   LSMEANS trt;

95   QUIT;

Again, the usual ANOVA model is included for reference to the

final ANCOVA model.

                LAB#12:  ANALYSIS OF COVARIANCE                 9

         The expt examines the effect of trt on firmness

        of apples.  There is an untrted control and three

         dates of application of the chemical AVG.  Apple

        diameter is known to influence fruit firmness and

                 has been included as a covariate

                      Standard one-way anova

                        Model Information

      Data Set                     WORK.PRESSURE

      Dependent Variable           pressure

                     Class Level Information

        Class    Levels    Values

        trt           4    1 2 3 4

                           Dimensions

               Observations Used                40
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                 LAB#12:  ANALYSIS OF COVARIANCE                10

         The expt examines the effect of trt on firmness

        of apples.  There is an untrted control and three

         dates of application of the chemical AVG.  Apple

        diameter is known to influence fruit firmness and

                 has been included as a covariate

                      Standard one-way anova

                  Covariance Parameter Estimates

                              Standard         Z

     Cov Parm     Estimate       Error     Value        Pr Z

     Residual       6.6889      1.5766      4.24      <.0001

                  Type 3 Tests of Fixed Effects

                        Num     Den

          Effect         DF      DF    F Value    Pr > F

          trt             3      36       2.03    0.1274

                      Least Squares Means

                            Standard

  Effect   trt   Estimate      Error     DF   t Value   Pr > |t|

  trt      1      21.1000     0.8179     36     25.80     <.0001

  trt      2      21.8000     0.8179     36     26.66     <.0001

  trt      3      19.4000     0.8179     36     23.72     <.0001

  trt      4      19.6000     0.8179     36     23.97     <.0001

This is the one-way ANOVA for the apple firmness data.  This

analysis is provided for comparison with the output from the

ANCOVA.  You should note what happens to the variance, to

tests of fixed effects, and to lsmeans and their standard

errors.
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97   TITLE7 Covariate anal with test of quadratic parallelism;

98   PROC MIXED DATA=pressure COVTEST;

99   CLASS trt;

100  MODEL pressure = trt

101                   diameter

102                   diameter*diameter

103                   diameter*trt

104                   diameter*diameter*trt

105                 / DDFM=KR;

106  QUIT;

The full model includes the effect of treatment, the linear

and quadratic effect of diameter and the diameter linear and

quadratic interactions with treatment.  The first hypothesis

to be examined is that the treatment relationship between

firmness and diameter is equal for the four treatments with

respect to the quadratic regression coefficient

(diameter*diameter*treatment).  If this source is non-

significant then we will remove it from the model and analyze

the reduced model.

               LAB#12:  ANALYSIS OF COVARIANCE                11

         The expt examines the effect of trt on firmness

        of apples.  There is an untrted control and three

         dates of application of the chemical AVG.  Apple

        diameter is known to influence fruit firmness and

                 has been included as a covariate

        Covariate anal with test of quadratic parallelism

                       Model Information

      Data Set                     WORK.PRESSURE

      Dependent Variable           pressure

                     Class Level Information

        Class    Levels    Values

        trt           4    1 2 3 4

                           Dimensions

               Observations Used                40
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                 LAB#12:  ANALYSIS OF COVARIANCE                12

         The expt examines the effect of trt on firmness

        of apples.  There is an untrted control and three

         dates of application of the chemical AVG.  Apple

        diameter is known to influence fruit firmness and

                 has been included as a covariate

        Covariate anal with test of quadratic parallelism

                  Covariance Parameter Estimates

                              Standard         Z

     Cov Parm     Estimate       Error     Value        Pr Z

     Residual       2.0750      0.5546      3.74      <.0001

                  Type 3 Tests of Fixed Effects

                             Num     Den

    Effect                    DF      DF    F Value    Pr > F

    trt                        3      28       0.34    0.7958

    diameter                   1      28       5.80    0.0228

    diameter*diameter          1      28       4.54    0.0420

    diameter*trt               3      28       0.37    0.7759

    diamete*diameter*trt       3      28       0.40    0.7564

The residual variance in the ANCOVA is only about one third of

the ANOVA residual variance, which should translate into

considerable gain in sensitivity.

The only test of interest in this analysis is the test of the

highest order effect (diameter*diameter*trt).  Since it is

non-significant, it was dropped from the model and the new

reduced model is analyzed.
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108  TITLE7 Covariate analysis with test of linear parallelism;

109  PROC MIXED DATA=pressure COVTEST;

110  CLASS trt;

111  MODEL pressure = trt

112                   diameter

113                   diameter*diameter

114                   diameter*trt

115                 / DDFM=KR;

116  QUIT;

This reduced model contains two second order sources of

variation (diameter*diameter, diameter*treatment).  If either

of these are non-significant, the least significant of the two

should be deleted and the model further reduced.

                 LAB#12:  ANALYSIS OF COVARIANCE                13
         The expt examines the effect of trt on firmness
        of apples.  There is an untrted control and three
         dates of application of the chemical AVG.  Apple
        diameter is known to influence fruit firmness and
                 has been included as a covariate
        Covariate analysis with test of linear parallelism

                       Model Information

      Data Set                     WORK.PRESSURE
      Dependent Variable           pressure

                     Class Level Information

        Class    Levels    Values

        trt           4    1 2 3 4

                           Dimensions

               Observations Used                40
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                 LAB#12:  ANALYSIS OF COVARIANCE                14

         The expt examines the effect of trt on firmness

        of apples.  There is an untrted control and three

         dates of application of the chemical AVG.  Apple

        diameter is known to influence fruit firmness and

                 has been included as a covariate

        Covariate analysis with test of linear parallelism

                  Covariance Parameter Estimates

                              Standard         Z

     Cov Parm     Estimate       Error     Value        Pr Z

     Residual       1.9538      0.4963      3.94      <.0001

                  Type 3 Tests of Fixed Effects

                            Num     Den

      Effect                 DF      DF    F Value    Pr > F

      trt                     3      31       0.54    0.6555

      diameter                1      31      10.26    0.0031

      diameter*diameter       1      31       7.70    0.0093

      diameter*trt            3      31       0.34    0.7946

There is a slight additional reduction in the residual

variance, which provides further evidence that the highest

order term in the previous model was not beneficial.

Again, the only interest here is the examination of the

highest order terms for possible deletion from the model.  In

this case there are two second order terms and the

diameter*treatment source is non-significant.  Again, the

model is reduced and the new reduced model is analyzed.



4/29/04 19 Analysis of Covariance

118  TITLE7 Covariate analysis adjusting trt means for diameter;

119  PROC MIXED DATA=pressure COVTEST;

120  CLASS trt;

121  MODEL pressure = trt

122                   diameter

123                   diameter*diameter

124                 / DDFM=KR;

126  *** Statements were added after selection as final model;

127  ESTIMATE 'intercept, trt 1' INTERCEPT 1 trt 1 0 0 0;

128  ESTIMATE 'intercept, trt 2' INTERCEPT 1 trt 0 1 0 0;

129  ESTIMATE 'intercept, trt 3' INTERCEPT 1 trt 0 0 1 0;

130  ESTIMATE 'intercept, trt 4' INTERCEPT 1 trt 0 0 0 1;

131  ESTIMATE 'linear coef' diameter 1;

132  ESTIMATE 'quadratic coef' diameter*diameter 1;

133  LSMEANS trt / PDIFF ;

This reduced model is the final model since the quadratic

source of variation is significant.

The ESTIMATE and LSMEANS statements were added after selection

of this reduced model as the final model to provide

intercepts, slopes and adjusted treatment means.

                 LAB#12:  ANALYSIS OF COVARIANCE                15
         The expt examines the effect of trt on firmness
        of apples.  There is an untrted control and three
         dates of application of the chemical AVG.  Apple
        diameter is known to influence fruit firmness and
                 has been included as a covariate
         Covariate analysis adjusting trt means for diameter

                        Model Information

      Data Set                     WORK.PRESSURE
      Dependent Variable           pressure

                     Class Level Information

        Class    Levels    Values
        trt           4    1 2 3 4

                           Dimensions

               Observations Used                40
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         The expt examines the effect of trt on firmness

        of apples.  There is an untrted control and three

         dates of application of the chemical AVG.  Apple

        diameter is known to influence fruit firmness and

                 has been included as a covariate

         Covariate anal adjusting trt means for diameter

                  Covariance Parameter Estimates

                              Standard         Z

     Cov Parm     Estimate       Error     Value        Pr Z

     Residual       1.8405      0.4464      4.12      <.0001

                  Type 3 Tests of Fixed Effects

                            Num     Den

      Effect                 DF      DF    F Value    Pr > F

      trt                     3      34       3.51    0.0256

      diameter                1      34      17.45    0.0002

      diameter*diameter       1      34      12.35    0.0013

                               Estimates

                              Standard

Label              Estimate      Error     DF   t Value   Pr > |t|

intercept, trt 1    79.0707    12.1762     34      6.49     <.0001

intercept, trt 2    80.5190    12.2166     34      6.59     <.0001

intercept, trt 3    78.8961    12.2557     34      6.44     <.0001

intercept, trt 4    80.2194    12.2355     34      6.56     <.0001

linear coef        -46.2024    11.0607     34     -4.18     0.0002

quadratic coef       8.6963     2.4747     34      3.51     0.001

3

Again, there is a slight reduction in the residual variance.

For this model, all the remaining covariate sources are

significant, therefore, this is the final model.  The sources

of variation in the final model indicate that the relationship

between pressure and diameter is the same for all treatments

and that there is a significant non-linear relationship

between pressure and diameter.  The significant treatment

effect is for treatment pressure means adjusted to the mean of

the covariates, thus, mathematically removing any differences

in apple diameter.

A graph of these results with diameter on the X axis would

result in four parallel curved lines with the differences

between the elevations of the lines being the difference

between their treatment means.
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         The expt examines the effect of trt on firmness

        of apples.  There is an untrted control and three

         dates of application of the chemical AVG.  Apple

        diameter is known to influence fruit firmness and

                 has been included as a covariate

         Covariate anal adjusting trt means for diameter

                       Least Squares Means

                            Standard

  Effect   trt   Estimate      Error     DF   t Value   Pr > |t|

  trt      1      19.8694     0.4473     34     44.42     <.0001

  trt      2      21.3177     0.4324     34     49.30     <.0001

  trt      3      19.6948     0.4307     34     45.73     <.0001

  trt      4      21.0181     0.4573     34     45.96     <.0001

                Differences of Least Squares Means

                               Standard

  Effect  trt  _trt  Estimate     Error    DF  t Value  Pr > |t|

  trt     1    2      -1.4483    0.6115    34    -2.37    0.0237

  trt     1    3       0.1746    0.6262    34     0.28    0.7821

  trt     1    4      -1.1487    0.6691    34    -1.72    0.0951

  trt     2    3       1.6229    0.6118    34     2.65    0.0121

  trt     2    4       0.2996    0.6428    34     0.47    0.6442

  trt     3    4      -1.3233    0.6237    34    -2.12    0.0412

These are the adjusted treatment means (lsmeans). In this

case, the differences among adjusted treatment means is less

than the observed data, and the rank order of the means has

changed for two of the treatments.  The significant treatment

effect in the ANCOVA as compared to the ANOVA is, in this

case, due to the increase in sensitivity achieved by removing

variation from the residual variance that was associated with

the variation in apple diameter.
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137  TITLE2 Effectiveness of grass buffer strips in reducing;

138  TITLE3 fecal coliform loading rate.  Covariate is a;

139  TITLE4 visual rating of ground cover, where;

140  TITLE5 9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.;

141  DATA coliform;

142  INPUT trt$ buf cov1 col1 cov2 col2 cov3 col3 cov4 col4 cov5

col5;

143  blk=1; cover=cov1; coliform=col1; OUTPUT;

144  blk=2; cover=cov2; coliform=col2; OUTPUT;

145  blk=3; cover=cov3; coliform=col3; OUTPUT;

146  blk=4; cover=cov4; coliform=col4; OUTPUT;

147  blk=5; cover=cov5; coliform=col5; OUTPUT;

148  DROP cov1--col5;

149  LINES;

        data lines entered h ere

158  RUN;

The third example, examines the effectiveness of different

lengths of grass buffer strips in reducing the coliform counts

in run off from plots either treated or not treated with waste

sludge.  Because grass density was not consistent, the

researcher recorded information regarding the amount of ground

covered by grass to be used as a covariate.

161  PROC PRINT DATA=coliform;

162  QUIT;
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         Effectiveness of grass buffer strips in reducing
           fecal coliform loading rate.  Covariate is a
               visual rating of ground cover, where
           9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.

          OBS    TRT     BUF    BLK    COVER    COLIFORM

            1    cntl      0     1       8         7.12
            2    cntl      0     2       5         6.41
            3    cntl      0     3       7         7.36
            4    cntl      0     4       6         6.75
            5    cntl      0     5       6         6.55
            6    cntl      5     1       7         6.72
            7    cntl      5     2       7         6.68
            8    cntl      5     3       9         7.52
            9    cntl      5     4       8         6.72
           10    cntl      5     5       7         6.70

This experiment is a randomized complete block with a 2x4

factorial treatment structure.  The purpose of the study was

to evaluate the effectiveness of different lengths of grass

buffer strips in reducing the fecal coliform loading from

sludge treated plots. The researcher also noted a difference

in grass density in the buffer strips at the start of the

study and recorded a visual estimate of the percentage of

ground cover for the plot and buffer strip.
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         Effectiveness of grass buffer strips in reducing

           fecal coliform loading rate.  Covariate is a

               visual rating of ground cover, where

           9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.

          OBS    TRT     BUF    BLK    COVER    COLIFORM      

           11    cntl     10     1       8         7.03

           12    cntl     10     2       8         6.51

           13    cntl     10     3       8         6.98

           14    cntl     10     4       7         6.50

           15    cntl     10     5       5         6.02

           16    cntl     20     1       9         6.75

           17    cntl     20     2       6         6.13

           18    cntl     20     3       9         7.51

           19    cntl     20     4       7         6.46

           20    cntl     20     5       6         5.86

           21    slud      0     1       8         9.93

           22    slud      0     2       9         8.25

           23    slud      0     3       9        10.67

           24    slud      0     4       6         9.94

           25    slud      0     5       5         9.81

           26    slud      5     1       5        10.05

           27    slud      5     2       7         6.91

           28    slud      5     3       8         9.44

           29    slud      5     4       7         8.97

           30    slud      5     5       7         7.61

           31    slud     10     1       7         7.85

           32    slud     10     2       6         7.81

           33    slud     10     3       7         9.84

           34    slud     10     4       8         7.58

           35    slud     10     5       9         6.76

           36    slud     20     1       7         7.68

           37    slud     20     2       8         6.54

           38    slud     20     3       8         8.27

           39    slud     20     4       8         7.31

           40    slud     20     5       8         6.54
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164  TITLE6 Standard RCB anova;

165  PROC MIXED DATA=coliform COVTEST;

166  CLASS blk trt buf;

167  MODEL coliform = trt buf trt*buf

168                 / DDFM=KR;

169  RANDOM blk;

170  QUIT;

Again, the standard ANOVA for the design has been included for

comparison to the ANCOVA.
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         Effectiveness of grass buffer strips in reducing

           fecal coliform loading rate.  Covariate is a

               visual rating of ground cover, where

           9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.

                        Standard RCB anova

                        Model Information

      Data Set                     WORK.COLIFORM

      Dependent Variable           coliform

                     Class Level Information

        Class    Levels    Values

        blk           5    1 2 3 4 5

        trt           2    cntl slud

        buf           4    0 5 10 20

                           Dimensions

               Observations Used                40
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         Effectiveness of grass buffer strips in reducing

           fecal coliform loading rate.  Covariate is a

               visual rating of ground cover, where

           9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.

                        Standard RCB anova

                  Covariance Parameter Estimates

                              Standard         Z

     Cov Parm     Estimate       Error     Value        Pr Z

     blk            0.3826      0.2943      1.30      0.0968

     Residual       0.2673     0.07144      3.74      <.0001

                  Type 3 Tests of Fixed Effects

                        Num     Den

          Effect         DF      DF    F Value    Pr > F

          trt             1      28     104.84    <.0001

          buf             3      28      13.08    <.0001

          trt*buf         3      28       7.67    0.0007

This is the standard RCB ANOVA for comparison to the following

analyses of covariance.
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172  TITLE6 Covariate analysis with test of parallelism;

173  PROC MIXED DATA=coliform COVTEST;

174  CLASS blk trt buf;

175  MODEL coliform = trt buf trt*buf

176                   cover

177                   cover*trt

178                   cover*buf

179                   cover*trt*buf

180                 / DDFM=KR;

181  RANDOM blk;

182  QUIT;

The treatment structure is a 2x4 factorial, with treatment

being (sludge treated or control) and four lengths of grass

buffer strips before collection of run off.  The experimental

design was a randomized complete block, with block defined as

random. Cover is the visual estimate of ground cover and is

included along with all the covariate by class variable

interactions. The interaction of the covariate with treatment

and buffer is the highest order source and should be examined

first for possible deletion from the model.
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         Effectiveness of grass buffer strips in reducing
           fecal coliform loading rate.  Covariate is a
               visual rating of ground cover, where
           9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.
           Covariate analysis with test of parallelism

                       Model Information

      Data Set                     WORK.COLIFORM
      Dependent Variable           coliform

                     Class Level Information

        Class    Levels    Values

        blk           5    1 2 3 4 5
        trt           2    cntl slud
        buf           4    0 5 10 20

                           Dimensions

               Observations Used                40
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         Effectiveness of grass buffer strips in reducing

           fecal coliform loading rate.  Covariate is a

               visual rating of ground cover, where

           9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.

           Covariate analysis with test of parallelism

                  Covariance Parameter Estimates

                              Standard         Z

     Cov Parm     Estimate       Error     Value        Pr Z

     blk            0.4726      0.3612      1.31      0.0954

     Residual       0.2061     0.06523      3.16      0.0008

                          Fit Statistics

            Res Log Likelihood                   -33.1

            Akaike's Information Criterion       -35.1

            Schwarz's Bayesian Criterion         -34.8

            -2 Res Log Likelihood                 66.3

                  Type 3 Tests of Fixed Effects

                          Num     Den

        Effect             DF      DF    F Value    Pr > F

        trt                 1    21.1       5.95    0.0236

        buf                 3    20.4       0.63    0.6019

        trt*buf             3    20.4       0.08    0.9688

        cover               1    20.5       5.75    0.0261

        cover*trt           1    21.1       2.07    0.1650

        cover*buf           3    20.4       0.52    0.6714

        cover*trt*buf       3    20.4       0.23    0.8745

The full model includes the main effects and interactions for

the treatment structure, ground cover and ground cover

interactions with the treatment structure sources of

variation.  Since the three factor interaction is not

significant it will be dropped from the model and the reduced

model will be analyzed.
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184  TITLE6 Covariate analysis reduced model;

185  PROC MIXED DATA=coliform COVTEST;

186  CLASS blk trt buf;

187  MODEL coliform = trt buf trt*buf

188                   cover

189                   cover*trt

190                   cover*buf

191                 / DDFM=KR;

192  RANDOM blk;

193  QUIT;

This is an ANCOVA for the reduced model and the two factor

covariate interactions are examined for possible deletion from

the model.
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         Effectiveness of grass buffer strips in reducing
           fecal coliform loading rate.  Covariate is a
               visual rating of ground cover, where
           9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.
                 Covariate analysis reduced model

                       Model Information

      Data Set                     WORK.COLIFORM
      Dependent Variable           coliform

                     Class Level Information

        Class    Levels    Values

        blk           5    1 2 3 4 5
        trt           2    cntl slud
        buf           4    0 5 10 20

                           Dimensions

               Observations Used                40
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         Effectiveness of grass buffer strips in reducing

           fecal coliform loading rate.  Covariate is a

               visual rating of ground cover, where

           9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.

                 Covariate analysis reduced model

                  Covariance Parameter Estimates

                              Standard         Z

     Cov Parm     Estimate       Error     Value        Pr Z

     blk            0.4855      0.3672      1.32      0.0931

     Residual       0.1847     0.05457      3.39      0.0004

                  Type 3 Tests of Fixed Effects

                        Num     Den

          Effect         DF      DF    F Value    Pr > F

          trt             1    23.6      10.14    0.0040

          buf             3    23.2       0.97    0.4231

          trt*buf         3      23       7.91    0.0008

          cover           1    23.5      10.14    0.0041

          cover*trt       1    23.7       3.11    0.0906

          cover*buf       3    23.2       0.74    0.5398

There are two second order covariate sources of variation in

the model.  Since the ground cover by buffer is not

significant it will be removed and the new reduced model

analyzed.
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195  TITLE6 Covariate analysis final model;

196  PROC MIXED DATA=coliform COVTEST;

197  CLASS blk trt buf;

198  MODEL coliform = trt buf trt*buf

199                   cover

200                   cover*trt

201                 / DDFM=KR;

202  RANDOM blk;

203  *** Statements were added after selection as final model;

204  ESTIMATE 'intercept, control' INTERCEPT 1  trt 1 0;

205  ESTIMATE 'intercept, sludge' INTERCEPT 1  trt 0 1;

206  ESTIMATE 'slope, control' cover 1  cover*trt 1 0;

207  ESTIMATE 'slope, sludge'  cover 1  cover*trt 0 1;

208  LSMEANS trt buf trt*buf / PDIFF;

This reduced model is the final model.  Since the cover by

treatment interaction is significant no other terms should be

deleted.  Again the ESTIMATE and LSMEANS statements were added

after selection of the final model.
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         Effectiveness of grass buffer strips in reducing
           fecal coliform loading rate.  Covariate is a
               visual rating of ground cover, where
           9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.
                  Covariate analysis final model

                        Model Information

      Data Set                     WORK.COLIFORM
      Dependent Variable           coliform

                     Class Level Information

        Class    Levels    Values

        blk           5    1 2 3 4 5
        trt           2    cntl slud
        buf           4    0 5 10 20

                           Dimensions

               Observations Used                40
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         Effectiveness of grass buffer strips in reducing
           fecal coliform loading rate.  Covariate is a
               visual rating of ground cover, where
           9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.
                  Covariate analysis final model

                  Covariance Parameter Estimates

                              Standard         Z
     Cov Parm     Estimate       Error     Value        Pr Z

     blk            0.4728      0.3566      1.33      0.0925
     Residual       0.1799     0.04999      3.60      0.0002

                  Type 3 Tests of Fixed Effects

                        Num     Den
          Effect         DF      DF    F Value    Pr > F

          trt             1    26.5      14.37    0.0008
          buf             3    25.9      15.40    <.0001
          trt*buf         3    25.9      10.17    0.0001
          cover           1    26.6       8.92    0.0060
          cover*trt       1    26.5       4.23    0.0497

                            Estimates

                                Standard
 Label               Estimate     Error    DF  t Value  Pr > |t|

 intercept, control    7.1926    0.7964   29.6     9.03    <.0001
 intercept, sludge    10.9075    0.7329   29.2    14.88    <.0001
 slope, control       -0.06694   0.1019   26.9    -0.66    0.5168
 slope, sludge        -0.3428    0.08959  26.1    -3.83    0.0007

This is the final model since all of the remaining covariate

sources are significant.  The significant ground cover by

treatment interaction effect is best seen by plotting the

predicted values for log coliform count vs ground cover for

each treatment.  This figure is also the best presentation for

examination of the treatment effect.  This figure is the last

page of the example.  Since the cover*buffer and

cover*trt*buffer interactions were non-significant, the buffer

and trt*buffer effect should be interpreted from the adjusted

treatment means.

These estimates provide the coefficients for the regression

equations to generate the predicted values for plotting.
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         Effectiveness of grass buffer strips in reducing

           fecal coliform loading rate.  Covariate is a

               visual rating of ground cover, where

           9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.

                  Covariate analysis final model

                       Least Squares Means

                                 Standard

Effect    trt    buf   Estimate   Error     DF   t Value   Pr > |t|

trt       cntl         6.7073    0.3220   4.23    20.83     <.0001

trt       slud         8.4223    0.3219   4.23    26.16     <.0001

buf               0    8.2763    0.3383   5.14    24.46     <.0001

buf               5    7.6666    0.3365   5.04    22.78     <.0001

buf              10    7.3120    0.3356   4.98    21.79     <.0001

buf              20    7.0043    0.3365   5.03    20.82     <.0001

trt*buf   cntl    0    6.7811    0.3715   7.33    18.25     <.0001

trt*buf   cntl    5    6.8914    0.3631   6.74    18.98     <.0001

trt*buf   cntl   10    6.6047    0.3613   6.63    18.28     <.0001

trt*buf   cntl   20    6.5520    0.3616   6.65    18.12     <.0001

trt*buf   slud    0    9.7714    0.3616   6.64    27.03     <.0001

trt*buf   slud    5    8.4417    0.3635   6.78    23.22     <.0001

trt*buf   slud   10    8.0194    0.3616   6.64    22.18     <.0001

trt*buf   slud   20    7.4565    0.3646   6.86    20.45     <.0001

This and the next page show the adjusted treatment and buffer

means and differences between the adjusted means.  Although I

have not included contrasts in this analysis and the buffer

treatment is quantitative; polynomial contrasts could be used

to examine the shape of the response curve for the buffer

effect and for the treatment*buffer interaction.  In this

case, a quick look at each treatment by buffer combination

means provides a clear picture of the interaction.  Fecal

coliform loading was relatively flat across different lengths

of buffer strips for the control, while loading decreased as

buffer strip length increased for sludge treated plots. 
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         Effectiveness of grass buffer strips in reducing

           fecal coliform loading rate.  Covariate is a

               visual rating of ground cover, where

           9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.

                  Covariate analysis final model

                Differences of Least Squares Means

                                         Standard

Effect   trt   buf  _trt _buf  Estimate  Error  DF  t Val  Pr > |t|

trt      cntl       slud       -1.7150  0.1348  26  -12.72  <.0001

buf             0           5   0.6097  0.2009  26    3.03  0.0054

buf             0          10   0.9642  0.1940  26    4.97  <.0001

buf             0          20   1.2720  0.1973  26    6.45  <.0001

buf             5          10   0.3546  0.1926  26    1.84  0.0771

buf             5          20   0.6623  0.1951  26    3.39  0.0022

buf            10          20   0.3077  0.1908  26    1.61  0.1189

trt*buf  cntl   0   cntl    5  -0.1103  0.2948  26   -0.37  0.7112

trt*buf  cntl   0   cntl   10   0.1764  0.2804  26    0.63  0.5346

trt*buf  cntl   0   cntl   20   0.2291  0.2869  26    0.80  0.4319

trt*buf  cntl   0   slud    0  -2.9903  0.2823  26  -10.59  <.0001

trt*buf  cntl   5   cntl   10   0.2868  0.2713  26    1.06  0.3003

trt*buf  cntl   5   cntl   20   0.3394  0.2690  26    1.26  0.2183

trt*buf  cntl   5   slud    5  -1.5503  0.2737  26   -5.66  <.0001

trt*buf  cntl  10   cntl   20   0.0526  0.2690  26    0.20  0.8465

trt*buf  cntl  10   slud   10  -1.4148  0.2686  26   -5.27  <.0001

trt*buf  cntl  20   slud   20  -0.9045  0.2731  26   -3.31  0.0027

trt*buf  slud   0   slud    5   1.3297  0.2736  26    4.86  <.0001

trt*buf  slud   0   slud    0   1.7520  0.2682  26    6.53  <.0001

trt*buf  slud   0   slud   20   2.3149  0.2706  26    8.55  <.0001

trt*buf  slud   5   slud   10   0.4223  0.2736  26    1.54  0.1348

trt*buf  slud   5   slud   20   0.9852  0.2828  26    3.48  0.0018

trt*buf  slud  10   slud   20   0.5629  0.2706  26    2.08  0.0476
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211  DATA pred;

212  DO trt = 'control', 'sludge';

213     DO cover = 5 TO 9 BY 1;

214     IF trt = 'control' THEN

215              coliform =  7.19262402 -0.06694042*cover;

216     IF trt = 'sludge'  THEN

217              coliform = 10.90751202 -0.34279075*cover;

218     OUTPUT;

219     END;

220  END;

221  RUN;
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223  TITLE6 Plot of covariate interaction regression lines;

224  PROC PLOT DATA=pred VPERCENT=70;

225  PLOT coliform*cover=trt;

226  QUIT;
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         Effectiveness of grass buffer strips in reducing            
          fecal coliform loading rate.  Covariate is a
               visual rating of ground cover, where
           9=90 to 100%, 8=80 to 90%, 7=70 to 80% etc.
          Plot of covariate interaction regression lines

         Plot of coliform*cover.  Symbol is value of trt.

coliform |
         |
  9.2678 +
         | s
         |
         |              s
         |
  8.5984 +
         |                           s
         |
         |                                        s
         |
  7.9290 +
         |                                                     s
         |
         |
         |
  7.2596 +
         |
         |
         | c            c
         |                           c            c
  6.5902 +                                                     c
         |
         +-+------------+------------+------------+------------+--
           5            6            7            8            9

If you connect the symbols for the two treatments, you will

have the covariate regression lines for sludge (s) and control

(c).

I would interpret these results as demonstrating that greater

ground cover was more effective in reducing the coliform

loading for sludge treated plots than for control plots. 

However, this is not surprising since the fecal coliform

counts from sludge treated is so much greater than for

untreated plots.


