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Short Research Article
STATISTICAL ANALYSIS FOR CORRELATED PAIRED-PLOT DES IGNS

= ABSTRACT: This workis aimed to evaluate different statistical analysishwi randomized complete block
designwith-for paired-plotferstudies of herbicide selectivity in sugarcane expents. Two procedures were
considerednteresting i) the construction of a t-test to assess theothgsis of the paired-plot mean difference to
be zero in each treatment; or ii) the use of aalysis of variance where the treated and pairedtsplere
considered in a split-plot model and the interaci® sliced by treatment. By simulation with nofrbavariate
distributions, with uniform (zero, 0.11, 0.33, 0.4467 or 0.89) or heterogeneous correlationstweprocedures

showed similar performance. The power of the tiesti®ases as the correlation of paired-plot in@sas

= KEYWORDS: selectivity, herbicides, sugarcane, ipidtcomparisons, simulation.

1. INTRODUCTION

Classic experiments are conducted in various dfegisallow assessing responses in paired comparison
For example, observing an attribute of the sampletibefore and after a treatment or observingarses to similar
parts treated and untreatddrexamplelefteye-andright-eye-untreafBue performance of paired comparisons can
be more interesting and more realistic to assessttiering of treatments (or processes of intetbsat) the simple
ordering of responses directly (Agresti, 2002; [0ai988).

The example discussed in this study was motivajeddsessments studies on selectivity of herbidides
sugarcane crops, but it can also be applied ta atheies on pests, diseases, weeds, etc. Itasagiglicable when
measurements of the attribute, whether visual arhaeical, need to be calibrated by non-treated pletferentially
to the side, or with repeated readings after aeafse measurement.

For the specific case that motivated this reseacohsider evaluating the selectivity of five treants
(herbicides) in a sugarcane cultivar and the ustowf replications in aandomized complete block design. The

allocation can be made with five plots per blodgkedivided into two plots, applying herbicide mlfhrand leaving
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the other half as paired control (Schiavetto, 2air03ach block can be formed with 10 plots witloedition in pairs,
applying herbicide in one and leaving the othepased control. Azania et al. (2005) showed an ymiglwhere
paired-plots were allocated as a supplementaryniesat called control. If this method were appliedhe example
in question, each of the five treatments would Hawe replicates and control (treatment 6) withr@plications. The
proposed analysis compares the design with thsiclaase of just one control per plot, but it dnesconsider the
paired comparison that actually exists. There ¢se ather parametric or non-parametric forms tolyaeapaired-
plot experiments (Agresti, 2002; David, 1988).
This study discussed two forms of statistical asialyor these designs, as well as the effects fédrdnt

correlations between paired comparisons.

2. MATERIAL AND METHODS
2.1. Simple analysis of variance per condition

For an example with five pairs of plots in eadtfour replications in a randomizesbmplete block design,

the analysis of variance scheme, per conditiothas presented in Table 1. A multiple comparis@ss$ tan be used
with significant F-value (p < 0.05), (O'Neil and Werill, 1971). Among the alternatives, probablye tmost
interesting for biological fields is the usual sttéLSD = least significance difference), whose imal significant
difference is given by LSD = t x (Mean Square ofdEfrep)’2 In this case, we have t=2.1788 (tabled value réeg
of Freedom (DF) = 12, p<0.05) and rep = 4 replaai When there are many treatments, an interesliagnative
to control false significance would be False DisrgvRate (FDR) procedures (Benjamini and Hochb&8$5)

rather than conservative procedures such as Tulg9] or Scott and Knott (1974prinstane.

2.2. Analysis of mean difference between treated drpaired plots.

Working with differences (T-P), the analysis in Tah allows to accept whether the means of diffeeen
(T-P) in each treatment are equal or, using aféeshultiple comparisons, which are different.

In practice, however, the interest can be a testHe hypothesis of the mean differences (T-P)dohe

treatment be zero. Rejecting this hypothesis indicthe treatment effect. The test statisticsrigéah pairing: TC=
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dif(T-P)/ [t x (Mean Square of Error/refff]. In bilateral manner, we have t=2.1788 (tabledue, p=0.05) and
rep=4 (replications). Using this t value in thepoais formula, we can have the minimum value sigaift to differ
from zero (in absolute value): dif (T-P) = 0 = LED)=| t x (Mean Square of Error/reff)|.
In the example, the DF of the residual is 12, tesylt=2.1788 (tabled value, p = 0.05). For experits
with DF greater than 20, t = 2 can be used, sityiplif the formula: LSD(0) = | 2 x (Mean Square ofdEfrep)*?|.
The LSD of the previous item, as well as LSD (0Ojha$ item may present low level of significance ser
experiment (O"Neil and Wetherill, 1971), especiddly many treatments, but it is good not to greatbrease type Il

error (fail to detect differences when they exiaticording to Perecin and Barbosa (1988).

2.3. Analysis of variance using the split-plot mode

For this analysis (Table 2), each pair of plotedted and paired) are considered experimental. plots

In this case, F2 statistics (Table 2) tests theaallveffect of the pairing, that is, if the overafiean of the
treated plots is equal to the control mean, andt&fistics (Table 2) tests the interaction treatsi@rpairing. If it is
significant, it is interesting to evaluate the pajrby treatment (Table 3), which is another testthe difference

equal to zero in each pairing.

2.4. Comparison between statistics of items 2.2 arzd3.

There are statistical differences in the constanctdf the tests. In the TC case (item 2.2), we thee
differences, pair-to-pair, and the respective nggidariance of these differences. In the split-plesign, responses
of treated and non-treated are used, building upirasts between pairing means. There are diffeseirceesidual
variances, depending on the correlation or covaeedetween the paired-plots and associated DRr{EXxample in
Table 1) of TC statistics of item 2.2 and 15 (TaB)ein F statistics of item 2.3. To compare thdistias of the
procedures, 1000 trials (replicas) are simulateghith situation.

To focus on specific cases, normal bivariate distions are considere@ase (1) with uniform correlations

in all treatments, evaluating increasing valuesnelg: 0.00 (independent), 0.11, 0.33, 0.44, 0.689 @&ndCase (2)
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78  heterogeneous correlations (different combinatfoms the above) according to replications (in ttase, blocks) of
79  each of the treatments.
80 In the first situation, to estimate the power of tlest (ability to detect differences) using theanse of
81 treatments (treated and paired, in Table 4), umifstandard deviation 4.5 for both treated and gaicempatible
82  covariances with stipulated correlations (Casesid 3, described in the previous paragraph) andifedects of
83  blocks (-10, -5, 5, 10) are used. In a second t&ituato estimate the rate of type | error (rejegtequalities, when
84  they exist), the treated and paired were equah@u#i= 130, B= 110, C= 120, D= 120, E= 120), effeofs
85  covariance and blocks, as in previous cases.
86 For each simulated trial, 1000 replicas of the amalyses are performed, described in items 2.13tovZith
87 TC (item 2.2) and F (item 2.3, Table 3) statistipsyalues were obtained the (probability of rejectiof no
88 difference between treated and paired). The simomastudy was performed in the computing environim@n
89  version 3.1.1 (R Development Core Team, 2014).d$ wsed in the R environment, besides the badidbdison
90 packages, the package “MASS” (Venables and Rif@69?2) to generate bivariate normal distributionsrisans of
91  the function “mvrnorm”. Further information on thee of the R environment can be found at MatloBfL(D).
92
93 3. RESULTS AND DISCUSSION
94 For one of the simulations of responses for sugagroduction (tons per hectare), the resultsdcbal
95 those presented in Table 4. Treatment A increasesnean response of 15.00 (torihareatment B decreases the
96 same 15.00 (ton. My C and D decrease 9.00 (ton’hand 10.50 (ton. h§ and E increases only 1.50 (ton*ha
97 thatis, a situation with different effects of thexnts is simulated to evaluate the power of the te
98
99  3.1. Simple analysis of variance per condition.

100 With this analysis, we observe among the treated tf€atment A shows the greatest response. Paired

101 control (P) are equal (p > 0.05) and the differan€E-P) show treatment A with the highest positiliterence,

102 differing from treatment E, which differed from eththree showing negative differences and are airtsame letter

103 o).



104  3.2. Analysis of the mean difference between treateand paired plots.

105 For a hypothesis test of difference (T-P) to beozeith the data of the example, we have: dif(F&®)
106 LSD(0)=| t x (Mean Square of Error/réff)|= | 2.1788 x (45.07/4%|=7.31.

107 Thus, the differences (T-P) can be accepted asfaetreatment E, positive for A (treatment in@ieg the
108 response) and negative for treatments B, C andré&tthents decreasing the response). This type alfysis
109 responds easily to the immediate interest of teeaecher. In addition, the block effect expliciitem 2.2 model can
110 be used to accommodate extra interference sourdegdthe assessment or management of the expetiment
111 conducting operations per blocks (practical intgres

112

113  3.3. Analysis of variance using the split-plot.

114 For this analysis, the plots of each pair (treaed paired) are considered experimental plots.t&Bscs,
115 calculated as shown in Table 2, indicates thatsigeificance of pairing x treatment interaction guairing per
116 treatment was evaluated (Table 5). Pairing in B §=0.7418) suggests the absence of effects ofréasment. For
117  the other treatments, values (p > F) suggeststeffafctreatments, although for treatment C, unli&D (0), the
118 value (p > F) is slightly higher than 0.05. Thesaas for these differences are discussed in itesnarl 3.4.

119

120 3.4. Comparison between statistics of items 2.2 ard3.

121 To summarize the simulation results, Tables 6 asHofv the means and standard deviations of p-values
122 TC (item 2.2) and F (item 2.3, Table 3) statistaswell as the frequencies of p-values that ex0e@%l (rejection of
123  no treatment effect).

124 In the case of differences (T-P), the power of e is similar for the two procedures, in all treants
125 (Table 6). In treatment E, with the smallest digfece (T-P), the difference increases with increpsiorrelation
126 between paired plots, in other words, the incredghis correlation makes detection of the painegtment effect
127 easier. The same fact also occurs for the othatmrents with greater difference (T-P), howeveis itot observed in
128 Table 6, because the power of the test proved teirhgally 100%. In the case of heterogeneous dawae, the

129 power of the tests was similar to that of the cimrare mean (or correlation). In summary, for abes, frequencies
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130 of hypothesis rejection of zero differences areilainin both procedures, TC (item 2.2) and F (it2r8, Table 3)
131  statistics. The presence of positive correlatiomvben paired plots may occur in practice, mainhptigh the spatial
132 proximity of adjacent plots, and it makes detectidithe paired treatment effect easier, mainhhé difference (T-
133 P)is smaller, which is desirable for the experitabstandpoint.

134 With respect to type | errors (Table 7), the twogadures are similar with means (M) of p-valuesado
135 expected (0.5) and the same occurs for rejectiequiency of the hypothesis of no difference betwaeans of
136 treated and paired plots (around 50 in 1000). Ttaedmrd deviations (SD) of p-values are similarttte two

137  statistics, in Tables 6 and 7.

138

139 4. CONCLUSION

140 The two procedures show similar performance foretveuation of experiments with paired plots: t)tast

141 to test whether, in each treatment, the meansicdgadifferences can be zero; or ii) an analysisasfance in which
142 treated and paired plots are considered in a gjalitmodel and the unfolding of the interaction fiatment is done.

143  with increasing correlation between paired pldis, jower of tests to detect differences actualigtieny increases.
144
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APPENDIX

Table 1 — Scheme of analysis of variance per cimmdit

Sources of variation Degrees of freedom (DF) MeamBares F Statistics
Block 3 MSB
Treatment 4 MSH MSH/MSError
Residual 12 MSError
Table 2 — Scheme of analysis of variance of sjit-model

Sources of variation DF Mean Squares F Statistics
Block 3 (1)MSB
Treatment 4 (2)MSH F1=(2)/(3)
Residual (a) 12 (3)MSEtrror (a)
General pairing 1 (4)MSPair F2=(4)/(6)
Paring x Treatment 4 (5)MS(Pair x Treat) F3=(5)/(6)
Residual (b) 15 (6)MSEtrror (b)
Table 3 — Scheme of analysis of variance of pagitets per treatment.

Sources of variation DF Mean Squares F Statistics

Paired-plots in D

(10) MSPairD

F2 D=(10)/(6)

Paired-plots in A 1 (7) MSPairA F2 A=(7)/(6)
Paired-plots in B 1 (8) MSPairB F2 B=(8)/(6)
Paired-plots in C 1 (9) MSPairC F2 C=(9)/(6)
1
1

Paired-plots in E

(11) MSPairE

F2 E=(11)/(6)

Table 4 — Means of simulation (ton:hainder five treatments in treated plots and pabatrol (4 replications).

TREATMENTS TREATED (T) PAIRED(P) DIFFERENCES
(T-P)
A 135.00a 120.00a 15.00a
B 112.75b 127.75a -15.00c
C 117.50b 126.50a -9.00c
D 115.25b 125.75a -10.50c
E 121.75ab 120.25a 1.50b
MSError 74.86 40.99 45.07




LSD

13.33

9.86

10.34

191 Note: same lowercase letters in each column, eécemtiments (p > 0.05, LSD).
192
193 Table 5 — Assessment of paired-plots per treatment.
Sources of variation | DF Mean Squares F Statistics p-value (p > F
Paired-plots in A 1 450.00 11.27 0.0043
Paired-plots in B 1 450.00 11.27 0.0043
Paired-plots in C 1 162.00 4.06 0.0623
Paired-plots in D 1 220.50 5.52 0.0329
Paired-plots in E 1 4.50 0.11 0.7418
Residual (b) 15 39.93
194
195
196 Table 6 — Means (M) and standard deviations (SDp-wfilues and frequencies of (p<0.05) with twoistias in
197 1,000 simulated replicas in each paired-plot degigiwer of test), for treatments in Table 4, usiogmal bivariate
198 with different correlations. Detail for Treatment E
TREATMENT TC Statistics (item 2.2) F Statistics (item 2.3)
M SD ‘ p <0.05 M SD p <0.05
Case 1 - COV_UNI_1 (cov = 0, correlation between pad plots=0.00)
E ‘ 0.3628 0.2976‘ 169 O.370d 0.30}L1 159
Case 1 - COV_UNI_2 (cov = 0.5, correlation betwegraired plots =0.11)
E ‘ 0.3568 | 0.2943‘ 173 ‘ 0.3554 0.29}L9 167
Case 1 - COV_UNI_3 (cov = 1.5, correlation betwegraired plots =0.33)
E ‘ 0.3028 | 0.2816‘ 204 0.328ﬂ 0.29&54 214
Case 1 - COV_UNI_4 (cov = 2, correlation between pad plots =0.44)
E ‘ 0.2996 0.2858‘ 223 ‘ 0.299( 0.28b4 220
Case 1 - COV_UNI_5 (cov = 3, correlation between pad plots =0.67)
E ‘ 0.1965 | 0.2337‘ 371 ‘ 0.217( 0.25l42 364
Case 1 - COV_UNI_6 (cov = 4, correlation between pad plots =0.89)
E ‘ 0.0435 0.0988‘ 795 ‘ 0.0384 0.08b1 821
Case 2 — heterogeneity of covariance within eachduk
E ‘ 0.2711 | 0.2672 229 ‘ 0.2844 0.27}32 222
199
Other Treatments: Cases 1 and 2.
TREATMENT TC Statistics (item 2.2) F Statistics (item 2.3)
M SD p <0.05 M SD p <0.05
A 0.0000 | 0.0000 1000 0.0000  0.0000 1000
B 0.0000 | 0.0000 1000 0.000p  0.0000 1000
C 0.0000 | 0.0000 1000 0.000p  0.0000 100d
D 0.0000 | 0.0000 1000 0.000p  0.0000 100d

200
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201 Table 7 — Means (M) and standard deviations (SDp-wélues and frequencies of (p<0.05) with twoistiat in
202 1,000 simulated replicas in each paired-plot wijbia@ means between treated and paired plots (tgpet of tests)
203  using normal bivariate.

COV_UNI 1 (cov = 0, correlation between paired plat =0)
TREATMENT TC Statistics (item 2.2) F Statistics (item 2.3)
M SD p <0.05 M SD p <0.05

A 0.4759 | 0.2856 51 0.4900Q 0.2890 46
B 0.4925 | 0.2888 56 0.4980Q 0.2919 50
C 0.5180 | 0.2847 46 0.4838 0.2844 41
D 0.5034 | 0.2809 42 0.482(Q 0.2931 52
E 0.4862 | 0.2910 46 0.5081 0.2895 55

COV_UNI 2 (cov = 0.5, correlation between paired pks =0.11)
A 0.4947 | 0.2770 44 0.4968 0.28591 53
B 0.4834 | 0.2844 59 0.5042 0.2836 50
C 0.5007 | 0.2887 43 0.4983 0.2889 50
D 0.4938 | 0.2882 52 0.4881 0.2953 51
E 0.4991 | 0.2929 51 0.5057 0.2814 41

COV_UNI_3 (cov = 1.5, correlation between paired pks =0.33)
A 0.5104 | 0.2923 52 0.5123 0.2940 50
B 0.4944 | 0.2895 48 0.5141 0.2846 37
C 0.5062 | 0.2893 56 0.509Q 0.2902 58
D 0.5029 | 0.2968 57 0.4930Q 0.2867 51
E 0.5012 | 0.2928 53 0.4936 0.2929 59

204
205 Table 7 — Continuation.
COV _UNI_4 (cov = 2, correlation between paired plat =0.44)
TREATMENT TC Statistics (item 2.2) F Statistics (item 2.3)
M SD p <0.05 M SD p <0.05

A 0.4872 | 0.2907 57 0.5052 0.2820 51
B 0.5062 | 0.2843 31 0.4998 0.2886 43
C 0.4847 | 0.2836 47 0.502% 0.2908 46
D 0.4990 | 0.2856 44 0.4984  0.2901 55
E 0.5177 | 0.2790 33 0.5039 0.2917 47

COV_UNI_5 (cov = 3, correlation between paired plat =0.67)
A 0.5029 | 0.2867 53 0.481% 0.2915 59
B 0.5141 | 0.2862 49 0.5114 0.2858 59
C 0.5036 | 0.2951 49 0.5048 0.2916 53




206

207

D 0.5086 | 0.2808 43 0.5024  0.2910 52
E 0.5069 | 0.2843 47 0.4781  0.2873 51
COV_UNI_6 (cov = 4, correlation between paired plat =0.89)
A 0.5005 | 0.2896 45 0.5005 0.2893 59
B 0.4893 | 0.2895 50 0.5016  0.2895 56
C 0.5062 | 0.2801 43 0.4942 0.2931 49
D 0.4889 | 0.2882 54 0.5049 0.2904 51
E 0.5076 | 0.2889 45 0.5030 0.2911 49
Case 2 — heterogeneity of covariance within eachdak
TREATMENT TC Statistics (item 2.2) F Statistics (item 2.3)

M SD p <0.05 M SD p <0.05
A 0.5182 | 0.2803 32 0.5124  0.2813 37
B 0.5071 | 0.2850 42 0.4926  0.2900 55
C 0.4910 | 0.2932 54 0.4711 0.2895 51
D 0.4815 | 0.2937 62 0.4600  0.2958 73
E 0.5337 | 0.2755 19 0.5301 0.2808 36

10



