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Basic biostatistical tests and their R codes
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Abstract Statistical analysis is important for many kinds of entomological research. Based on simulated data, this article
reviews 14 basic statistical tests frequently used in entomological studies and their corresponding R codes, emphasizing how to
choose the appropriate test for a given investigation and data type. These statistical tests include the sign test, Wilcoxon signed
rank test, t-test, Wilcoxon rank sum test, Kruskal-Wallis test, Nemenyi test, Tukey test, Friedman test, one-way analysis of
variance, and repeated measures analysis of variance, to compare means or medians, and the Chi-square test, Fisher’s exact test,
Spearman rank correlation test and Pearson correlation test, to analyze associations or correlations between variables. This
article provides a useful reference for entomologists with limited knowledge of biostatistics or the R language.
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WA R AR ) 2585 8, FimdES8gT
FEE L SES TR R DNEL ( Testing power ) %
fik (Wilcox, 2003). WK, TESHITHEIHI 1T,
N EESEGE T, DB TR A, AR X
BRSO MRS

FER WS, &% Sl B 5 DR
BIFHZRAL A A, | bE ARl Ricaniidae & HUY
I ASTERNE] | PERIRE BAATE2E R, X
FEE LSBT (RSS2 5F, 2020 ); BHE M
EiF Semiaphis heraclei & 7 i Bl #AE 1Y
A DORTT BT A E AT ( BTSSR,
2016 ); EAT G F IO R ARSI, Xt
W R B T CRRBE DS F1 g, 20135 2RIEAE,
2014 )o GEit o3 AT iE 2 Ml B AR S B
WG A R, SPSS, SAS %, H, R
BARBIFE . &S H RS % DRER TGN
PLa, ZRNBoRBZ P 5EE (Crawley, 2013 ),

AR SCHEFAE B IR B 1 A= 28 22 50 1
Mregss, DAR A5 sefl], F AR
ST 14 FeEE IR GE T ik SO R 1R F SE 8.
LRI T AT M AR R 2 () BRI A B s ) 2
RIS TG IS ST ik, SR St ok
R 155 5Ll 55 10 B e TARE S I R R 22 it 5t
2% 5T ER—r, THER TS (&
BER HBOHTIUA 4.0.3, M4k : hitps:/r-project.
org ), TEFHLAN 2248, 4TIFE 2o E LT Y &
[T “R Console”, H:AAFEFLEWRIG, iR 424 RN
a7, s T RBE IR SR A s, an
Risir L 2E, MESEANITHMN “R
Graphics” # HH /s, WG kT 1T
YME LA 53 A FAH DG 53 B 3k T IS 1) R

1 HELRBESH

XFREA | PRSI | A SCREAR |
ZA (ZABEA L) MST AR . 2 Gk
A5 FEIE AT BHE LT, B IE R A S
WG MAES RG] e X Tl 3 Ahiis
H, SRR A RERE DB —ERREA R

(H n 2 ), IR n K/, ARME AEEA K3

FHEWT ARG AR, BIREAS L A A e =
RFME FEXFREOLT, SEBCRHAES ST,
M, n BDBLZK, HFEAEE LR Sk
1534 A RS LA AR RS A, Rk
AU . S—WER, HIEEER, n 200N
Z>10 WAR n B, AR G B RR
( Central limit theorem ), FFEAS J 4 Wi 1) S AR AS
WA AL, HAEAT- % (Mean ) /)41
i EREE FIEZA 504G ( Sokal and Rohlf, 1995;

Zar, 2010 ), M FHZS ARG BEAT A HE BB
PN NEARE . B4, n Z KA B EBEKIE?

WA . B—MER, ANSRETEN
n>30 (ZFHFEFE, 2013), Y n BRANLHELR
BF, WERFFAIESA, #ICRHS ST, &
ny, R HAES ST X TRMREE (£
MPRSTREA . ZADHMRFEAR ), SBGIHEA %
H RFRER,, 165 TH A4

11 BEXR

AT b B e (i S5 Bl “parameterl”
(Bl 1), mizR R pyai# i 2R/ 5 60 mm
AR 2ER? Fon=14, T3 2K IESE,
IEZA Q-Q KR, ¥ 5 1IER 40 s ok ([
2 ), IEASTER B AN 52 TE 28341 ( Shapiro-Wilk
test: P=0.048) (&l 1), H, RAESESIT.
Al PS4 56 ( Sign test ), A7 5K 2 I
S 1) — AR IE 20 ( RIRGEGAER o 0.5), K 1
iR R, ZERWETAFEKYS 60 mm AR
25 (P=0.039 ), WrEEH] Wilcoxon 5kt
% ( Wilcoxon signed rank test ), & 1 45K EI~,
ZEAMEEAKYS 60 mm A E2ER (P=
0.005 ). Lb# 2 Ffsgm 4 R 2 &, Wilcoxon
T B g L A5 R g0 B T R e sk, R
FPAETEARAY P A,
mAERBHEARAEY TH n=66, 55
“parameter2” (&l 3), PIFEARK, R0
B 3, RPAd 5 0200 AT A i g, o mT B
KHSEGT: AR K25 (One sample t-
test ). &l 3 45 R B, 1% B B AY AT K 5 60 mm
AT 2T (1=10.09, P<0.001 ), {EHAH:HHE
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> #EWEEA RIBE—ATERE, BEEXHHREXE,

> #TFEEEISIER T ISR SRR T,

> #IEEREZNHSNER: setwd("D: /My Documents/...")
>

> #HRED, TEHESRAEBRE

> parameterl <- c(59, 60, 70, 75, 78, 79, 80, 59, 60, 62, 64, 72, 74, 175)
> parameterl #¥FBER

[1] 59 60 70 75 78 79 80 59 60 62 64 72 74 75

> ggnorm(parameterl) #IF7s Q-0

> qqline (parameterl, lty=2) #FRMEENHIFLEL

> shapiro.test (parameterl) #Shapiro-wilk IFZA#81E

Shapiro-Wilk normality test

data: parameterl
W = 0.87445, p-value = 0.04848

> diff <- parameterl - 60 #ilH®5 60 [4=£{H

> diff #ZEET

[1] -1 0 10 15 18 19 20 -1 0 2 4 12 14 15

> binom.test (2, 12) #{FS#%: ZK=01 2 M, <0l F 214

Exact binomial test

data: 2 and 12
number of successes = 2, number of trials = 12, p-value = 0.03857
alternative hypothesis: true probability of success is not equal to 0.5
95 percent confidence interval:
0.02086253 0.48413775
sample estimates:
probability of success
0.1666667
> binom.test (10, 12) #FSRE: >0 WEHF 104, 5L GSHNERER

> wilcox.test (parameterl, mu=60) #Wilcoxon fFESFIEE (FEEXK)
Wilcoxon signed rank test with continuity correction

data: parameterl
V = 75, p-value = 0.00532
alternative hypothesis: true location is not equal to 60

> wilcox.test (diff) #Wilcoxon HSHRYK (HE): 5L— M GONERMER
> wilcox.test(diff ~ 1) #Wilcoxon FSHKE (BHX): 51— 4SHERER

1 IEZ Q-Q E. Shapiro-Wilk IEAMHIE. FSHIEH Wilcoxon KKK HIEITHS

Fig. 1 R codes for normal Q-Q plot, Shapiro-Wilk normality test, sign test, and Wilcoxon signed rank test

80

FEASM1 %X Sample quantiles

60

75+

70 -

© 1 ]

-1 0 1
HB /%X Theoretical quantiles

B2 EEQQHE
Fig. 2 Normal Q-Q plot

FJE, BARFEFEAR KN T, il RS
it , M &R FU e T A R 002
Hr, HIES Q-Q BIAEAM:A I AF — T &
ARG O, AORUESE 45 0 58l 5 35
12 BWAMIIEER
A o L H O R % R A R s

“sex1” ([ 4), iz RAH#E B K ESA
PR 2R AR KN (n=7, n=8), Kk
SAMIESHILE X, HERHIESESIT:
Wilcoxon FLFIKEL: ( Wilcoxon rank sum test ),
THAEZERIE 4 WoR , 1% B BT R To e 22
5 (wW=36, P=0.397),
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One Sample t-test

data: parameter2

95 percent confidence interval:
66.68434 69.98232

sample estimates:

mean of x

> parameter2 <- read.delim("parameter2.txt") #¥{HZ, MIMBICHIEIEIRE

> parameter2[, 1] #AZTHAZEE, HKEHERET

[1] 59 60 70 75 78 79 80 59 60 62 64 72 74 75 57 60 62 64 65 66 67 68 68 69 69 70
[27] 72 72 73 73 73 74 78 57 58 64 65 66 77 81 58 59 68 70 70 75 76 56 60 62 63 64
[53] 64 64 65 67 68 69 71 71 72 73 74 77 79 80
> t.test(parameter2, mu=60) #HEFK t-RE

t = 10.093, df = 65, p-value = 6.164e-15
alternative hypothesis: true mean is not equal to 60

o |3 ][ =

68.33333
B3 SRR t-KRIEHNIETES
Fig. 3 R codes for one sample t-test
R =] 23

> sexl #EET
Male Female

1 59 57
2 60 58
3 70 64
4 75 65
5 178 66
6 79 77
7 80 81
8 NA 71
> wilcox.test(sex1[1:7, 1], sexl[, 2])

Wilcoxon rank sum exact test

data: sexl1[1:7, 1] and sexl[, 2]
W = 36, p-value = 0.3969

> sexl <- read.delim("sexl.txt") #HEWEIE

#Wilcoxon FEMIISE

alternative hypothesis: true location shift is not equal to 0

4  Wilcoxon Bk ARG HIIEITR S
Fig. 4 R codes for Wilcoxon rank sum test

PR AR 7TE n=33., n=34, 55
“sex2” ([ 5). B TR R ARIE K,
EERASHES . AR K% ( Two
samples t-test ). &l 5 25 W, %R B HTH
KAEMESZ %A 25 (=022, P=0.824 ), 5
U AE AT RUREAS R 30 22 0017, FHIEZ Q-Q K
FNESTER S & F — T BIR g o, LURIE
Gt a5 R T AR

1.3 WMHEXEE

A HEA R H— AR 22 | A i SR B
P& “forewingl” (&l 6), BIMZERWA . fHl
WK ERA 2R HHEARK/D (n=n=7),
Rz o A W IE S TR L, HEBERHIESHS
Tt AIERMF SR, HE, SR8

P, JeitBE I REARUE 2ZME, REHEEE
WM eES o fELLE. AL RE 6 WoR, %
BhmyZ . fRr# KIS (P=0.453 ), tA]
K H Wilcoxon £ 5 fkkrm:, 458K 6 Won, %
BhpyZ . fiRrdEMKITES (P=0.306 ),
mAREEAREY ZE ni=n,=33, 55
“forewing2” (& 7). MW THAREK, Al HEER
HZEG . AR K58 ( Paired samples
t-test ). & 7 BIPALERER, ERERNA. A
KA 25 (=114, P=0.263 ), 5 L&
PR AT FRAR L, BOXTREAS 46 00 2 5
AP FEAZUER 218, K5 T2 (E A R A8
5 0 EHeE (RPREAS -k ), AN ILAE
HATHCAEAS R 30 2 11, FHIEZS Q-Q BIAIIEZR
PR F — AR g, AORIESE T4
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R o |l@ | =
> sex2 <- read.delim("sex2.txt") #EINIIE
> sex2 <- t(sex2) #BURHMEHRABHE, AT HABTEH
> sex2 #EWET
[,11 1,21 ,31 [,41 .51 [,61 [,71 [.,8] [,9] [,10] [,11] [,12] [,13] [,14]
Male 59 60 70 75 78 79 80 59 60 62 64 72 74 75
Female 57 58 64 65 66 77 81 58 59 68 70 70 75 76
[,151 [,16] [,17] [,18] [,19] [,20] [,21] [,22] [,23] [,24] [,25] [,26]
68

Male 57 60 62 64 65 66 67 69 69 70

Female 56 60 62 63 64 64 64 65 67 68 69 71
[,271 [,28] [,29] [,30] [,31] [,32] [,33] [,34]

Male 72 72 73 73 73 74 78 NA

Female 71 72 73 74 77 79 80 80

> A TERNEROATEASARESH, WEEX c-RBHITETRT—#,
> IRARRTERBHEE

> var.test(sex2[1, 1:33], sex2[2, ]) #AFRBEEHLEFHEE

F test to compare two variances

data: sex2[1l, 1:33] and sex2[2, ]
F = 0.81043, num df = 32, denom df = 33, p-value = 0.554
alternative hypothesis: true ratio of variances is not equal to 1
95 percent confidence interval:
0.4032551 1.6349303
sample estimates:
ratio of variances
0.8104281

> #ERERTERE (F=0.81, P=0.554)
>

> #REA t-RE: ARBRIAFELRE, BB¥ var.equal=TRUE
> t.test(sex2[1, 1:33], sex2[2, ], var.equal=TRUE)

Two Sample t-test

data: sex2[1l, 1:33] and sex2[2, ]

t = 0.22286, df = 65, p-value = 0.8243

alternative hypothesis: true dif in means is not equal to 0
95 percent confidence interval:

-2.973117 3.719997

sample estimates:

mean of x mean of y

68.69697 68.32353

5 WEAR-KIEHIETHES
Fig. 5 R codes for two samples t-test

R o|l®| =

> forewingl <- read.delim("forewingl.txt") #iEENEHE

> forewingl #¥IFEEF
Individuals Left Right

1 1 59 57
2 2 60 58
3 3 70 69
4 4 75 70
5 5 78 81
6 6 79 77
7 7 80 81

> diff <- (forewingl[, 2] - forewingl[, 3]) #itEENEHEHE
> diff #ZEEET

[1] 2 2 1 5-3 2 -1

> binom.test (2, 7) #FSKK: <0 HWEEF 24

Exact binomial test

data: 2 and 7
number of successes = 2, number of trials = 7, p-value = 0.4531
alternative hypothesis: true probability of success is not equal to 0.5
95 percent confidence interval:
0.03669257 0.70957914
sample estimates:
probability of success
0.2857143
> #Wilcoxon FFSHIE NEE)
> wilcox.test(forewingl[, 2], forewingl[, 3], paired=TRUE)

Wilcoxon signed rank test with continuity correction
data: forewingl[, 2] and forewingl[, 3]

V = 20.5, p-value = 0.3061
alternative hypothesis: true location shift is not equal to 0

B 6 HFE#IEF Wilcoxon HEBKIHIETHS
Fig. 6 R codes for sign test and Wilcoxon signed rank test
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> forewing2 #WET

> forewing2 <- read.delim("forewing2.txt")
> forewing2 <- t(forewing2)

[,11 .21 [,

HRIER
HGRR B AR, RATHARTEME

31 [,41 [,51 [.6]1 [,7]1 [,8] [,91 [,10]
3

[,11] [,12] [,13]

Paired t-test

data: forewing2[2, ] and forewing2[3,
t = 1.139, df = 32, p-value = 0.2632

95 percent confidence interval:

-0.5733591 2.0279045

sample estimates:

mean of the differences
0.7272727

Individuals 1 2 4 5 6 7 8 9 10 11 12 13

Left 59 60 70 75 78 79 80 59 60 62 64 72 74

Right 57 58 64 65 66 77 81 58 59 68 70 70 75
[,14] [,15] [,16] [,17] [,18] [,19] [,20] [,21] [,22] [,23] [,24]

Individuals 14 15 16 17 18 19 20 21 22 23 24

Left 75 57 60 62 64 65 66 67 68 68 69

Right 76 56 60 62 63 64 64 64 65 67 68
[,25] [,26] [,27] [,28] [,29] [,30] [,31] [,32] [,33]

Individuals 25 26 27 28 29 30 31 32 33

Left 69 70 72 72 73 73 73 74 78

Right 69 71 71 72 73 74 77 79 80

> t.test(forewing2[2, ], forewing2[3, ], paired=TRUE) #ENHR t-%

1

alternative hypothesis: true difference in means is not equal to 0

B 7 EXMEARRENETES
Fig. 7 R codes for paired samples t-test

RS ST R
1.4 SANMITER

BTk, XFF 2 phar AR s A E LR,
WAl B H G (B E T 2207 One-way
analysis of variance ) MIAEZS %411 ( Kruskal-
Wallis #:56; : Kruskal-Wallis test ), BRI 2 24
BT ZEsR &N BT A LS 0, SR, i 45
ARy ARG R, B (R IR 2504 X 5 2550 BT i)
AR/ (Zar, 2010 ), [RIEF, BRI 200
WEER T 2550 (V& AS i 7 224055 ), (HAE4%
AR n M A B AR UG OL R, T A8 55X
7 225 s A R ( Zar, 2010 ), U1, Myers
Al Well (2003) EHGE, 4 n=5, KRKITEA
KF /N 2 e, TRV K 0.02( &
FEMARF: 0.05), KL, fEALELT, RYE
1 S50k 5 AR S B I W — A A R A
VERE . AEF AR 2 I, AR T A AR
Hon>10, AFECR AN Ry 2208, A0,
% 18R Kruskal-Wallis K5

B, BA 3 R AR AT K S

“species1” (&l 8 ), 12k al FifeH il < I 5 A7 i) 22

S WA, W2 MR Z A 225 BT REA
w/N (=7, n=7, n=8 ), I H L KM
Kruskal-Wallis #6565, €] 8 45 H o, 3 FpE LAY
KA 2R (*=11.35, P=0.003), A,
W B — L EM M L%, AT H Nemenyi K5
( Nemenyi test ), HZ5RER, YFh A F1¥Fh B
ZIEJES (P=0.739), ¥ A (P=0.004) F
YFh B (P=0.041) 5%fh C ZAlFA 25, W]
1 Wilcoxon FRAIAIAEPIPN Hedss, H 2 &
IKF o 75 A Bonferroni 7 4782, B o/m( m:
I URE; ABIF R 3 ). M8k, A MY
P LT, iS5 H AR,
WRREAEY 7 n=33, n,=33. n;=34,
SHE5E “species2” (K 9), HIFHAEK, W H
PR BN E 22001, THEERE 9 BoR, 3
bR A HTE R K AT 22 5% (F=36.12, P<0.001 ),
HE— AT Tukey #2550 ( Tukey test) EPHM EL
B, HEEREW, WF A MR B ZEIJCER
(P=0.565), ¥ A (P<0.001) FI¥FF B
(P<0.001) 5%ff C Z AR Wl H 4
ISPEPIN HLE , HA5 18 5 Tukey Krge—2( & 9),
W AT 2 55 AN I LU s, 1S % HAb %
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R (=]

library (PMCMR) #ifif] PMCMR BF

speciesl <- read.delim("speciesl.txt") #EEU¥IE
speciesl #¥IBBT

A B C

59 59 55

60 60 56

70 62 57

75 64 58

78 72 59

79 74 60

80 75 61

NA NA 57

A <- speciesl[1:7, 1] #EEWF A %iE

B <- speciesl[1:7, 2] #REUHh B KR

C <- speciesl[, 3] #EBUWF c ¥ig
kruskal.test(list(A, B, C)) #Kruskal-Wallis %

vVVvy

VVVVodouswNH

Kruskal-Wallis rank sum test

data: 1list(A, B, C)
Kruskal-Wallis chi-squared = 11.346, df = 2, p-value = 0.003438

> posthoc.kruskal.nemenyi.test(list(A, B, C)) #Nemenyi %

Pairwise comparisons using Tukey and Kramer (Nemenyi) test
with Tukey-Dist approximation for independent samples

data: list(A, B, C)
1 2

2 0.7392 -
3 0.0041 0.0408

E 8 Kruskal-Wallis #23&%0 Nemenyi #IERiZ1TaH <
Fig. 8 R codes for Kruskal-Wallis test and Nemenyi test

> species2 <- read.delim("species2.txt") #EE¥IE
> names (species2) #BRIIMER, TREBEH

[1] "Species™ "Parameter"

> species2[1:33, 2] #B YA KE

[27] 73 73 73 74 74 75 78
> species2[34:66, 2] #ER¥F B &iE

[27] 73 76 77 77 79 80 81
> species2[67:100, 2] #BR¥H c #iE

[27] 60 60 61 61 61 62 62 62

> summary (aov (Parameter~Species, data=species2)) #F7ENHE
Df Sum Sq Mean Sq F value Pr (>F)

Species 2 2314 1157 36.12 1.89e-12 ***

Residuals 97 3106 32

Signif. codes: 0 ‘***’ (0.001 ‘**’ 0.01 ‘*’ 0.05 *.” 0.1 * " 1
> TukeyHSD (aov (Parameter~Species, data=species2)) #Tukey#¥
Tukey multiple comparisons of means
95% family-wise confidence level

Fit: aov(formula = Parameter ~ Species, data = species2)
$Species
diff lwr upr p adj
B-A -1.424242 -4.740263 1.891778 0.564644
C-A -10.792335 -14.083883 -7.500788 0.000000
C-B -9.368093 -12.659640 -6.076545 0.000000
> pairwise.t.test(species2[, 2], species2[, 1]) #EWLE t-RE
Pairwise comparisons using t tests with pooled SD
data: species2[, 2] and species2[, 1]
A B
B 0.31 -
C 2.1e-11 1.9e-09

P value adjustment method: holm
> fligner.test (Parameter~Species, data=species2) #Fligner-Killeen&ﬁ

Fligner-Killeen test of homogeneity of variances

data: Parameter by Species
Fligner-Killeen:med chi-squared = 21.251, df = 2, p-value = 2.429e-05

R o = =3

[1] 59 60 70 75 78 79 80 57 59 60 60 62 64 65 66 66 67 68 68 68 69 69 70 72 72 72
[1] 59 60 62 64 72 74 75 56 57 58 58 62 62 63 64 64 64 64 65 65 67 68 70 70 71 71

[1] 55 56 57 58 59 60 61 57 54 54 55 56 56 56 56 57 57 57 57 58 58 58 59 59 59 59

B9 BERFESM. Tukey I, AMILE t-HIEFN Fligner-Killeen 416 HY
Fig. 9 R codes for one-way analysis of variance, Tukey test, pairwise t-test, and Fligner-Killeen test

—gp—

Z1T

DA
e
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Ko SREVEIAESA T R Iy 20 M 2w, HIE
A Q-Q KIHNESMA KA A — T Bl 531 1s
#t, FH Fligner-Killeen ¥ % ( Fligner-Killeen test )
ET—TFOEFIERY (1 9), BURIESS 2
JH ST SRR

15 S HEXER

2 A FH A A H A w2 ik BE AL X 2
( Randomized block design) o &l &
( Repeated measures design ) SEER 13RS 1 -
X T S B SAE LT, T B SR
REAESEge i, K, EE W& 7 200
( Repeated measures analysis of variance ) i /& i
WSS % (Zar, 2010), S5HHE N
220 T —FE, B &y 2250 Hr i o &8 B
IERA AT 25510, Ji4h, EEWE 25007
WELRE A XFRYE (Compound symmetry ), R
AEART A B 22 ] A DG RR BEAR A, 525 X R
575 25 G FREIE ( Sphericity ). X TAFFE
BROE 25 A A | AT SE R RE 1 R AE T 22

ISR (Zar, 2010 ), {H— A 235 m
JEEEE . MIEAL, EREE AN, i
n>10, FIERHASHSGI, &0, % ERAIE
E G h

ARFTEA, 4 R ZHR ARG 22 . AT
e FEH 4 A, A B R R — MR 4
A3 Y B “fourwingl” (& 10 ), k[
ZE R 4 BN A TR AR, Rk
W 2 (B 22 57 Ni=nN=n;=n,=7, FEARE /],
HPCKHAES ST . Friedman #:4%; ( Friedman
test ), Z5HE 10 Bon, R AL 4 NBEJE K
HER (=16.89, P=0.001), #]Jf] Nemenyi ¥
Wit —AEM W e, HEEREIR, £, fErd
ZIE (P=0.997) 1. fifa#ZlE] (P=0.997)
JoES, AR LE# (P=0.036) it )53
(P=0.020) Z M8, UKAHMHBE LEFH
(P=0.020) FIf /¥ (P=0.010) Z[a)H 25,
0] AT SR 50 B Wilcoxon 55 Bk 56/ 4 95
FeA, B 22 MK S F Bonferroni J5 B AT IR 2%
WA IR LTI, TE S HALORL,

R
> library (PMCMR) #ifif PMCMR BF &

> fourwingl #BER

1 1 59 60
2 2 60 59
3 3 70 68
4 4 75 76
5 5 78 79
6 6 79 78
7 7 80 82

> fourwingl <- read.delim("fourwingl.txt") #EEEIR

Individuals Fore.Left Fore.Right Hind.Left Hind.Right

o |[&@ |2

46 47
44 45
50 48
49 47
45 44
51 50
43 44

> fourwingl <- as.matrix(fourwingl[, 2:5]) ##IREHEL
> friedman.test (fourwingl) #Friedman %

Friedman rank sum test

data: fourwingl
Friedman chi-squared = 16.886, df = 3, p-value = 0.000746

> posthoc.friedman.nemenyi.test (fourwingl) #Nemenyi 4%

Pairwise comparisons using Nemenyi multiple comparison test
with q approximation for unreplicated blocked data
data: fourwingl
Fore.Left Fore.Right Hind.Left
Fore.Right 0.997 - -

Hind.Left 0.036 0.020 -
Hind.Right 0.020 0.010 0.997

P value adjustment method: none

B 10 Friedman #3&%0 Nemenyi I HIIEITR S
Fig. 10 R codes for Friedman test and Nemenyi test
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WA FEAR Y FEH] ni=n=ns=n,=15, 134k
P& “fourwing2” (K 11). A% ERHEEZ N &

FEMT, HERK 11 B, ZE4& 4 N
HEKA 2R (F=67.62, P<0.001), #F—4m1]

R ;:uj'iE]!SZ\

> fourwing2 <- read.delim("fourwing2.txt") #HEIEIE

> fourwing2 #¥IEETF
Individuals Fore.Left Fore.Right Hind.Left Hind.Right

1 1 59 60 56 57
2 2 60 59 54 55
3 3 70 68 59 58
4 4 75 72 59 57
5 5 78 75 55 54
6 6 79 74 61 60
7 7 80 78 55 54
8 8 79 77 59 56
9 9 78 77 57 55
10 10 70 73 60 61
11 11 76 78 62 60
12 12 63 65 55 54
13 13 66 67 56 57
14 14 72 69 56 55
15 15 71 72 61 62

> new.fourwing2 <- stack(fourwing2[, 2:5]) #GIBHEIRIE, SSFKNBERI
> colnames (new.fourwing2) <- c("Parameter", "Wing") #3¥IBENTIRT &R
> Individuals <- rep(1:15, 4) #BIBAMATR
> Individuals #¥IBETR

[1] 1 2 3 4 5 6 7 8 9101112131415 1 2 3 4
[27] 12 131415 1 2 3 4 5 6 7 8 910 11 12 13 14 15
[53] 8 9 10 11 12 13 14 15
> Individuals <- as.factor(Individuals) #RHEF
> new.fourwing2<- cbind(new.fourwing2, Individuals) #FEH, HHEBESS=73
> summary (aov (Parameter~Wing+Error (Individuals), data=new.fourwing2)) #FENTR

5 6 7 8 91011
1 2 3 45 6 7

Error: Individuals
Df Sum Sq Mean Sq F value Pr (>F)
Residuals 14 812.8 58.06

Error: Within

Df Sum Sq Mean Sq F value Pr (>F)
Wing 3 2948.1 982.7 67.62 4.0le-16 ***
Residuals 42 610.4 14.5

Signif. codes: 0 ‘***’/ (0,001 ‘**’ 0.01 ‘*’ 0.05 '.” 0.1 '’ 1

> Wing <- as.factor(new.fourwing2[, 2]) #RIREEHEHER

> Parameter <- (new.fourwing2[, 1]) #EI¥HE

> pairwise.t.test(Parameter, Wing, paired=TRUE) #FEHEILLEERY t-RE

Pairwise comparisons using paired t tests
data: Parameter and Wing

Fore.Left Fore.Right Hind.Left
Fore.Right 0.21 - -
Hind.Left 3.2e-06 1.0e-06 -
Hind.Right 7.0e-06 3.2e-06 0.15

P value adjustment method: holm

> fourwing2 <- as.matrix(fourwing2) #¥IBIEREL
> mlmfit <- lm(fourwing2~1) #ZTLLMER

> mauchly.test (mlmfit, X=~1) #Mauchly RRXKLE

Mauchly's test of sphericity
Contrasts orthogonal to
~1

data: SSD matrix from lm(formula = fourwing2 ~ 1)
W = 0.0071345, p-value = 1.083e-09

> library(nlme) #i§f nlme BFH
> HRMRAMNHEE

> summary (model <- lme (Parameter~Wing, random=~1|Individuals, data=new.fourwing2?))

B 11l EEENEFESN. WAELREIMNER 438, Mauchly LR EHMNERNIEITHS
Fig. 11 R codes for repeated measures analysis of variance, pairwise paired samples t-test,
Mauchly’s test, and linear mixed effects model
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FHECWFEA R E PR L g, 25 R, 2.
A Z [E](P=0.21 )/ A JF#Z [H( P=0.15)
Tz, AHBHS R (P<0.001) Aty Jm#
( P<0.001 ) Z & . VA RAAr# S &5 3
(P<0.001) FIf7)53# (P<0.001) ZIAIA 25,
WA NP EL A, S5 HALGOR, 5
FUAE WA AT BRI 7 22 0 i 2w, HIERS
Q-Q BIANEASMER S &F — T B /- g o,
A Mauchly K% ( Mauchly’s test ) i — T BKIE
M (1), DRSS TH45 58 SE ] S 30

X T2 HHOCAR J I LU o B, RRIR
A3 W 55 8 ( Linear mixed effects model ) th-2—
AR (K11 ),

2 MXtESH
SUN PR J 2 ) O RS HE ST, (43

A3 SR 22 () G A 34 2728 B 2 8] A AR S
I3 o XTI S AR 2 B A b, R
I ELANEA TR

21 SRTE

P38 7 w22 [ A e (Somtosr i )
Bl 5 & R 7 K256 Chi-square test )R SR
Blan, H 3 AAHRF (X, Y. Z) 49mER 50
HE U5 AR BdE “countl” (& 12), kAl 3
Fofr 2% 0 2R USR5 — 3, 5 AR BRI RR 2
MEACT-FRAILLR? SRR, 3 FhdH
IR AU A —3 (¢*=16.67, P<0.001),

TEERMNE, YA RS A
I, ARAE B AT R 2x2 22 DA BRITHS (14 54
<20, SHEAEM—AHITHs I IIEEE<S, K
FEAR R AN, RO K g6 A A SRk

> countl #¥IBER
X Y 2z
Died 40 30 20
Survived 10 20 30
> chisq.test (countl) #FKHFTRE

Pearson's Chi-squared test

data: countl

> count2 #EIBET

X Control
Died 8 1
Survived 42 49

[1] 4.5

> countl <- matrix(c(40, 10, 30, 20, 20, 30), nrow=2) #WA¥IR
> rownames (countl) <- c("Died", "Survived") #XfTIRFRFK
> colnames (countl) <- c("X", "Y", "z") #XFBETFEK

X-squared = 16.667, df = 2, p-value = 0.0002404
> count2 <- matrix(c(8, 42, 1, 49), nrow=2) #WASIE

> rownames (count2) <- c("Died", "Survived") #XTRTHIK
> colnames (count2) <- c("X", "Control") #3FIRTEZFK

> (8+42)* (8+1)/(8+42+1+49) #B5Tik X*Died HYHAE{E

> (8+42) * (42+49) / (8+42+1+49) #H 5Tk X*Survived FIRAE{E

[1] 45.5

> (1+449) * (8+1) / (8+42+1+49) #H5EH% Control*Died RYKAE{E

[1] 4.5

> (1+449)* (42+449) / (8+42+1+49) #HITHE Control*Survived FYHAE{E
[1] 45.5

> fisher.test(count2) #Fisher JEHKE
Fisher's Exact Test for Count Data

data: count2
p-value = 0.03086
alternative hypothesis: true odds ratio is not equal to 1
95 percent confidence interval:
1.150323 421.521088
sample estimates:
odds ratio
9.165817

B 12 *AHIH Fisher BHIRWHIIEITHS
Fig. 12 R codes for Chi-square test and Fisher’s exact test
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A=K T 504, LRI A A,
X 2% ) Fisher 5 5 £ 46:( Fisher’s exact test ).
fan, HARF X FEKX R (Control ) 43
M2 50 K HUS BAFTEEEE “count2” (& 12),
ANZAR AR AR AR 2 R B3 e,
A PIAFATTAR BT R (E<5( 18] 12), W R JH Fisher
FErhke g, HE5 R ER, 124 B4 I AR
R (P=0.031),

EETE

A A T2 7 e 2 [R] A 28 1 R DG Ao B T R
HZ%4:11 (Bl Pearson AH2¢43#fr: Pearson’s
correlation test) FIEHAES G (& WAYE
Spearman FiAHKCEY, Spearman Z5ZAHEA3HT
Spearman’s rank correlation test ), 5 L
HrAHALL, Pearson AHIC/MHT 2K B S AU 12 1
/04i ( Bivariate normal distribution ), $X 71, 7E

2.2

SEBRIFFE Y, ANFFE RS 5 1E A5 A0 I T 2
o YIS A OCHE AN TRET , BE AR IR
ZiTRig A e N (E DS 1 S5 6 20 A €711
JEIE A A 2SR ( Zar, 2010 ), HRAE
20, EHEEAEDL, Y n<10 B, ATCHTR
M FEAEIE AW SR G o3 AR, B BCR A
Spearman FRAHIC /AT 24 n>10 BF, GI2REA A]
T EE R 2 MR O R B BRE, RIS 00 i
BOMA T mE, a2 &R Pearson #HC43
B, WSRAFTEXRERIEUE, 58 R Spearman
FRAHIE 3T <

A SRR AUE 5 AORRRERSEE M R &
HCREE “rate” (K& 13), RAZEBHERE
R 5RO S S O B RE AR D
(n=5), HCRH Spearman FEAH /1. 5%
HWAE BT, e B KA R — F AR
AIARSCTE DL (18 14). 18 13 2R o8, ZE

> rate <- read.delim("rate.txt") #ENIKE

> rate #BEET

Temperature Development.Rat:
19

22

25

Ra

0

0

0

28 0
0

uswWwNE
SUubsWwN o

31 .
> Temperature <- rate[, 1] #RBUBENKIE

> Rate <- rate[, 2] #HERREFERKIRE
> plot(Temperature, Rate) #EUSE

Spearman's rank correlation rho

data: Temperature and Rate
S = 4.4409e-15, p-value = 0.01667

sample estimates:
rho
1

> cor.test (Temperature, Rate, method="spearm") #Spearman F4fx%

alternative hypothesis: true rho is not equal to 0

B 13 #AE#0 Spearman BiBE S THEITHS
Fig. 13 R codes for scatter plot and Spearman’s rank correlation test

0.7} 0 45 .
o
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~ =] oo
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fr 0.4} 0 o °
& F 30 o
0.3 o
L o
° 1 1 1 1 1 2.5 q ° 1 1 1
20 22 24 26 28 30 5 10 15 20
15 Temperature [&Tf & Precipitation
B 14 #HaE

Fig. 14 Scatter plots
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XA WA G Tk ML R

A=A

sl + 231 -

Wk B A5 IR B R 2 IEARDC (r>0.99, P=
0.017 ),

PUAT B by B B R R R A RN R A 18
R R EHE “population” (& 15), iR
HOFP BT 5 R T R A AH DG Bl I R i

A EE T DU R 2 A O R 5L (1B 14), B
HABAHE L XA 8 1E 2434 ( Shapiro-Wilk test:
P=0.097) (&l 15), #CRH Pearson #HIE53 4T,
Bl 15 g5 Eon, B UM ESIC S R A G
(r=0.94, P<0.001),

> population <- t(population)
> population #EIEET
[,1]

[.21 I,3]

> mshapiro. test (population)
Shapiro-Wilk normality test

data: 2
W = 0.91296, p-value = 0.09702

> cor.test (Precipitation, Population)

data: Precipitation and Population
alternative hypothesis:
95 percent confidence interval:
0.8542301 0.9794444
sample estimates:

cor
0.9444427

> population <- read.delim("population.txt"”)

> HEREREHE bEHE, ESTEESHFREEREEZDGHE=S]

Sqrt.Precipitation 19.68 19.21 17.52 17.18 16.46 16.31 13.6 12.92 12.92 12.92

Log.Population 4.33 4.44 4.11 3.79 3.77 3.98 3.7 3.63 3.69 3.61
[,11] [,12] [,13] [,14] [,15] [,16]1 [,17] [,18]

Sqrt.Precipitation 12.88 12.08 11.83 11.24 10.72 8.19 4.90 4.80

Log.Population 3.40 3.56 3.27 2.96 2.60 2.42 2.38 2.35

> Precipitation <- population[l, ] #RENFEREHIE

> Population <- population[2, 1 #IEEUFhEEEIE

> plot(Precipitation, Population) #&(aHE

> library (mvnormtest) #HAZTBREISHTRBEFS

#Shapiro-Wilk ZEBIFEIHHRE

Pearson's product-moment correlation

t = 11.494, df = 16, p-value = 3.831le-09
true correlation is not equal to 0

HERIRE

[.41 I,51 [,61 [,71 [,8] [,91 [,10]

#Pearson fH3%

15 Shapiro-Wilk £ T2 IERS I F Pearson XS HHEBITH S
Fig. 15 R codes for Shapiro-Wilk multivariate normality test and Pearson’s correlation test

3 itig
H.

ARICRLET 14 Fprw A sk, B
PRALHE P 5 T N 25« AR IEAIE 5T )2 (] BURI AR AR
s iy BAR TS TR A 18 STk X eege it
Jrk R T4, MEMEYMSITE R EF
FERNHESS ) B e TAER ML S % XS gi iy
AT T YA B AT AR S E AT, B AR R
Sy MTrE R ST rh e Y CRBH 5 RS
2013; ZRVPRAE, 2014 ), (H X2 n)E— A
W R SRGT S EAES ST, X e A
SCEA AN BT — > FE R KGR
K R asFTar A #R AT LRI Z 2% ( Optional

arguments ), FFERURBIAEPREAL . 2K
SRR R AN, B T DGl R AN SR
K pRECETIN 2" BiE “help()”, KB RIZLIT
K 56 vl DLk B2 S 5, b dn “2cortest” |

“help(t.test) "o Bl R A BA R, TEFK
ZH| 7Ok Z e, mREEE 2% R
W5, (The R Book ) hi&—MMEAFHYZ % Gk}
( Crawley, 2013 ),

A, #xF R EHE , S8 REIES S
SGTERRR AR AR, FUER NS Sk
AR B T E S, IR 5 DR 5
i, WIAESRFARVFEN T, RaTaeRHSE
it i St R IR RS 2 7540 A ( Wileox,
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2003; Zar, 2010 ). it =R A kKBS HGET
SRR, PR EE T S ET R AR, g
B AT 2655055, (AAESE BRI kR
BIASEAS 56 42 L S SE R4 25 1, TEAR Z g1t
RCRA S PT LAESZ 1), HA 7™ i X LU i 42
&M, SRS RA A FEREE, A RHAES
#giit (Zar, 2010), ST, A RARMES € S
BH i FAES G T BRI — A A & A ik
£, ASCH R R AR AR T AR g e
W, HA—E#BE IR, BTG EEE R R
AR ) RS B T AR 5 A e

FERFERFRC Y, 2R AT Redb Y KFEAS &
BIRASCEA A AT AR A5 A A50RT 56 1 5 R A
i, (R KRR SIS BRI Z
—o D3O, TEGEH A HTET, DOZEEINT R RS A
SEEERTE L . S0 BRI 5 46 K 2 808UE
Fb A SR AR R SR N B, B kR
JEE AT G AR o SR S S B
TWES G AT A B E RN 22—, X5t
gERA AR K (Zar, 2010), i, —4
SR ESE T BE SR MR Pearson FHC R AL,
M%) Spearman FRAHIC R B/ o A
PN, BMEEEEA E S SR &,
AL AR S5, s 2RI T
BA S AR A IE OL T 52 Hh 1Y o il R A A 4l 2
A TR R W, XWRESCh 2R
W, TEGI R e AR ES Q-Q EIMEE
PSR o S (AT RS SR AR DR I Y, X
P FEF, SR EWAT R ERR, XN
& AR e Bk AR S5 S T
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