Larval growth rate is not a major determinant of adult wing shape and eyespot size in the seasonally polyphenic butterfly Melanitis leda
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Appendix 3.
Results of analyses on adult body size and larval development time.

Pupal mass is a good predictor of wing area of the adult within a treatment and sex combination (Figure A3.1., Table A3.1). 
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Figure A3.1. Relationship between pupal mass and wing area by temperature treatment for females and male M. leda from the Ghanaian population. Statistical results are in Table A3.1.

Table A3.1. Results of mixed model representing Figure A3.1. with as dependent variable wing area index and predictors, pupal mass, rearing temperature and sex. 

Type III Analysis of Variance Table with Satterthwaite's method
            		Sos         	MS       NumDF  	DenDF 	F-value	 P-value    
Pupal mass  	0.0112	0.0112     1  	334.51  	797	< 0.001  
Temperature	0.0027	0.0007     4  	 35.26   	47.5 	< 0.001   
Sex         		0.0037	0.0037     1  	352.04  	260	< 0.001  
Temp:sex    	0.0004	0.0001     4  	349.84    	7.45 	< 0.001  



Wing area tends to be larger when larvae are reared at lower temperatures and on plants on which they grow faster (Figure A3.2). 
[image: A diagram of a diagram of a temperature

Description automatically generated with medium confidence]
Figure A3.2. Provisional reaction norms of M. leda wing area for a) the Temperature Experiment,  b) the Temperature and Humidity Experiment, and c) the Host-Plant Experiment. Violin plots represent mirrored density functions illustrating the distribution of eyespot size within each treatment. For a, the average of eyespot size within each treatment is connected with a line. For 3c, only plants with N > 7 were included and plants were sorted from low to high larval growth rate. No true dry-season form butterflies were produced in the Host-Plant Experiment so the y-axis was truncated. Plant species are: C. f. = Cymbopogon flexuosus (Nees ex St.) Watson, E. unid = Unidentified like Eleusine, P. p. = Pennisetum polystachion (L.) Schult., O. c. = Oplismenus compositus (L.), P. s.= Paspalum scrobiculatum L., M. r.= Melinis repens (Willd.) Zizka, Z. m. y = Zea mays L. seedlings, S. b. = Setaria barbata (Lam.) Kunth, R. c. = Rottboellia cochinchinensis (Lour.) Clayton, E. i. = Eleusine indica (L.) Gaertn.

Wings tended to be more falcate in larger butterflies (Figure A3.3).
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Figure A3.3. Relationship between wing area and wing shape for a) the Temperature Experiment, b) the Temperature and Humidity Experiment, and c) the Host-Plant Experiment. For A3.3c only plants with N >7 were included and plants were sorted from small to large average eyespot size.



Including wing area as a predictor in the models with as dependent variable relative eyespot size and wing shape may cause problems due to collinearity with temperature. Moreover wing area is closely correlated with pupal mass which is part of the growth rate parameter and both eyespot size and wing shape parameters are calculated with the use of wing area. When wing area is excluded in these models the significance of growth rate is often reduced (Table A3.2).

A3.2. Results of mixed models (Type III Analysis of Variance Table with Satterthwaite's method) of effects of growth rate and other predictors (but not wing area) on the square root of relative eyespot size and the wing shape index with a) full models, and b) models selected based on AICc values. For eyespots in the Temperature experiment, the sleeve random effect explained no variation and was excluded from the model (linear regression). Temp = temperature treatment (categorical), SoS = sum of squares, MS = mean squares, NumDF = degrees of freedom of numerator, DenDF = degrees of freedom of denumerator, Models = number of models in the top five that included the predictor. 
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Differences in growth rate between temperature treatments are mainly due to differences in development time, as at low temperature (19 °C) the development time is almost three time compared to that at high temperature (31 °C), while pupal mass is about one third higher when caterpillars are reared at lower temperatures (Figure A3.4. In contrast, within treatments, most of the variation in growth rate is caused by variation in pupal mass, while development-time variation within treatments is modest compared to among treatment variation, especially at higher temperatures (Figure A3.4.). 
Across treatments, higher pupal mass is associated with longer development time, but within treatments, higher pupal mass is generally associated with shorter development time (Figure A3.4.). The relationship across treatments may be interpreted as dry-season-forms having larger body size as well as with the temperature size rule aka ‘hotter is smaller’. The pattern within treatments is somewhat reminiscent of an L-shaped reaction norm where some individuals manage to grow quickly and become large, while others are growing slowly and remain small (aka as ‘stragglers’). 
a)
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Figure A3.4. Reaction norms for age and size at maturity per treatment in the Temperature Experiment where the shade of points indicates a) eyespot size or b) wing shape indices. 


Even though the figures with growth rates within the main text show relationships between growth rate and wing phenotype, this is not obvious when wing phenotype is plotted in relationship to both development time and pupal mass (Figure A3.5). Nevertheless, the statistical results show that both larval development time and pupal mass and their interaction tend to predict wing phenotype in M. leda (Table A3.2, with model selection details in Table A3.3). 
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Figure A3.5. Reaction norms for age and size at maturity per treatment in the Temperature Experiment where the shade of points indicates a) eyespot size or b) wing shape indices and their averages are indicated by the shade of tiles.

Table A3.3. Results of mixed models with as dependent variable square root relative eyespot size or square root relative wing tip size (wing shape) and as predictors, larval development time (devt time), pupal mass (mass), rearing temperature (temp) and sex, with a) full model results, and b) AICc selected model results.
a)
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Table A3.4. Results of mixed models sorted by AICc values with larval development time and pupal mass as predictors of eyespot size and wing shape.
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[image: ]Table A3.4. continued
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a) Full models
Square root relative eyespot size
Temperature Experiment. N =364, sleeves = 44

SoS MS NumDF DenDF F-value P-value

‘Wing shape
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b) Selected models

Square root relative eyespot size Wing shape

Temperature Experiment, N = 364, sleeves = 44 excluded

delta = 6.0 ModelsSoS MS NumDFDenDFF-valueP-value Models SoS MS NumDF DenDF F-valueP-value

growth rate 30.003 0.003 1 358 3.3306 0.069 4 0.002 0.002 1 299.5 7.1

0.008

temp 50.526 0.132 4 358 174.26

<0.001

5 0.105 0.026 4 39.7 76.2

<0.001

sex 3 2 0.092 0.092 1 348.4 266.9

<0.001

temp:sex 1 1

growth rate:sex 0 2 0.004 0.004 1 346.7 10.3

0.001

Temperature and Humidity Experiment, N = 82, sleeves = 18

growth rate 50.060 0.060 1 32.8 40.26

<0.001

5 0.043 0.043 1 30.3 67.6

<0.001

temp 2 2

humidity 3 3

sex 0 0

Temp:sex 1 1

growth rate:sex 0 0

Host plant Experiment, N = 260, sleeves = 93

growth rate 30.023 0.023 1 162.2 36.63

<0.001

4 0.021 0.021 1 158.1 54.9

<0.001

plant 0 1

sex 30.026 0.026 1 238.6 41.18

<0.001

4 0.050 0.050 1 240.3 131.3

<0.001

growth rate:sex 10.003 0.003 1 247.9 4.53

0.034

2 0.003 0.003 1 247.9 6.53

0.011
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Square root relative eyespot size Wing shape

Temperature Experiment, Ghanaian population, N = 364, sleeves = 44

SoS MS NumDF DenDF F-value P-value SoS MS NumDF DenDF F-value P-value

devt time 0.008 0.008 1 351 11.03

0.001

devt time 0.004 0.004 1 343.91 14.08

0.000

mass 0.004 0.004 1 351 5.58

0.019

mass 0.002 0.002 1 331.58 6.26

0.013

temp 0.329 0.082 4 351 117.44

<0.001

temp 0.093 0.023 4 45.62 84.52

<0.001

sex 0.003 0.003 1 351 4.54

0.034

sex 0.083 0.083 1 347.73 302.91

<0.001

devt time:mass 0.002 0.002 1 351 2.66 0.104 devt time:mass 0.000 0.000 1 332.34 0.01 0.907

temp:sex 0.009 0.002 4 351 3.08

0.016

temp:sex 0.004 0.001 4 340.08 3.90

0.004

Temperature and Humidity Experiment, Indian population, N = 82, sleeves = 18

devt time 0.000 0.000 1 70.654 0.00 0.990 devt time 0.000 0.000 1 70.56 0.92 0.340

mass 0.000 0.000 1 70.833 0.01 0.931 mass 0.000 0.000 1 70.782 0.51 0.476

temp 0.005 0.002 3 23.354 1.04 0.394 temp 0.001 0.000 3 21.889 0.40 0.754

humidity 0.000 0.000 1 25.632 0.00 0.950 humidity 0.000 0.000 1 23.847 0.03 0.855

sex 0.000 0.000 1 66.402 0.33 0.567 sex 0.002 0.002 1 65.767 4.10

0.047

devt time:mass 0.000 0.000 1 70.991 0.33 0.566 devt time:mass 0.000 0.000 1 70.998 0.01 0.927

temp:sex 0.003 0.001 3 67.518 0.69 0.561 temp:sex 0.000 0.000 3 66.993 0.09 0.965

Host Plant Experiment, Indian population, N = 260, sleeves = 93

devt time 0.000 0.000 1 241.17 0.69 0.408 devt time 0.001 0.001 1 236.567 2.36 0.126

mass 0.001 0.001 1 242.22 1.34 0.248 mass 0.000 0.000 1 236.779 1.14 0.286

plant 0.017 0.001 16 81.53 1.65 0.073 plant 0.016 0.001 16 68.528 2.84

0.001

sex 0.030 0.030 1 228.81 48.19

0.000

sex 0.038 0.038 1 224.756 107.99

<0.001

devt time:mass 0.001 0.001 1 241.2 2.15 0.144 devt time:mass 0.000 0.000 1 236.346 0.10 0.750
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Square root relative eyespot size Wing shape

Temperature Experiment, Ghanaian population, N = 364, sleeves = 44

Models SoS MS NumDFDenDF F-value P-value Models SoS MS NumDF DenDF F-value P-value

devt time 5 0.008 0.008 1 351 11.03

0.001

devt time 4 0.017 0.017 1 301.75 61.33

<0.001

mass 4 0.004 0.004 1 351 5.58

0.019

mass 5 0.021 0.021 1 333.5 72.73

<0.001

temp 5 0.329 0.082 4 351 117.44

<0.001

temp 5 0.101 0.025 4 43.3 88.69

<0.001

sex 5 0.003 0.003 1 351 4.54

0.034

sex 5 0.085 0.085 1 350.51 299.24

<0.001

devt time:mass 2 0.002 0.002 1 351 2.66 0.104 devt time:mass 2

temp:sex 3 0.009 0.002 4 351 3.08

0.016

temp:sex 2

Temperature and Humidity Experiment, Indian population, N = 82, sleeves = 18

devt time 2 0.076 0.076 1 36.4 54.02

<0.001

devt time 5 0.038 0.038 1 56.185 27.45

0.000

mass 4 mass 3 0.004 0.004 1 79.689 3.17 0.079

temp 3 temp 2

humidity 5 humidity 0

sex 3 sex 1

devt time:mass 0 devt time:mass 0

temp:sex 0 temp:sex 0

Host Plant Experiment, Indian population, N = 260, sleeves = 93

devt time 3 0.022 0.022 1 184.84 34.46

<0.001

devt time 3 0.021 0.021 1 184.91 60.43

<0.001

mass 3 mass 3 0.003 0.003 1 231.62 9.06

0.003

plant 0 plant 0

sex 0 0.032 0.032 1 241.75 50.73

<0.001

sex 0 0.036 0.036 1 232.26 103.65

<0.001

devt time:mass 1 devt time:mass 1
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Wing shape

(Intercept)devt time mass sex temp humiditydevt time:mass df logLik AICc delta weight

7 -0.0228 0.0031 0.2222 NA NA NA NA 5.0000 177.0663 -343.3533 0.0000 0.856219

3 0.0350 0.0041 NA NA NA NA NA 4.0000 173.5755 -338.6382 4.7151 0.081044

15 -0.0060 0.0033 0.1793 + NA NA NA 6.0000 174.7153 -336.3254 7.0279 0.025497

11 0.0431 0.0041 NA + NA NA NA 5.0000 173.1811 -335.5831 7.7702 0.017591

8 -0.0279 0.0033 0.2288 NA NA + NA 6.0000 174.0227 -334.9402 8.4132 0.012755

39 -0.0343 0.0036 0.2522 NA NA NA -0.0012 6.0000 172.9993 -332.8934 10.4599 0.004584

4 0.0327 0.0043 NA NA NA + NA 5.0000 170.2648 -329.7504 13.6029 0.000952

5 -0.0302 NA 0.4508 NA NA NA NA 4.0000 168.5410 -328.5692 14.7841 0.000528

16 -0.0111 0.0035 0.1862 + NA + NA 7.0000 171.6343 -327.7753 15.5780 0.000355

12 0.0408 0.0043 NA + NA + NA 6.0000 169.8807 -326.6562 16.6971 0.000203

47 -0.0319 0.0044 0.2473 + NA NA -0.0028 7.0000 170.7125 -325.9317 17.4216 0.000141

40 -0.0183 0.0029 0.2026 NA NA + 0.0010 7.0000 169.9948 -324.4962 18.8571 6.88E-05

21 0.0965 NA 0.2155 NA + NA NA 7.0000 169.0499 -322.6065 20.7468 2.68E-05

6 -0.0159 NA 0.3982 NA NA + NA 5.0000 166.0412 -321.3032 22.0501 1.39E-05

17 0.1932 NA NA NA + NA NA 6.0000 166.9282 -320.7510 22.6023 1.06E-05

13 -0.0216 NA 0.4349 + NA NA NA 5.0000 164.6901 -318.6010 24.7523 3.61E-06

23 -0.0313 0.0033 0.2115 NA + NA NA 8.0000 167.9514 -317.9568 25.3965 2.62E-06

48 -0.0174 0.0038 0.2025 + NA + -0.0007 8.0000 167.5982 -317.2505 26.1028 1.84E-06

19 0.0633 0.0033 NA NA + NA NA 7.0000 165.5205 -315.5476 27.8057 7.85E-07

25 0.1987 NA NA + + NA NA 7.0000 165.0092 -314.5251 28.8282 4.71E-07

22 0.1011 NA 0.2208 NA + + NA 8.0000 166.0343 -314.1226 29.2307 3.85E-07

29 0.1150 NA 0.1832 + + NA NA 8.0000 165.9900 -314.0341 29.3192 3.68E-07

18 0.1879 NA NA NA + + NA 7.0000 163.9797 -312.4661 30.8872 1.68E-07

27 0.0545 0.0037 NA + + NA NA 8.0000 164.9666 -311.9872 31.3661 1.32E-07

14 -0.0037 NA 0.3732 + NA + NA 6.0000 162.3555 -311.6058 31.7475 1.09E-07

31 -0.0190 0.0036 0.1690 + + NA NA 9.0000 165.8826 -311.2995 32.0538 9.38E-08

24 -0.0276 0.0033 0.2156 NA + + NA 9.0000 164.8992 -309.3327 34.0206 3.51E-08

55 0.0059 0.0018 0.1145 NA + NA 0.0037 9.0000 164.1880 -307.9103 35.4430 1.72E-08

20 0.0571 0.0033 NA NA + + NA 8.0000 162.5454 -307.1448 36.2085 1.17E-08

2 0.1191 NA NA NA NA + NA 4.0000 157.4788 -306.4448 36.9085 8.28E-09

26 0.1936 NA NA + + + NA 8.0000 162.0248 -306.1037 37.2496 6.98E-09

30 0.1185 NA 0.1868 + + + NA 9.0000 162.9393 -305.4128 37.9405 4.94E-09

28 0.0484 0.0037 NA + + + NA 9.0000 161.9421 -303.4185 39.9348 1.82E-09

1 0.1399 NA NA NA NA NA NA 3.0000 154.7597 -303.2156 40.1377 1.65E-09

32 -0.0168 0.0036 0.1711 + + + NA 10.0000 162.7834 -302.5113 40.8420 1.16E-09

63 -0.0103 0.0032 0.1464 + + NA 0.0009 10.0000 162.0194 -300.9833 42.3700 5.40E-10

10 0.1274 NA NA + NA + NA 5.0000 155.6760 -300.5728 42.7805 4.39E-10

56 0.0050 0.0019 0.1262 NA + + 0.0034 10.0000 161.1441 -299.2327 44.1206 2.25E-10

9 0.1480 NA NA + NA NA NA 4.0000 153.0744 -297.6359 45.7174 1.01E-10

64 -0.0109 0.0033 0.1550 + + + 0.0006 11.0000 158.9468 -292.1752 51.1781 6.60E-12

89 0.2042 NA NA + + NA NA 10.0000 155.6156 -288.1755 55.1778 8.93E-13

93 0.1222 NA 0.1743 + + NA NA 11.0000 156.2057 -286.6931 56.6602 4.26E-13

91 0.0594 0.0036 NA + + NA NA 11.0000 155.2509 -284.7835 58.5698 1.64E-13

95 -0.0137 0.0036 0.1620 + + NA NA 12.0000 155.8260 -283.1949 60.1584 7.40E-14

90 0.1991 NA NA + + + NA 11.0000 152.6395 -279.5608 63.7925 1.20E-14

94 0.1255 NA 0.1774 + + + NA 12.0000 153.1632 -277.8692 65.4841 5.16E-15

92 0.0537 0.0036 NA + + + NA 12.0000 152.2217 -275.9863 67.3670 2.01E-15

96 -0.0118 0.0036 0.1642 + + + NA 13.0000 152.7310 -274.1867 69.1666 8.19E-16

127 -0.0186 0.0038 0.1752 + + NA -0.0005 13.0000 152.0850 -272.8946 70.4587 4.29E-16

128 -0.0198 0.0039 0.1872 + + + -0.0009 14.0000 149.0262 -263.8759 79.4774 4.72E-18

Host Plant Experiment

Eyespot size

(Intercept)devt time mass plant sex devt time:mass df AICc delta weight

10 0.3410 -0.0026 NA NA + NA 5.0000 -1078.0788 0.0000 0.9666

14 0.3489 -0.0026 -0.0174 NA + NA 6.0000 -1071.2780 6.8008 0.0322

9 0.2790 NA NA NA + NA 4.0000 -1063.6101 14.4687 0.0007

30 0.2721 0.0005 0.1817 NA + -0.0081 7.0000 -1062.5550 15.5237 0.0004

13 0.2754 NA 0.0091 NA + NA 5.0000 -1056.7342 21.3445 0.0000

2 0.3196 -0.0022 NA NA NA NA 4.0000 -1043.8111 34.2677 0.0000

1 0.2676 NA NA NA NA NA 3.0000 -1039.2202 38.8585 0.0000

6 0.3074 -0.0021 0.0275 NA NA NA 5.0000 -1037.4799 40.5988 0.0000

5 0.2482 NA 0.0500 NA NA NA 4.0000 -1034.2134 43.8654 0.0000

22 0.2082 0.0019 0.2858 NA NA -0.0105 6.0000 -1029.7089 48.3699 0.0000

11 0.2690 NA NA + + NA 20.0000 -967.7090 110.3698 0.0000

15 0.2872 NA -0.0474 + + NA 21.0000 -962.1897 115.8890 0.0000

12 0.3057 -0.0016 NA + + NA 21.0000 -959.4188 118.6600 0.0000

16 0.3216 -0.0015 -0.0434 + + NA 22.0000 -953.6330 124.4457 0.0000

32 0.2316 0.0021 0.1866 + + -0.0094 23.0000 -945.0813 132.9975 0.0000

3 0.2587 NA NA + NA NA 19.0000 -940.2604 137.8184 0.0000

7 0.2537 NA 0.0134 + NA NA 20.0000 -933.4353 144.6434 0.0000

4 0.2838 -0.0011 NA + NA NA 20.0000 -928.0100 150.0687 0.0000

8 0.2773 -0.0011 0.0189 + NA NA 21.0000 -921.2718 156.8069 0.0000

24 0.1617 0.0036 0.3153 + NA -0.0121 22.0000 -913.7551 164.3236 0.0000

Wing shape

(Intercept)devt time mass plant sex devt time:mass df AICc delta weight

14 0.0429 0.0028 0.0774 NA + NA 6.0000 -1195.3364 0.0000 0.6322

10 0.0785 0.0026 NA NA + NA 5.0000 -1194.2382 1.0983 0.3650

30 0.0245 0.0036 0.1253 NA + -0.0019 7.0000 -1184.4783 10.8581 0.0028

9 0.1410 NA NA NA + NA 4.0000 -1163.7046 31.6318 0.0000

13 0.1203 NA 0.0523 NA + NA 5.0000 -1159.4233 35.9132 0.0000

6 -0.0001 0.0034 0.1183 NA NA NA 5.0000 -1121.4318 73.9046 0.0000

2 0.0533 0.0031 NA NA NA NA 4.0000 -1113.1115 82.2249 0.0000

22 -0.0292 0.0045 0.1942 NA NA -0.0031 6.0000 -1111.0545 84.2819 0.0000

16 0.0552 0.0024 0.0922 + + NA 22.0000 -1083.7542 111.5822 0.0000

12 0.0895 0.0024 NA + + NA 21.0000 -1081.1132 114.2232 0.0000

5 0.0892 NA 0.0929 NA NA NA 4.0000 -1079.9647 115.3717 0.0000

1 0.1252 NA NA NA NA NA 3.0000 -1079.8853 115.4512 0.0000

15 0.1087 NA 0.0967 + + NA 21.0000 -1073.4148 121.9216 0.0000

32 0.0404 0.0030 0.1303 + + -0.0015 23.0000 -1072.6109 122.7255 0.0000

11 0.1458 NA NA + + NA 20.0000 -1070.6502 124.6862 0.0000

8 0.0059 0.0028 0.1608 + NA NA 21.0000 -1005.8877 189.4488 0.0000

24 -0.0355 0.0045 0.2676 + NA -0.0044 22.0000 -995.5920 199.7444 0.0000

7 0.0675 NA 0.1706 + NA NA 20.0000 -995.0845 200.2519 0.0000

4 0.0626 0.0030 NA + NA NA 20.0000 -990.3662 204.9703 0.0000

3 0.1312 NA NA + NA NA 19.0000 -979.1588 216.1776 0.0000


image1.png
o
o
&®

Wing area index
o
P
[}

0.04

female male

03 04 05 06 03 04 05 06
Pupal mass (grams)

19C

22C

25C

28C

31C




