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Figure S1. Phylogenetic independent contrast (PIC) analysis. In order to control for phylogenetic 
non-independence, PICs were calculated from the difference in the response and predictor variables 
across pairs of species or higher nodes that share a common ancestor [1-2] using the PDAP module [3] 
of the Mesquite package [4]. As predicted by model 1b, contrasts in the proportion of the queen's 
eggs that were female (f) were strongly correlated with contrasts in the proportion of the males that 
were workers' sons ( ) (Pearson R=0.92, n=7, p=0.001). The phylogeny that was used was as given 
in Fig. S2 and branch lengths were set equal, corresponding to a punctuational view of evolutionary 
change [1]. Nevertheless, conclusions were robust with respect to various suggested branch length 
transformations [1]. Statistical significance was assessed using regression through the origin [1]. 
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Figure S2. Phylogenetic relationships among the 8 Melipona study species, based on references [5-
6]. Labelled bifurcations refer to the most informative contrasts highlighted in Fig. S1. 
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Figure S3. Sensitivity analysis. In order to test the influence of the different parameters of model 1b 
on the expected ESS proportion of males that are workers' sons ( ) (eqn. 3) we carried out a 
sensitivity analysis. The black curve is drawn using average parameters estimated from different 
species of Melipona bees (worker mortality rate µ=0.025, reproductive efficiency b=0.044 and the 
proportion of females developing as queens q=0.0847, Tables S1-S4, number of reproductive 
workers n=10). The blue, green and red dashed curves are drawn for the extreme values (minima 
and maxima) of µ, b and q observed in different species (blue curves: µ=0.019-0.032, Table S2; 
green curves: b=0.035-0.054, Table S3; red curves: q=0.0573-0.1577, Table S4). As can be seen, 
the deviations of the observed values in 8 species of Melipona bees (black dots) relative to the 
predicted ESS are largely within the range caused by uncertainties in the parameter estimates. 

 



 
Figure S4. Illustration of the coevolutionary dynamics between the amount of worker reproduction 

 favoured by the workers and the proportion of female eggs laid by the queen f in models 1a (top) 
and 1b (bottom) (cf. sections 1.1.5 and 1.2.5 in the supplemental Mathematica notebook), for the 
case where workers are full-sibs (r=3/4) and when the worker produced males would be derived 
from n=1 (left), 2 (middle) or 10 (right) reproductive workers, resulting in a regression relatedness 
to worker-produced males rwm of (1/n).rson+((n-1)/n).rnephew=1, 0.88 and 0.78. The dynamics for 
model 1b are drawn for parameter values appropriate for Melipona stingless bees (worker mortality 
rate µ=0.025, reproductive efficiency b=0.044 and the proportion of females developing as queens 
q=0.0847, Tables S1-S4). The green curves represent equilibrium curves in f, the red curves 
equilibrium curves in  and the black dots alternative joint evolutionarily stable states, which are 
reached depending on initial conditions (finit greater or smaller than the unstable equilibrium 
indicated with a blue dot). In the bottom graph the grey line represent an unstable equilibrium line. 
Note that in all the graphs the equilibrium lines in f and  lie close together, which means that the 
space between the curves is almost a joint neutral equilibrium in f and . 
 



 
 
Figure S5. Illustration of coevolutionary dynamics between the optimal level of sex allocation 
biasing K (proportion of male brood that is killed) and the proportion of female eggs laid by the 
queen f in model 2, for the case where the efficiency of recycling resources into the rearing of new 
queens E  1/4r, 1/4r < E  (1+4r)/8r and E > (1+4r)/8r.  
 



Supplemental Tables 
 
Table S1. Data on the percentage of adult males that are workers' sons ( ) in 8 species of Melipona 
stingless bees, together with the sample size (Nm: number of males for which the parentage was 
determined, Na: the number of males for which the parentage could be assigned given the power of 
the technique used, Cols: number of colonies investigated, Method: method used to infer male 
parentage: A = allozyme markers, B = behavioural data, M = microsatellite markers). All species 
are headed by a single queen mated to a single male [7], except for M. bicolor and very rarely also 
M. quadrifasciata [8], where occasionally multiple laying queens can be found. Nevertheless, 
overall effective maternity for both species is typically still quite close to 1 [8]. 
 

Species  Nm Na Cols Method References 

M. asilvai 17.39% 25 12 1 M Paxton, unpublished data 

M. beecheii 0.00% 108 54 13 M [9] 

M. bicolor 37.40% 143 86.93 11 M Alves et al., unpublished data 

M. favosa 95.00% 604 604 4 B [10] 

M. marginata 37.10% 41 20.5 3 M [11] 

M. quadrifasciata 64.20% 47 23.5 2 M [11] 

M. scutellaris 1 28.30% 46 23 5 M [11] 

M. scutellaris 2 22.89% 576 365 45 M [12] 

M. scutellaris total/avg. 23.45% 622 388 50 M  

M. subnitida 1 33.60% 292 292 3 B [13-14] 

M. subnitida 2 39.30% 300 150 17 A [15] 
M. subnitida total/avg. 36.28% 592 442 20 B+A  

 
 



Table S2. Data on the mean worker life expectancy and the corresponding mean worker mortality 
rate µ (the reciprocal) in 4 species of Melipona bees, together with the sample sizes (n and 
Cols=number of individuals and colonies from which data were recorded). Given that per-species 
estimates are usually based on data from only one or a few colonies, and that worker life 
expectancy probably shows quite large seasonal fluctuations, we use the overall average worker life 
expectancy (41.7) and worker mortality rate (µ=0.025) across all 4 species in our calculations. 

 

Species Mean worker 
life expectancy 
(days) 

n Cols Mean worker 
mortality rate 
(µ) (per day) 

References 

Melipona beecheii 52.6 45 1 0.019 [16] 

Melipona beecheii 50.3 29 1 0.020 [17] 

Melipona beecheii avg. 51.5 74 2 0.019  

Melipona bicolor 44.0 ? 1 0.023 [18] 

Melipona favosa 40.0 121 1 0.025 [19] 

Melipona favosa 41.0 418 3 0.024 [20] 

Melipona favosa avg. 40.5 539 4 0.025  
Melipona scutellaris 31.0 ? 2 0.032 [21] 

Avg. 41.7   0.025  

 



Table S3. Data on the reproductive efficiency b (the number of new individuals produced per 
worker per day) in 3 species of Melipona bees, calculated from the number of closed brood cells 
found in nests relative to the number of adult workers present, assuming a development time of ca. 
50 days [22]. Given that per-species estimates probably show quite large seasonal fluctuations, we 
use the overall average reproductive efficiency (b=0.044) in our calculations. 

Species Colony Sampling 
locality 

# of adult 
workers 

# of closed 
brood cells 

Reproductive 
efficiency (b) 

References

M. favosa 5 Surinam 85 75 0.02 [23] 

M. favosa 9 Surinam 150 150 0.02 [23] 

M. favosa 8 Surinam 100 170 0.03 [23] 

M. favosa 78-2 Surinam 180 75 0.01 [23] 

M. favosa 79-2 Trinidad 250 370 0.03 [23] 

M. favosa 78-3 Trinidad 230 530 0.05 [23] 

M. favosa 79-4 Surinam 150 680 0.09 [23] 

M. favosa avg.     0.035  

M. compressipes 1 São Luis, Brazil 1410 2591 0.04 [22] 

M. compressipes 2 São Luis, Brazil 757 2270 0.06 [22] 

M. compressipes 3 São Luis, Brazil 674 2240 0.07 [22] 

M. compressipes 4 São Luis, Brazil 265 771 0.06 [22] 

M. compressipes 5 São Luis, Brazil 85 45 0.01 [22] 

M. compressipes 6 São Luis, Brazil 642 871 0.03 [22] 

M. compressipes 7 São Luis, Brazil 458 1412 0.06 [22] 

M. compressipes 8 São Luis, Brazil 819 1224 0.03 [22] 

M. compressipes avg.     0.044  

M. beecheii 3 Mérida, Mexico 1238 2305 0.04 
Wenseleers, 
unpublished data 

M. beecheii 5 Mérida, Mexico 1839 4734 0.05 
Wenseleers, 
unpublished data 

M. beecheii 1 Costa Rica 750 1824 0.05 [24] 

M. beecheii 2 Costa Rica 750 1200 0.03 [24] 

M. beecheii 3 Costa Rica 750 3010 0.08 [24] 

M. beecheii 4 Costa Rica 750 2082 0.06 [24] 

M. beecheii 5 Costa Rica 750 1475 0.04 [24] 

M. beecheii 6 Costa Rica 250 1508 0.12 [24] 

M. beecheii 7 Costa Rica 750 3031 0.08 [24] 

M. beecheii 8 Costa Rica 1500 2562 0.03 [24] 

M. beecheii 11 Costa Rica 250 114 0.01 [24] 

M. beecheii 12 Costa Rica 2000 5314 0.05 [24] 

M. beecheii 13 Costa Rica 1500 2378 0.03 [24] 

M. beecheii 14 Costa Rica 750 2321 0.06 [24] 

M. beecheii 15 Costa Rica 750 2170 0.06 [24] 

M. beecheii 16 Costa Rica 750 2361 0.06 [24] 

M. beecheii 18 Costa Rica 250 675 0.05 [24] 

M. beecheii avg.     0.054  

Avg.     0.044  
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