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SUPPLEMENTARY METHODS
The basic model: evolutionary processes within and between generations
Our simulation approach is loosely based on a similar approach proposed by Roff [1]. As compared to Roff’s, our model incorporates more processes and a more realistic parametrization. We assumed a dioic species with sexual reproduction, balanced sex-ratio, monogamous random mating, and non-overlapping generations (so the overall reproductive success and fitness of individuals, as well as population processes, are averaged for a given fixed generation time). 
After island colonization, the local population (deme) starts growing by a logistic process up to the island carrying capacity K. The simulation starts with a vector G of genotypic values for N0 island colonizers, sampled from a normal distribution with mean uG and additive genetic variance vA, for a single quantitative trait (i.e., body size). This trait is built assuming an infinitesimal model [2], in which the genotypic value of the trait is determined by a large number of loci and alleles, each one with very small additive effects, with negligible interactions and epistatic effects. These initial values of uG and vA (defined also as u0 and vA0) are further recruited for immigrants reaching the island after the initial deme has settled (see below; also notice that number of immigrants recolonizing the island at each generation, with a given probability, must be defined independently). Thus we are assuming that a large continental population in demographic and genetic equilibrium provides NC new colonizers with a probability PC in each generation.
The phenotypic value of the insular individuals (the vector P) can then be obtained by simply adding to the vector G, a vector E with randomly distributed environmental effects with mean zero and environmental variance vE. This value vE is determined by assuming a known heritability h2 for the trait (i.e., the ratio between vA and the total variance vP, so that variances of P and G can be used to calculate the realized h2 values in a generation). The h2 values are assumed to be constant throughout the simulation. This translates into a constant-heritability model, which is adequate for a relatively small number of generations (see [3]). However, this simple model of the form P = G + E does not account for possible effects of phenotypic plasticity that may canalize trait evolution. Under resource depletion, for example, it is well known that individual growth (developmental) rates will be reduced, so individuals can maintain their fitness (i.e., can survive and reproduce, [4]). We can then assume that a linear reaction norm can be defined for body size, so that mean P (for the same G), will vary in the continent and in the island (i.e., the new environment, with poor resources). Thus, in our simulation the vector of phenotypic values P is actually obtained by a linear reaction norm in the form
P = G0 + (G1 x I) + E								 (eq. 1)
where G0 and G1 are the intercept and slope of the reaction norm, and the environment I indicates the effect of varying environments (see [5]). Following [6], the slope G1 is equal for all individuals, whereas the intercept G0 is modeled by the additive genetic effect G, as defined above based on the infinitesimal model. The value of G1 is expressed by a parameter b that will give the maximum reduction in respect to optimum peak in the island, so that b = 1 indicates that the island optimum would be achieved by mean P instantaneously along the reaction norm, and b = 0 indicates that there is no reaction norm at all (so, if b = 0, the phenotype is given by the additive effects of genetic and environmental factors, as P = G + E). b indicates the proportion of phenotypic response along the stabilizing selection landscape that could be attributed to plasticity (see [7]), or how the same genotypic value in the continent (with more abundant resources) will be expressed in the insular environment (with resource depletion) just after colonization, in order to keep fitness as high as possible regardless of any genetic change. Thus, maximum value of b will be expressed only when abundance N tends to K and resources become scarce.
As this initial population with N0 individuals settles on the island, it starts to reproduce and evolve. First, it is important to define the fitness Wi of each individual in the new environment, based on the phenotypic values in the vector P, that will determine its reproductive success by a Gaussian approximation of stabilizing selection, given as: 
Wi = (Pi – O)2 / w2								(2)
where Pi is the phenotypic value of the i-th individual, O is the value for the adaptive peak for which fitness is maximized (equal to 1), and w2 is the width of the adaptive surface (see Fig. S1). 
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Fig. S1. Examples of fitness functions used in our simulations, with w2 varying between 100vA (black line), 10vA (green line) and 1vA (red line) and indicating weak, moderate and strong stabilizing selection, for an adaptive peak at 27 kg and initial value of 60 kg (see text for details). Notice, however, that maximum fitness and the peak O will be fixed only when N ~ K. In simulations performed here, values of w2 ranged between 100 vA and 150vA, as much lower values as in red and green curves cause a quick extinction of populations due to low fitness in initial phases of colonization.  


In the classical models of adaptation to new environments, the optimum will be fixed and initial mean phenotypes will be a given distance apart from it, thus at lower fitness (e.g., [8]). We can think, for example, that under the island rule the optimum body size would be much smaller than in the continent, thus explaining the evolution of dwarfism. However, in the particular context of dwarfism, there is an “island syndrome” [9], whereas  in the first phases of colonization (in which N << K) there is necessarily no selective advantage of small-bodied individuals, because general environmental conditions in the island are similar to those in the continent and resources are still enough to support the population (although it can start to mature earlier, but this can be accounted for by reaction norm in principle). Natural selection operates just like in the original population on the continent, with mean phenotypic values quite close to O (except for small sampling errors). However, as long as the population starts growing fast due to the high initial fitness and low population size N, the resources in the island will be depleted and natural selection would start favoring smaller individuals (Fig. S1). Then, as population density increases, optimum O will shift linearly and will achieve its final value only when the population achieves K.
Given the distribution of fitness values in the population with N individuals, in our model natural selection will act through both differential survival (i.e., before reproduction) and viability (i.e., number of offspring, [10]). Survival is defined by comparing fitness values with a random uniform distribution, so that, for example, an individual with Wi = 0.9 will have 90% chance of surviving and achieving sexual maturity. Second, after establishing the pool of individuals that survive, the fitness values Wi are converted into the number of offspring considering random pairs of individuals sampled (without replacement) from the vector G. This number of offspring (i.e., adults in the next generation, Nt+1) is defined considering a logistic growth of the population (Ricker model; see [4]), so that the number of offspring for a given couple is a proportion of total number in t+1, given by:
Nt+1 = Wi Nt e( (1 – N/K))							(3)
where  is the maximum replacement rate (i.e., the number of offspring per parent that survive to adulthood), K is the carrying capacity of the population and Wi, in this case, is the mean fitness of the two parents. The genotypic value of the offspring from each couple is then sampled from a normal distribution with mean equal to the mean genotypic values of the two parents (the vector G) and segregation variance equal to vA/2 (see [3]). In our simulation, demographic stochasticity is incorporated by varying  at each generation, randomly sampling values from a normal distribution with pre-defined mean and variance. Environmental stochasticity can be incorporated by varying K at each generation, both by sampling from a pre-defined distribution of K values or by tracking real paleoenvironmental data (see below).
Inbreeding is yet another important factor as it tends to reduce fitness, especially when populations are small. We assumed a linear relationship between the level of inbreeding among parents and their reduction in fitness by increasing mortality (see [11]; [12]). Although it is not viable here to keep a sib network of ancestry through time in our simulations for all individuals, we evaluate inbreeding by Markovian approximation tracking if the pairs of individuals generating offspring are brothers and sisters (and keeping the overall mean inbreeding in the previous generation as the background level). For instance, data allow interpolating that under inbreeding depression the fitness of an individual derived from a brother-sister couple in mammals (f = 0.5) will be reduced by around 73% (see below for kinship estimation). Also, we defined an overall level of population inbreeding f that will be assigned to “unbred” individuals. This is recorded for the next generation and this will affect the fitness in the next generation, as pointed out above. Thus, although small populations will tend to have higher mean levels of inbreeding, especially at the starting of the populations, highly inbred individuals will tend to die and not leave offspring, so the mean value of f will quickly achieve equilibrium at low levels.
It is also known that although selection and inbreeding erase the additive genetic variance from the population as mean G approximates to the optimum O, variance can be restored by other microevolutionary processes. First, mutation will add variance at a rate equal to vU/vA, which is usually assumed to be around 10-4 and 10-5 per loci (Wash and Lynch 2018). Because we are modeling a polygenic trait determined by hundreds of loci, we can use much higher values for vU/vA  ratio around 2-3% for body size in mammals [13]. In our model this is added as a “mutation kernel” [14], which is a random vector U with mean 0 and variance vU/vA added to the G values of the offspring. Second, we can also add to the model the possibility that new individuals from the continent arrive on the island, with genotypic values sampled from the original values of G in the start of the simulations, as described above. That is, this migration process depends on two parameters, so that a given number of individuals Ni can immigrate to the island with a given probability, with genotypic value sampled from a normal distribution with mean equal to G0 and vA0. The immigrant individuals are then incorporated into the insular population, composing the output vector G that will form the next generation, to restart the cycle of processes described above in the iterative process.
Demographic and environmental stochasticity were also incorporated into the simulations by assigning, at each time step, distinct value to  and K, sampled from random normal distributions (in the case of ) or varying systematically (in the case of K) (see below for more details in the subsection of model parametrization for H. floresiensis). Thus, at each step of the simulation, body size will evolve in the new individuals according to the processes defined above. In particular, under stabilizing selection this is accomplished with a moving peak that successively approximates the optimum for high population density in the island. The time to adaptation is defined as the time P takes to reach the final optimum on the island. As this is an iterative process across generations, it is possible to record several parameters and outcomes of the model at each generation or at the end of simulation, including the mean and variance of G, population density, inbreeding level, realized heritability h2, as well as statistics describing the intensity of selection process (i.e., mean-standardized selection gradient; see [15]; [16], see Fig. S3 below).

Model Parametrization and Empirical Application: evolution of body size in Homo floresiensis	
We parametrized and tested our model by using empirical data from the Homo floresiensis case, that was previously studied by two of us using analytical models in quantitative evolutionary genetics [17]. H. floresiensis was a small-bodied hominin discovered on Flores Island, Indonesia, in 2004 [18]. Several subsequent analyses revealed that it may most likely be a dwarf form of Homo erectus, that colonized East Asia at least 1,000,000 years ago [19]. 
Following the steps of the model described above, we ran 5,000 simulations  randomly combining the parameter values within the ranges defined in Table 1 in the main text (see also [17] for detail). H. floresiensis body size (mass) was estimated at 27 kg, and initial H. erectus values at 45–55 kg. This sets a first reference for the adaptive peak in Flores Island (the dwarfed species) and the initial phenotypic body size in the simulations. Heritability for body size usually ranges between 0.6 and 0.85, with coefficients of variation around 5%, so this allows defining the genotypic values of the initial G and P vectors. 
For mammal body size in general, and human in particular, it is well known that resource depletion will result in a small body size, achieved by lower growth rates and later age of menarche [20]. This is particularly important in the early phases of human growth, during fetal life, infancy and early childhood [21]. Thus, the reaction norm in our simulation is defined by a linear decrease in P (for the same G) when occupying an island in which resources are scarce or overall environmental conditions deteriorate at maximum population density. We ran the simulations with phenotypic plasticity parameter b ranging from 0 to 0.5, so that instantaneously an individual would reduce by the half of the distance between initial mean P (about 50-50 kg) and final optimum (27 kg) without any changes in G (see [4]). This maximum value approximates, for example, the current values of body size in dwarf natives of Flores and other islands in Polynesia (although  the dwarfing of these populations also involves genetic adaptations; [22]). Note that this randomly selected b between 0 and 0.5 for each simulation defined the maximum slope of the reaction norm, that will be achieved only when N ~ K (see Walker and Hamilton 2008). The length of the vector G is defined by the initial population size N0 (i.e., number of initial colonizers), varying in our simulations between 25 and 100 individuals. Initial inbreeding was set as 0.1, but through time the mean inbreeding is given by a Markovian approximation, tracking only brother-sister couples. 
Body size evolution tracks a stabilizing selection fitness function with a moving peak O, which moves linearly with population size and achieves the minimum value of 27 kg found in H. floresiensis only when the island is at the carrying capacity K. The values of w2 in equation 2, determining the strength of stabilizing selection, were initially set to range between 100vA and 10vA (for weak to very strong selection, respectively), following [24]. However, in most cases with strong and moderate stabilizing selection the mortality is too high, and colonization fails due to low initial population size (i.e., colonization success). Thus, to evaluate body size evolution in viable demographic scenarios, values of weak selection with w2 ranging between 100vA to 150vA were used.
To define patterns of population growth under Ricker model, maximum fecundity of females is sampled, at each time step, from a normal distribution with mean equal to 5.4 ± 1 offspring (i.e., the total number of offspring in a given lifespan, some of which will not survive and reproduce, depending on its fitness; [25]). This creates demographic stochasticity by varying the values of . Flores Island is about 13,400 km2. Based on estimates of hunter-gatherer population density from about 0.02 to 0.1 individuals/km2 [26,27], we could estimate values of K ranging from 270 to about 13,400 individuals occupying the entire island. However, K values worldwide are correlated with climatic and environmental conditions, and tropical environments tends to support higher densities (e.g., [28]). Thus, in our simulations with H. floresiensis we set maximum K values varying between about 9,000 and 12,000 individuals (assuming this high population densities in tropical environments), but related these values as a log-linear response to Net Primary Productivity (NPP). 
Values of NPP were obtained from a paleoclimate emulator, following precisely the approach of [29] (see [30] for a recent application with a similar approach). Briefly, we apply Gaussian process emulation [31] of the singular value decomposition of ensembles of the intermediate complexity atmosphere-ocean GCM PLASIM-GENIE [32]. We use current NPP values from NASA/MODIS [33] as a baseline, and emulate anomalies compared to this baseline as spatial fields of NPP at 1,000 year intervals, driven by analytically calculated orbital parameters and observationally-derived time-series of CO2 and ice-volume, and assuming the climate is in quasi-equilibrium. NPP anomalies through time are downscaled from climate model resolution of 5° (where a single grid cell covers the region around Flores) to the spatial resolution of the observed modern distribution of NPP (0.5°) using bilinear interpolation, following the downscaling approach as described for precipitation [29]. Starting a 1 million years before present, the NPP time series is linearly interpolated onto time steps of 15 years, assuming that this is the average generation time for the species, especially valid if dwarfing in H. floresiensis is related to reduction of age at sexual maturity. At each time step, a small error in K is added, by sampling a normal distribution with mean K derived from NPP with a standard deviation given by a coefficient of variation of 5%. Although at large temporal scales there is a cyclic variation in NPP and K, in the first 500 generations there in actually a slight increase in productivity (Fig S2).
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Fig. S2. Temporal dynamics of productivity (NPP) in the Flores Island in the last 1 my, derived by paleoclimatic reconstructions of temperature and precipitation (see [30] for details), above for 10,000 time steps of 15 years (roughly coinciding with generation time in our simulations) and a zoom in the first 1000 generations, showing the increasing NPP values though time corresponding to an increasing K in the simulations.


Restoration of genetic variability is given by a genomic mutation rate mu equal to 0.027vA per generation [13], which also tends to reduce mean inbreeding by a factor of mu2. Because Flores is considered a relatively isolated population and colonization routes are uncertain (see [34, 35]), we also set small recolonization rates, with a few individuals (from 1 to 10) potentially arriving in each generation with a low probability between 5% and 10%.
Adaptations to the new final peak are considered as successful if mean G is below 30 kg (given the uncertainty around the 27 kg value for H. floresiensis and normal variation of 5% around this initial estimate). The main response variable in our simulations is the time for adaptation and we also recorded final mean G and vA, final inbreeding and adaptive peak (under the moving environment). We also estimated the mean-standardized selection gradient βu by the regression slope of W on P, multiplied by mean G. The selection gradient βu is more frequently estimated in natural populations than selection differentials, making it easier to compare the minimum selection intensity necessary to differentiate H. floresiensis from H. erectus with the analytical approximations by [17], as well as additional empirical estimates [16, 36].




SUPPLEMENTARY RESULTS
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Fig. S3. Screenshot of a single simulation output, showing (in the upper left quadrant) the final distribution of genotypic values G in the population, tracking the new peak (27 kg, dashed line) and the initial peak of 50 peak. The other panels show the temporal dynamics of genetic variance vA, population size N and mean fitness W.
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Fig. S4. Relationship of time for adaptation, across the 10,000 simulations, with several genetic and demographic parameters (see also the partial effects shown in Table 2 of the main text).
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Fig. S5. Relationship of mean standardized selection gradient βu, across the 10,000 simulations, with several genetic and demographic parameters (see also the partial effects in Table 2 of the main text).










Some additional results fixing some parameters in the model
Although results above (Figs. S4 and S5), as well as Table 2 in the main text, can help understanding the relative effect size of each parameter on the simulations, we decided to run a few additional simulations fixing a few parameters. We can then see how these parameters can produce significant changes in time for adaptation.
In the simulations shown in the main text, varying all parameters, the median time for adaptation was equal to 354 (CI 95%: 150 – 675). If we fix the phenotypic plasticity parameter to zero the results are basically the same, with median time for adaptation equal to 354 (CI 95%: 150 – 892), although the upper limit of the distribution is a bit higher. This is expected by Fig. S4, which shows a small unique effect for this parameter b, but it is is also expected that without plasticity, which may be slightly more important in the initial phases of the adaptation (as in Lister two-phase model), in some simulations the time for adaptation is a bit higher.
On the other hand, if we fix the optimum since the early phases of the simulation, the median time for adaptation is slightly lower, but with wider confidence limits and smaller lower limit (median = 295, CI95%: 96 – 687). This is expected because selection strength is stronger than in the simulations in the main text. This is because the initial optimum is already the peak with 27 kg for H.floresiensis, and in our simulation this peak is density-dependent, which is actually a novelty of our simulation approach (see main text for details). But one interesting results here is that, if we fix the optimum and assume that adaptation to final peak of 30 kg is required, simulations fail in almost 90% of the times and population crashes (in contrast with original simulations, in which adaptation was successful in 97.3% of the times). 
Finally, we assume, based on current area of Flores island, that carrying capacity is 10,000 individuals, roughly based on population densities in tropical hunterer-gatherers [17]. However, van der Geer et al. [37] recently estimated the area of Flores in the late Pleistocene in almost 22,000 km2, so populations would grow even larger (with the same population density). So, we rebuild the simulations with the maximum reference population size for K ranging for 5000 and 20,000 individuals. For 5000, time for adaptation is similar to the original simulations (median time = 292, CI95%: 146 – 675). But increasing carrying capacity to 20,000 individuals increases the median time for adaptation to 400 generations, with CI95%: 177 – 1140). So, with a large K the time for adaptation would go 25% higher than our median estimates, with maximum of 1000 generations (rougly corresponding to 15,000 years). But anyway these results are hard to interpret, as island size is not fixed and varied in time as well, so this would be a maximum upward limit for best conditions.  
So, the above “experiments” showed, as expected by Fig. S4, that effects of some individual parameters is not high and did not qualitatively affect our main results, in terms of a short potential time for adaptation in H. floresiensis. Increase the carrying capacity to match maximum island area would increase a bit median expectations, but this is an unlike scenario as island area have been reduced in time.
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