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Appendix 1 
Direct measurement of the absolute magnitudes of seed and microsite limitations 
The main aim of this study is to assess if the absolute magnitudes of seed limitation (SL) and 

microsite limitation (ML) are related. This poses the question of how to measure such absolute 

magnitudes. Münzbergová and Herben (2005) propose a method for this purpose. According to 

their framework, a saturating function N = n(s) relates the number of seeds (s) to the number of 

individuals (N) that get established or complete their life cycle depending on the definition of 

microsite used (see main text). As the number of available seeds increases, N approaches an 

asymptote N* because all the available microsites become occupied. Thus, the asymptote equals the 

number of microsites in the system. The smaller N* is, the greater the ML of the species becomes, 

so ML can be measured as a function such as 1/N* that increases as N* diminishes. Seed limitation 

occurs when N is below N* because there are not enough seeds in the system to saturate all 

microsites. Therefore, in the model, SL in a site i can be estimated as the difference N* – n(si), 

where si is the number of seeds available there (Fig. A1).  

 

 
Figure A1. Conceptual framework for measuring seed (SL) an microsite (ML) 
limitations. The asymptote corresponds to the number of microsites, and thus may be 
used to estimate ML in different ways (for instance the asymptote = 1 / ML). SL may be 
measured as the reduction in the maximum number of plants in the system due to the 
below-saturation number of seeds si in it.  

 

The function n(s) should have three properties: it must cross the origin (if there are no seeds, there 

can be no plants), have an asymptote, and increase more or less linearly with s because at low 
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densities there are no intraspecific interactions (most microsites are still available, so the probability 

of finding a vacant microsite is basically unchanged by neighboring seeds). All these requirements 

are fulfilled by the Michaelis–Menten equation: 

N =
N *s
b+ s

            (A1) 

where the parameters N* and b define the asymptote and shape of the function. 

To fit Eq. A1, the number of seeds si and of plants Ni in different quadrats i are required. As 

detailed in the main text, our data came from in 20 blocks with six quadrats each for every species. 

In each quadrat we recorded the number Ni of plants that became established (from both the seed 

bank and sown seeds) and were still alive at the end of the rainy season. We also recorded the 

number of seeds that germinated from the seed bank ni or from the seeds that we sowed: m6 and 

m13, corresponding to quadrats in which we sowed 6 and 13 seeds, respectively.  

To estimate si, the number of seeds of a given species in the seed bank of each quadrat, we 

assumed that the all quadrats in a block were similar because they were contiguous and placed over 

a small area; thus, the number of seeds naturally occurring in each quadrat and the conditions for 

germination should be more or less the same. In mathematical terms, this corresponds to two 

assumptions. 1) All the quadrats in a block have approximately the same number of seeds λ, and 

that deviations from that number follow a Poisson distribution. This is equivalent to assuming a 

random distribution of seeds among quadrats in the same block. 2) The number of seeds that 

germinate follows a binomial distribution with a number of trials si and a probability of germination 

p. The parameters λ and p were allowed to vary from block to block, but were assumed to be the 

same for all quadrats in a block. The log-likelihood function for this model (deleting constant terms 

that are irrelevant for likelihood maximization) is 

L = ni ln p+ si − ni( ) ln 1− p( )− lnn!− ln si − ni( )!+ si lnλ −λ"# $%
i

k

∑

+m13 ln p+ 13−m13( ) ln 1− p( )− ln 13−m13( )!
+m6 ln p+ 6−m6( ) ln 1− p( )− ln 6−m6( )!

    (A2) 

From this, we can obtain the maximum likelihood estimates of p and λ as 
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     (A3) 

which means that both parameters are completely determined by the si values, so the problem 

reduces to estimating these latter numbers. Note that 

∂L
∂si

= ln 1− p( )+Γ si − ni +1( )ψ si − ni +1( )+ lnλ = 0

Γ si − ni +1( )ψ si − ni +1( ) = ln 1− p( )+ lnλ
      (A4) 

where Γ and ψ are the gamma and the digamma functions, respectively. This equation cannot be 

solved analytically; however, the right-hand side of the equation is a constant regardless of the 

value of si in any particular quadrat, implying that si – ni + 1 is a constant for every i, and thus that 

si = U + ni             (A5) 

where U is a constant. Biologically, this means that our assumptions imply that the same number U 

of seeds do not germinate in every quadrat in a block. This result precludes the analysis of microsite 

limitation using germination, because the function relating seeds to number of germinated seedlings 

is a straight line with a negative intercept and thus not an appropriate choice for n(s). U is the only 

parameter that needs to be estimated in order to calculate all the si. We made the appropriate 

changes to Eq. A2 using the results from Eq. A3 and Eq. A5, and estimated U through maximum 

likelihood using the library bbmle (Ben Bolker and R Development Core Team 2014) in R. 

 Once we had an estimate of the number of seeds available in each quadrat (the number of 

seeds in the soil bank si plus the seeds that we sowed) we performed a nonlinear regression of the 

number of plants that survived until November on the number of seeds available to fit the 

Michaelis-Menten function. We included the block as a random factor affecting both b and N*. The 

regressions were performed using package lme4 (Bates et al. 2014) for R. The use of a random N* 

provides additional relevant information, because it tells us how ML varies in space. This is 

important for understanding how ML determines the special distribution of the species, another of 

the issues discussed by Münzbergová and Herben (2005). 

 The model produced biologically unfeasible results for a number of species. In four cases, 

the asymptote was extremely large, indicating that thousands or even millions of individuals may 

occur in a 0.1 × 0.1 m quadrat (Table A1). This is far from the maximum observed densities at the 
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study site, which are of 100–300 individuals dm-2. Such unrealistic results occurred in species 

where there was no evidence of an asymptote in the range of observed values (Fig. A2a). This 

strongly suggests that the system can support a much larger number of plants, and that SL is very 

strong. 
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Table A1. Parameters of the Michaelis–Menten function and mean number of seeds in the soil 
bank ( s ) for different species. N* = mean asymptote, s

N*
= standard deviation of the 

asymptote across blocks, b = mean shape parameter. 

 
N* s

N*
 b s  

Aristida adscensionis 3.2 2.9 28.7 0.03 
Bouteloua chondrosioides 677368.0 78500 10376834.0 0.06 
Bouteloua polymorpha 3080.0 27700 573779.0 0.27 
Crusea diversifolia 1.3 1.069 3.0 2.12 
Heterosperma pinnatum 3920000.0 2690000 29700000.0 0.65 
Microchloa kunthii 3.7 1.774 1.6 2.53 
Plantago nivea 56.5 27.423 148.3 10.99 
Richardia tricocca 2.1 1.93 2.1 0.33 
Sanvitalia procumbens 1.6 1.51 2.7 0.21 
Sporobolus tenuissimus 807936.0 44300 5921346.0 0.02 
Stevia ephemera 2.8 2.549 11.3 0.62 
Tagetes micrantha 2.8 2.437 1.3 1.38 
Thymophylla aurantiaca 2.8 2.549 11.3 4.76 
Tridax coronopifolia 0.3 0.378 0.0 0.09 

 
For other species, the estimates were sensible (Table A1, Fig. A2b). With a few exceptions (C. 

diversifolia, M. kunthii and T. aurantiaca), the number of seed available was very far from the 

number plants that can become established, indicating again a strong SL.  
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Figure A2. Michaelis–Menten functions fitted to Bouteloua chondrosioides (a) and 
Richardia tricocca (b). The shape and asymptote parameters were allowed to change 
randomly across blocks, which are shown in different colors. The observed data are shown 
in the same color as their corresponding line. 

 
An interesting result is that the standard deviation of the asymptote across blocks is nearly as large 

as the mean (Table A1), suggesting that microsite availability is extremely variable in space (Fig. 

A2). This indicates that species may be strongly specialized in their environmental requirements, 

and that ML also plays an important role in this grassland. 
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