File S2. Superpopulation model definition and notation

1. Superpopulation model and notation

Exploring the size of the bias of the approach classically used for quantifying population synchrony from time series of observed log population size requires that particular consideration is given to the generating process of such data. To begin, we specify a superpopulation model 1[]
 that mimics the main mechanisms involved in generating time series of observed log population size. This model may be used to generate pseudo-data and provides the foundations of our inferential framework, but it must not be confounded with the model used to estimate the population synchrony, which is introduced in section 1.3 of the main text. Note that the term ‘superpopulation’ is more widely used in Statistics (especially in Survey Sampling Theory) than in Ecology, but see 1[]
, 2[]
 page 6 or 3[,4]
 for applications in this field. Note also that a different meaning of the term ‘superpopulation’ may also be encountered in statistical Ecology (e.g., 5[]
) where ‘a 'superpopulation' is defined as the total number of animals that were alive and available to be captured during at least one sampling period of the study and is thus composed of the recruits to the population across all sampling periods’ 6[]
. The two meanings are easily distinguishable according to the context.

For the sake of simplicity, we consider here populations synchronised by a Moran effect. More specifically, we considered populations subject to the same linear density-dependence and not connected by dispersal. The model is able to reproduce (i) the temporal variability in true log population size resulting from the action of both intrinsic (density-dependence) and extrinsic factors (e.g., correlated climatic variations), and (ii) the variability resulting from sampling error (see File S1 for a list of the main mathematical notations used). 
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of true log population sizes on site 
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, where I and J are two ordered sets of indices, with j typically indexes years. 
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can be viewed as a particular realisation of a multivariate Gompertz process 7[]
 (thereafter called the  population process):
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where 
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 is a NI-element vector of random variables 
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is an intercept and 
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 representing the strength of density-dependence up to order h. 
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 is an NI-element vector of random variables Zi generating 
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 process errors zij at time j that are variations in true log population size not accounted for by density-dependence. These random variables are assumed to have a certain joint probability distribution characterized by the first and second-order moments:
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with 
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where 
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 is the residual process variance of site i (i.e., the magnitude of stochastic variations on site i) and 
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is the covariance between residual process variations among two sites i and i’. We used the subscript ‘p’ for the notation of the operator of expectations 
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to recall that the source of stochasticity involved in their definition is the population process. We call ‘repetitions’ the 
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 realisations of 
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 required to generate a set (denoted as 
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 time series of 
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 true log population size. In real world, there is only one fixed U corresponding to a given set of sites and a given time period. However, for inference purpose we need to consider the infinite collection of U, noted 
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 which can be generated from the population process.

 In the 
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is not directly observable and the observers record — an estimate of 
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tainted by sampling error —
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) denoting the (log) number of individuals counted on the kth sampling unit at site i and time j. Note that for the sake of simplicity we consider here that the number of sampling units did not change according to site and time. 
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can be viewed as a realisation of the following sampling process:
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where
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 is an 
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 matrix of 0s and 1s that translates the 
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 true log population size at time j into 
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 true log population sizes at time j; 
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 generating sampling errors and assumed to have a certain joint probability distribution characterized by the first and second-order moments:
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where 
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 is the common sampling variance for the NK sampling units for the site i at time j. In the specification of Cs note that there is no covariance between sampling units, whatever site or time. We used the subscript ‘s’ for the notation of the operator of expectations 
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to recall that the source of stochasticity involved in their definitions is the sampling process. We call ‘replicates’ the 
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 realisations of 
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 required to generate a set (noted s) of 
[image: image51.wmf]IK

NN

 time series of observed log population sizes. In real world, there is only one fixed s resulting from observing a fixed U. However, for inference purpose we need to consider the infinite collection of s (given U), noted 
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 that can be generated from the sampling process.

2. Notions of population synchrony

Let 
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  be the finite population parameter for the set U (denoted in subscript) defining the correlation among two time series i and i’ of true log population sizes. According to the superpopulation model defined above, 
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 is a p-unbiased estimator of the correlation 
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 defining the theoretical synchrony between the two populations i and i’. It follows that the theoretical average population synchrony 
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 is given by the average of all pairwise correlations among the NI  populations: 
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. Since we considered populations that are (i) synchronised by a Moran effect, and (ii) subject to the same linear density-dependence and not connected by dispersal, the theoretical synchrony between two populations i and i’ can also be directly derived from the correlation among their process errors 
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. Indeed, under these conditions, the Moran theorem applies and provides
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. Note that when density-dependence is non-linear and/or is heterogeneous between populations, this equality no longer holds and
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 becomes a function of the synchrony among population processes and of the parameters describing heterogeneous (and/or non-linear) density-dependence between the populations i and i’ 9[,10]
. Generally, this leads to
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. In this situation, the correlation among climatic conditions is expected to be equal to the correlation among population processes (
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) only. 
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