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ABSTRACT

Questions: How will genetic differentiation and genetic drift in spatially structured
populations be affected by different classes of autocorrelated environmental noise? How does
dispersal interact with fluctuations generated from the demographic and environmental forcing
in shaping the neutral genetic patterns?

Model and key assumptions: Populations are regulated locally by density-dependent feedback
including demographic stochasticity but they are also here forced by environmental noise
(white, red, and blue noise corresponding to random, positive, and negative autocorrelation
respectively). Spatial structure consists of a looped string of populations connected by dispersal
and each with a predefined carrying capacity (one-dimensional stepping stone structure).

Method: Simulations initialized by randomly distributing individuals, and thus genotypes, in
space (no fitness differences, no mutation, no recombination, no selection).

Conclusions: In an unpredictable way, red noise reinforces the genetic differentiation
among populations more than white or blue noise. Dispersal appears unable to dilute the
differentiation effect of positively autocorrelated forcing. In modelling the effect of environ-
mental stochasticity, details about the type of environmental noise are of paramount
importance for the results and their biological and management implications.

Keywords: climate change, drift, environmental noise, genetic differentiation,
population dynamics.

INTRODUCTION

It is well known that climate fluctuations have profound effects on the ecological systems
on land (Stenseth et al., 2004) and in the sea (Stenseth et al., 2002), as well as human disease dynamics

* Author to whom all correspondence should be addressed. e-mail: esa.ranta@helsinki.fi
Consult the copyright statement on the inside front cover for non-commercial copying policies.

Evolutionary Ecology Research, 2008, 10: 1–9

© 2008 Esa Ranta



(Koelle et al., 2005). The study of climate fluctuations and environmental forcing and their effects
on natural systems is therefore of utmost importance. Studies should include the possibility
for autocorrelation in environmental forcing, as there are indications that this will tend to be
positive in natural systems (Koscielny-Bunde et al., 1998; Yano et al., 2001; Cyr and Cyr, 2003; Vasseur and Yodzis,

2004). Of equal importance is the study of the effects of climate on the genetic composition
of different populations, since this determines their evolutionary future. However, despite
the importance of assessing the effects of environmental forcing on genetic variability, few
studies have been conducted.

That natural populations are composed of semi-independent units linked together with
individuals redistributing themselves between breeding seasons has been a central element
of population genetic theory since the 1930s (Wright, 1931; Haldane, 1932). It took nearly half
a century before spatial structuring of populations seriously entered modern theoretical
ecology (Bascompte and Solé, 1997; Tilman et al., 1997; Ranta et al., 2006). The essence of spatially structured
models in population ecology is to assess how dispersal influences the temporal behaviour
of local populations. To comprehend local processes, one has to incorporate a global
perspective to the study of populations. The spatial paradigm has brought understanding to
such questions as why populations of a given species fluctuate in time over vast geographical
ranges (Kaitala et al., 2001; Liebhold et al., 2004; Ranta et al., 2006), and how travelling waves in population
dynamics are maintained (Bjørnstad et al., 2002; Ranta et al., 2006).

Understanding genetic differentiation of populations has been of fundamental interest
in population genetics. The most elementary example consists of a one-locus, two-allele
system. Classical theory states that any population of N individuals in isolation, given
sufficient time, will eventually drift to fixation of one of the two alleles (Crow and Kimura, 1970).
The allele in fixation is, on average, the one that was initially most abundant of the two. The
same theory also states that it does not take much immigration to the focal population
to maintain a diverse collection of alleles and genotypes. To address the question of the
significance of spatial structure from a theoretical perspective, Wright (1931) introduced the
‘island model’ and Kimura (1953) the ‘stepping-stone model’. The latter model uses discrete
islands in a string with dispersing individuals reaching their nearest neighbours on both
sides of their natal island. A rich body of theory and genetic data has since been amassed
under the ‘island’ metaphor. On the other hand, what make sense in the population renewal
process are births and deaths. In small populations, demographic stochasticity, as well as
immigration and emigration, is important for the local population process. It is apparent,
therefore, that the two theoretical enterprises – population genetic theory and theoretical
population ecology – need to merge to yield a better understanding of the principles
of populations, of the processes that ultimately govern evolutionary change. Typically,
population genetics models consider a stable population (i.e. no population dynamics),
whereas population dynamics models consider a (genetically) homogeneous population
with fluctuations due to density-dependent feedback in the renewal process, due to
demographic stochasticity and environmental forcing (Ranta et al., 2006). Here we attempt to
merge the two traditions within population biology, while allowing for autocorrelated
environmental forcing to interact with the population dynamics (Caswell and Cohen, 1995;

Heino et al., 2000; Roy et al., 2005).
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THE MODEL

The effects of environmental forcing on genetic differentiation were explored by conducting
computer simulations of varying configurations: (i) local carrying capacity, (ii) dispersal
rate, and (iii) population growth rate, while keeping others constant [(i) growth rate and
dispersal rate, (ii) carrying capacity and growth rate, and (iii) carrying capacity and
dispersal rate]. The model used is based on a renewal process that obeys the Ricker
dynamics, hence populations are regulated locally by a density-dependent feedback process.
In addition to demographic stochasticity, populations are affected by environmental noise
(white, red or blue) as explained below. We used a looped string of populations each with a
predefined carrying capacity exchanging dispersing individuals among neighbouring units.
Initially, individuals of several genotypes were randomly distributed over the sites and, to
keep matters as simple as possible, we assume no fitness differences between the different
genotypes, no mutation, no selection, and no recombination.

Combining the Ricker function (May, 1964) with environmental forcing of noise with
an autocorrelated structure, we obtain NTOT,i as the total population size in the i th

subpopulation:

NTOT,i(t + 1) = N″TOT,i(t)exp �r�1 −
N″TOT,i(t)

Ki
��µ(t) .

Here, r is the population growth rate, and Ki is the carrying capacity of the i th subpopulation
(that are n in total). The noise, or the environmental stochasticity, µ(t), has autocorrelated
structure (Kaitala et al., 1997). We use blue noise (negative autocorrelation), white noise
(no correlation) or red noise (positive autocorrelation) to emulate various forcing types in
the environment. N″ refers to population size after dispersal and demographic stochasticity
have taken place. Demographic stochasticity is implemented as

N�g,i(t + 1) = Poisson� N″g,i(t)

N″TOT,i(t)
NTOT,i(t + 1)� ,

where g is the genotype and Poisson[•] is an operator generating random numbers after
a Poisson distribution (representing demographic stochasticity). There are G different
genotypes, so that

N�TOT,i(t + 1) = �
G

g = 1

N�g,i(t + 1) .

Hence, this is a multi-genotype generalization of the model of Kaitala et al. (2006). Dispersal
is limited to the two neighbouring subpopulations, hence

N″TOT,i(t + 1) = (1 − m)N�TOT,i(t + 1) + 0.5mN�TOT,i − 1(t + 1) + 0.5mN�TOT,i + 1(t + 1) ,

where m is the fraction of emigrants in the focal population i. With small populations
(Ki ≤ 2000), chance effects, known as demographic stochasticity, play a significant role. It is
natural to assume that some external forcing, such as climate, is influencing the renewal
process. Here the forcing process has its own structure by being temporally autocorrelated
(Kaitala et al., 1997): the autocorrelation coefficient at lag 1 attains values of −0.7 (short wave-
lengths dominating, ‘blue noise’), 0 (‘white noise’), and 0.7 (slow wavelengths dominating,
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‘red noise’). We take the world to be composed of n population units (located in a string)
matching in all relevant characters and tie them together by the fraction m individuals out
of the N�tot,i that redistribute themselves between breeding seasons. Note that the dispersing
individuals are integer individuals and carry their genetic make-up with them. Following the
‘stepping-stone’ model, we allow dispersal from a focal unit only to its two nearest neigh-
bours. Hence, we are dealing with a haploid system and have, initially, for each local popula-
tion, NTOT,i = Ng1,i + Ng2,i + . . . NgG,i (where g is the genotype; throughout, we held the total
number of genotypes G = 10 and n = 500). For each locality, we know the genotype com-
position in the parent generation. Locally individuals in the different genotypes reproduce
and produce offspring in their own proportion in that location, but this process is subject to
demographic stochasticity. Genetic differentiation among the populations was calculated by
first drawing a random selection of 50 from n = 500 (thus, we have 1225 comparisons in
pairs rather than 124,750 comparisons). As there is no recombination among the G geno-
types (i.e. no need to calculate allele frequencies), and as we are dealing with a haploid
system, we simply compare genetic similarity between populations by calculating the
percentage similarity in genotype composition between any two populations i and j,

PSi, j = �
G

g = 1

min(pgi, pgj) ,

where pg is the proportion of individuals belonging to the gth genotype in the two popula-
tions being compared. The degree of genetic differentiation is simply 1 – PSij that is aver-
aged over all subpopulation pairs being compared. The closer the value is to 1, the higher
the degree of genetic differentiation.

RESULTS AND DISCUSSION

Our first concern is the strength of the noise in the noise-modulated processes. With G = 10,
n = 500, and m = 0.1 (modest dispersal was allowed, as we think that dispersal is the key
factor in spatially structured populations), and using Ricker dynamics (May, 1964) for a single
population with K = 50 and r = 0.5, we varied the range of the noise [1 − w, 1 + w] by
allowing w to be 0.1, 0.25 or 0.5 (Heino et al., 2000). Ten runs were replicated, and terminated
at t = 100. As seen in Fig. 1, the outcome of this exercise is, for the average number of
genotypes per population (superimposed with red noise): 4.67 ± 0.12 (mean and 95%
confidence limits), 4.37 ± 0.34, and 3.64 ± 0.96 for w = 0.1, 0.25, and 0.5, respectively.
The corresponding values of genetic differentiation are 0.75 ± 0.013, 0.75 ± 0.020, and
0.79 ± 0.057. Hence, in the following, we use w = 0.25 as the benchmark value for the
strength of environmental forcing.

Red noise (Fig. 1C) stands out from white and blue noise (Fig. 1A, B) to be more
unpredictable in terms of the preservation of genotypes. Furthermore, dispersal seems to
interact with the red noise in the sense that it results in extremely high variability in the
average number of retained genotypes. When varying local carrying capacity we observe
that random genetic drift, even with 10% dispersal, is powerful enough to yield pronounced
differentiation in the 100 time steps with populations where K < 500 (Fig. 2). More import-
ant, however, is that in this configuration environmental forcing resulted in larger values
of genetic differentiation, on average, than with drift and dispersal (Fig. 2). The difference
between drift (with 10% dispersal) without environmental noise, and drift (with 10%
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dispersal) with positively autocorrelated (red) environmental noise, is the most striking
(Fig. 2C, F).

A unifying finding is that, no matter what component is varied in our simulations, the
noise-modulated dynamics result in higher genetic differentiation among the populations.
The difference is marginal with blue and white noise, but the effect of red noise is
pronounced (Fig. 3). Increasing the dispersal rate reduces genetic differentiation among
populations, but as seen in Fig. 3(C, F) the red noise scenario contrasts the other two in a
way that is strongly robust to changing dispersal rates.

In Ricker population models (May, 1964), the dynamics are controlled by growth rate r,
which was varied between 0.5 and 3.5. When the deterministic single-population dynamics
are locally stable (r < 2), we have in general a higher degree of genetic differentiation in
noise-modulated dynamics than in dynamics with only random genetic drift (results not
shown). With unstable dynamics (r > 2), the difference is less marked, or is more in favour of
drift alone with 10% dispersal.

We have addressed the problem of how external forcing (e.g. environmental uncertainty
due to climate) and density-dependent population dynamics affect spatial genetic

Fig. 1. Joint effect of random genetic drift and environmental forcing with different autocorrelated
noise in influencing the number of genotypes remaining at t = 100 per population (A, B, and C).
As a reference, drift alone is indicated by black trajectories. In panels (D), (E), and (F), the system
is enriched with 10% dispersal (again black trajectories indicate the outcome with random genetic
drift and 10% dispersal alone). Results of ten replicated runs in each panel. The data indicate that the
differences between the different treatments are clearly visible, even as early as t = 100 (if not even
earlier).
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differentiation in haploid populations. In our approach, the genotypes are identical with no
fitness differences and there are no mutations, no recombination, and no selection. Thus,
genetic fixation and the loss of diversity are due to random genetic drift and demographic
stochasticity alone (see also Kaitala et al., 2006). Our main result is that the speed at which the loss
of genetic richness disappears depends on dispersal and, more interestingly, on the temporal
structure of the environmental noise. Negatively autocorrelated (blue) noise and white noise
do not differ markedly, as both add only slightly to the genetic differentiation compared
with drift alone. However, when the environmental stochasticity is positively auto-
correlated, the loss of genetic diversity is more variable and the outcome is markedly
different from other types of environmental noise. Moreover, this pattern seems robust to
varying dispersal rates.

The ultimate degree of genetic diversity in any system is determined by mutation rate,
intensity of dispersal, and by the speed of the loss of genetic variation due to random
genetic drift. Thus, we may expect that genetic diversity differs in different environments,
depending on the environmental variability. The population fluctuations have their proper-
ties determined by the inherent population regulation processes. However, we also know
that the temporal structure of environmental noise may be reflected in the temporal
structure of the population dynamics (Ripa and Lundberg, 1996; Kaitala et al., 1997; Ranta et al., 2006).
Under genetic drift and demographic stochasticity, a loss of biodiversity will occur with a
speed that is related to the harmonic mean of the population size. Data from the simulations
show that there are quite pronounced differences in systems with drift and noise of various
colour compared with drift alone. Positively autocorrelated (red) noise caused the greatest
degree of genetic differentiation. It is known that the effective population size (determining
the loss of heterozygosity) can be approximated by the harmonic mean population size;
however, the approximation does not hold when size fluctuations are autocorrelated (Iizuka,

2001). If a given string of population sizes appears in sequence (positively autocorrelated
series), random genetic drift can weed out rare genotypes in a run of lean years. In spatially
structured and temporally fluctuating populations, the rate of loss of genetic variation is
hard to calculate analytically, as several biases may arise from the interplay of dispersal
and spatial structure. In stepping-stone models with extremely low dispersal, effective
population size is of the order of the squared number of subpopulations (ultimately they
each hold their fixed genotype regardless of size), whereas with higher dispersal it is of the

Fig. 2. Genetic differentiation among populations in systems affected by environmental forcing of
various autocorrelation structures (blue noise, autocorrelation = −0.7; white noise, 0; red noise, 0.7;
the colour coding is blue, grey, and red respectively). Panels (A), (B), and (C) give results for 100
replicated runs where K for all n = 500 local populations (constant K for all populations) is drawn from
uniformly distributed random numbers, uniform[20, 2000]. Dispersal is 10%, population growth rate
r = 0.5. The small black symbols indicate where the system would have ended with drift without any
forcing. Panels (D), (E), and (F) give frequency distributions of residuals: (genetic differentiation with
drift, 10% dispersal and coloured forcing) – (genetic differentiation with drift and 10% dispersal).
Percentages indicate the percentage of positive residual values.

Fig. 3. Genetic differentiation among populations in systems affected by environmental forcing
of various autocorrelation structures. In this scenario, population carrying capacity (K = 300)
and growth rate (r = 0.5) are held constant, while for the 100 replicated runs dispersal rate, m, per run
is varied by random numbers, uniform[0, 1]. Otherwise as Fig. 1.
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order of the number of subpopulations times the size of subpopulations – that is, panmixia
(Maruyama, 1970; Wang and Caballero, 1999). In other words, viscous structures can mitigate the loss
of genetic diversity and thus by definition give larger effective population sizes. However,
such exact derivations rest on critical assumptions that subpopulations have constant
population size and are identical with respect to the contribution of offspring to subsequent
generations. Indeed, Whitlock and Barton (1997) showed that the effective population size
can decrease markedly compared with panmixia when allowing for variation in size and
migratory contribution of the local populations in an island model.

While the importance of environmental stochasticity on genetic differentiation over time
is well covered in theoretical population genetics, we have shown that the particulars of
stochastic population fluctuations matter and can lead to surprising and not previously
known results. Contrary to the bulk of theory based on a certain form of environmental
noise (white), imposing red noise can lead to a high degree of differentiation despite
excessive gene flow (e.g. Fig. 3C). Our results also have potential conservation consequences
as the genetic erosion caused by demographic bottlenecks depends critically on the
duration, thus consecutive lean years as seen in red noise becomes especially relevant. Note
also that our results indicate that increased dispersal is incapable of alleviating this effect.
In the long run, the genetic impoverishment may negatively feedback on demographic
performance bringing local populations into an extinction vortex, where detrimental
genetic and demographic effects show mutual reinforcement (Soulé, 1986). This highlights
the need for a careful specification of the form of noise in theoretical population genetic
studies. Even more importantly, the results underline the significance of considering
the kind of environmental forcing when analysing the results of genetic differentiation.
Knowledge of the prevailing and future-anticipated autocorrelation structure of the
external forcing is especially relevant if any management decisions on biodiversity are to be
based on the results of documented genetic differentiation.
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