
Linköping Studies in Science and Technology 
Dissertation No. 1416 

POPULATION DYNAMICS IN VARIABLE ENVIRONMENTS  
— IMPACTS OF NOISE COLOUR AND SYNCHRONY 

 

 

FRIDA LÖGDBERG 
 

 

 

 

 

 

 

 

 

 

Department of Physics, Chemistry and Biology 
Division of Theory and Modelling 

Linköping University 
SE – 581 83 Linköping, Sweden 

 
Linköping, December 2011 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Linköping Studies in Science and Technology, Dissertation No. 1416 

Lögdberg, F. Population dynamics in variable environments — impacts of noise colour and 
synchrony 

 

ISBN 978 – 91 – 7393 – 001 – 7  
ISSN 0345 – 7524  
 

Copyright © Frida Lögdberg, unless otherwise noted 

Front cover: Frida Lögdberg 

Printed by LiU-Tryck 
Linköping, Sweden 2011 



iii 
 

TABLE OF CONTENTS 
Abstract         v 
Populärvetenskaplig sammanfattning      vii 
Preface         ix 
List of papers         xi 

PART 1  

1. Introduction        1 
   1.1 Synchrony        1 
   1.2 Noise colour, the temporal autocorrelation    2 
   1.3 Effects of environmental variation in food webs   6 

2. Aims         6 

3. Methods         8 
   3.1 Environmental variation generated as 1/fβ-noise   9 
   3.2 Modelling the landscapes and dispersal between patches  12 

4. Summary of Papers       14 

5. Discussion         16 
   5.1 Generating time series of environmental variations   16 
   5.2 Impact of environmental variations and hump-shaped responses 19 
   5.3 Extinction risks in explicit landscapes     24 
   5.4 Concluding remarks       26 

6. Acknowledgements        27 

7. References         27 

PART 2 
Paper I 
Paper II 
Paper III 
Paper IV 
Paper V 

 



iv 
 

 



v 
 

ABSTRACT 
Environmental variation is an essential part of population dynamics, and two characteristics of 
such variation—variance and the temporal autocorrelation termed ‘noise colour’—are essential 
for determining the persistence of a population. In addition, the spatial correlation of local 
environmental variation between habitat patches (i.e., synchrony) is equally important in 
subdivided populations connected via dispersal. The research underlying this thesis explored the 
effects of noise colour and synchrony on population dynamics. The dynamics were studied 
primarily in single-species models with fast or slow population responses to environmental 
changes, and several-species systems (i.e., food webs) with different stability properties were 
also considered. Populations were spatially subdivided with local dynamics in discrete patches, 
and patch positions were modelled either implicitly or explicitly, with different landscape 
configurations in the latter case. 

It has previously been shown that the effect of increased environmental redness on extinction 
risk in non-spatial models depends on population responsiveness, seen as increased and 
decreased risks for fast and slow responding populations, respectively. Here, increased redness 
of noise decreased the extinction risk for fast-responding populations (in accordance with non-
spatial studies) in a simple implicit landscape model (Papers I and II). Slow-responding 
populations in some cases showed a raised extinction risk for intermediate noise colour values 
(Paper I), which does not agree with earlier results. However, increasing the spatial complexity 
evened out the differences that were caused by responsiveness (Papers III and IV). Thus, in 
general, the explicit landscape models displayed a decrease in extinction risk with increasing 
environmental redness regardless of whether the populations were fast or slow in responding to 
environmental variation. 

Still, fast and slow responsiveness of populations differed in relation to the following: overall 
levels of extinction risk (Papers I, III, and IV), synchrony of population variations (Paper II), 
colour of population variations (Paper II), and response to landscape structure (Papers III and 
IV). For fast-responding populations, the degree of synchrony of population variations was 
similar to the synchrony of environmental noise (Paper II). Local populations of a model 
organism that responded slowly to environmental variation were more synchronized than the 
environmental variation itself, and the largest shift between the environment and the populations 
was seen for intermediate red noise colours (Paper II). This indicated that dispersal-induced 
population synchrony could be enhanced by reddened noise. 

Landscape configuration proved to be important for the general levels of extinction risk. This 
effect was most pronounced for fast-responding populations (Papers III and IV) and became 
even more distinct when distance-dependent synchrony was added between the environmental 
variations (Paper IV). Adding explicit landscapes led to an decrease in the differences between 
fast- and slow-responding populations, when considering the influence of noise colour on 
extinction risk. Also, landscape configuration affected the importance of degree of synchrony 
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through its impact on distances between patches, which resulted in configurations where 
extinction risk depended solely on noise colour. The effects on stability exerted by populations 
embedded in food webs were investigated in an implicit landscape model (Paper V). Three types 
of food webs with different properties of inherent stability all showed a decrease in stability at 
increased environmental variance and increased redness of environmental variation. 

In conclusion, the single-species models showed that the survival conditions of populations           
that were near extinction were improved by all of the following: decreased synchrony, reddening 
of noise, and aggregation of patches. The results of the web simulations indicate that we need 
better understanding of how findings obtained using single-species models can be used to reveal 
the effects of noise colour on species communities. From a management perspective, altering 
landscape structure may compensate for increased extinction risks caused by changed noise 
colour of environmental variation, which is a predicted outcome of climate change. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
Arter utsätts ständigt för variation i sin yttre miljö, allt från klimatpåverkan så som nederbörd 
och temperatur till närings- och ljustillgång och mänsklig påverkan. Omvärldsvariationen är en 
stor del av en populations dynamik och den dynamiken är i sin tur avgörande för populationens 
överlevnad. Klimatdata visar att vi tenderar att få fler extrema väderförhållanden i till exempel 
temperatur och nederbörd, och frågan är vilka effekter detta får på hur miljövariationen påverkar 
enskilda populationer, interaktioner mellan arter och hela ekosystem. I den här avhandlingen 
används teoretiska modeller för att systematiskt undersöka utdöenderisker för populationer i en 
föränderlig miljö. 

Jämte medel och varians är miljövariationens struktur över tiden en viktig komponent för 
populationsdynamiken. Analys av tidsserier med data från både populationer och klimatvariabler 
har visat att strukturen tenderar att vara sådan att närliggande värden liknar varandra, det vill 
säga att tidsserien är autokorrelerad (t.ex. har temperaturen en dag ungefär samma värde som 
temperaturen dagen innan). För den här typen av analys används ofta spektrala metoder där 
tidsseriens struktur beskrivs av dess spektrala färg, där hög autokorrelation ger en röd tidsserie 
medan tidsserier som saknar relation mellan närliggande värden är vita (t.ex. temperaturen en 
dag har inget samband med temperaturen dagen innan). Den rumsliga aspekten, d.v.s. 
populationers rumsliga uppdelning i mindre delpopulationer, är också en viktig del i 
populationsdynamiken. Populationer som ligger nära varandra utsätts med största sannolikhet för 
ungefär samma omvärldsvariation medan större avstånd troligen innebär mer skillnader i 
omvärldsvariationen. Omvärldsvariationen kan alltså vara mer eller mindre lika i rummet, d.v.s 
mer eller mindre synkron. För delpopulationer som uppvisar synkroniserad dynamik ökar 
utdöenderisken för hela populationen medan en asynkron dynamik kan förbättra överlevnaden då 
spridning kan utjämna variationerna mellan delpopulationerna.  

I den här avhandlingen presenteras en metod för att generera tidsserier med önskade värden för 
både autokorrelationen i tiden och synkronin mellan tidsserierna. Applicerat på rumsligt 
uppdelade populationer, sammankopplade via spridning, visar vi att autokorrelationen och 
graden av synkroni inte samverkar i sin effekt på utdöenderisken. En ökad grad av synkroni ökar 
utdöenderisken monotont. Generellt minskar utdöenderisken när autokorrelationen ökar (d.v.s. 
när den spektrala färgen går från vit till röd) men skillnader finns mellan olika 
populationsmodeller. En population vars täthetsreglering är överkompenserande gynnas i 
allmänhet av ökad autokorrelation medan en underkompenserande tenderar att få ökad 
utdöenderisk för en liten ökning i autokorrelation för att sedan minska när autokorrelationen ökar 
ytterligare. Dessa skillnader försvinner delvis när man ökar den rumsliga komplexiteten i 
modellen genom att styra landskapets konfiguration, d.v.s. hur delpopulationerna är fördelade i 
landskapet (t.ex. slumpvis fördelade eller på olika sätt grupperade).  
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Om synkronin i de genererade tidsserierna beror på avståndet mellan populationerna i rummet 
får det en stor effekt på utdöenderisken för överkompenserande populationer. Effekten blir en 
ökad utdöenderisk, speciellt för de landskapskonfigurationer där delpopulationerna är väldigt 
grupperade. I system med flera interagerande arter visade sig ökad varians på 
omvärldsvariationen ha en stabiliserande effekt både på systemet som helhet samt på de enskilda 
arterna. Den spektrala färgen visade på liknande effekter som för den underkompenserande 
enarts-modellen.  

Sammantaget tyder resultaten på att populationer som ligger nära sin utdöendegräns påverkas 
starkt av förändringar dels i den rumsliga konfigurationen men även av graden av synkroni och 
autokorrelation i omvärldsvariationen. Det är också viktigt att ta hänsyn till om populationen är 
över- eller underkompenserande, vilket påverkar populationens respons på förändringar i tid och 
rum. Som en effekt av klimatförändringar är det troligt att autokorrelationen i miljövariationen 
kommer att ändras, vilket i sin tur skulle kunna öka eller minska populationers sårbarhet. Genom 
en noggrann kartläggning av landskapets konfiguration och populationers över- eller 
underkompenserande egenskaper indikerar våra resultat att en förändring av konfigurationen 
skulle kunna kompensera eventuella försämringar i miljövariationens autokorrelation.  
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PREFACE  
The starting point of my research was the agricultural landscape dominated by pedunculate oaks 
(Quercus robur) (Figure 1) in Östergötland County, Sweden, which represents one of the 
valuable remnants of such land in Europe today (Hultengren and Nitare 1999). Due to altered 
land use, the number of large veteran pedunculate oaks is declining in this part of the world, and 
this species is one of the most important for invertebrates associated with such old trees (e.g., 
Palm 1959; Ranius et al. 2005). Many red-listed saproxylic beetles can be found in the oak 
landscape in Östergötland County (e.g. Ranius and Jansson 2002; Jansson et al. 2009). The 
changes in agricultural practice have resulted in overgrown oak stands and dying oak trees, and 
the oldest of these trees are not being replaced by a new generation of venerable oaks. 

Accordingly, my first intention 
was to construct a model of 
some general oak-living 
invertebrate species  to get a 
picture of important causes of 
extinction risk for populations 
living in a landscape of 
changing patches (i.e., the 
oaks). Realizing that many of 
the oaks that are alive today are 
in the same condition (or from 
the same cohort), synchrony of 
the changing patches had to be 
part of the model. Thus, I 
needed a model in which local 
conditions would vary over 
time in a synchronized way, 
but I did not find a method that 
could meet that requirement. 
Consequently, I had to delve 
into the topic of modelling 
environmental variation, which 

is how I ended up writing a 
thesis on the effects (mainly 
extinction risks) that the 
temporal structure of environmental variations exert on populations. This work was done by 
considering some general species living in discrete patches in a spatial context including the 
aspects of how variations over time are correlated across space (here called synchrony), dispersal 

Figure 1. Drawing of large old oaks in a meadow in spring. 
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between patches, and configuration of patches. These effects were also explored briefly in the 
context of a multi-species system.  

Hence, this thesis is not about oaks and the various species of such trees, but rather about 
environmental variation affecting spatially subdivided populations in a model system that in 
some ways resembles the environment of an oak-living species. The thesis is divided into two 
parts: the first part gives an introduction to the field of environmental variation in ecological 
modelling and also summarizes the methods that I used and the main results in a broader context; 
the second part consists of the five papers that describe the current research. The titles of the 
papers and my contributions to each of the investigations are listed on the next page. 

Linköping, November 2011 
Frida Lögdberg 



xi 
 

 

L IST OF PAPERS 
This thesis is based on following papers, which are referred to in the text by their Roman 
numerals: 

I. Lögdberg, F. and Wennergren, U. Noise color, synchrony and extinction risk. Accepted 
for publication in Theoretical Ecology, DOI: 10.1007/s12080-011-0145-x 

II.  Lögdberg, F. and Wennergren, U. Biological filtering of noise colour and synchrony. 
Submitted manuscript1 

III.  Lögdberg, F., Lindström, T., and Wennergren, U. Effects of noise color and synchrony 
on extinction risk in patchy environments. Submitted manuscript2 

IV.  Lögdberg, F., Håkansson, N., Lindström, T., and Wennergren, U. The importance of 
distance-dependent synchrony of coloured noise. Manuscript 

V. Gudmundsson, S., Lögdberg, F., and Wennergren, U. Stability patterns of spatial food 
webs in coloured environments. Submitted manuscript2 

Paper I is printed with kind permission of Springer Science and Business Media. 

 

 

MY CONTRIBUTIONS TO THE PAPERS 
 
Papers I–IV: I made major contributions to shaping the ideas, choosing the methodological tools, 
and formulating the questions. I have developed the main code, and contributed to conceiving the 
ideas but did not develop the particular code for the noise-generating method (I did not develop 
code for landscape generation and two-dimensional dispersal). In all four of these investigations, 
I took a major part in the analyses and was the main author of the papers. 

Paper V: I participated in conceiving the idea, analyzing the results, and writing the paper. 

 

 

 

1Submitted to Theoretical Ecology. 
2Submitted to Proceedings of the Royal Society B. 



xii 
 

 



1 
 

1. INTRODUCTION  
Populations of species interact with the spatial and temporal components of their environment, 
which encompass all external, unpredictable environmental variations that can affect population 
dynamics (Ruokolainen et al. 2009a). Furthermore, magnitude and temporal autocorrelation are 
important attributes of environmental variation. It is now assumed that frequency and magnitude 
of extreme weather and climate events has increased (Easterling et al. 2000), which probably 
will have an effect on the attributes of environmental variation affecting populations (García-
Carreras and Reuman 2011). Accordingly, there is an urgent need to understand the impact of 
environmental variation on population dynamics, and this will have consequences for the 
extinction risks of populations (e.g., Ripa and Lundberg 1996; Petchey et al. 1999; Schwager et 
al. 2006; Papers I, III , and IV) and the dynamics of species communities (e.g., Ruokolainen et 
al. 2009a, Paper V). Another significant aspect of changes in the environment is that they can co-
fluctuate across space and thereby cause subdivided populations to synchronize their dynamics 
(e.g., Liebhold et al. 2004), and thus synchrony is a third characteristic of environmental 
variation. The aim of the present research was to perform computer simulations to acquire new 
theoretical insights into how environmental variation (mainly autocorrelation and synchrony) can 
affect the dynamics (primarily extinction risk) in spatially subdivided populations.  

1.1. SYNCHRONY 
In spatially subdivided populations, time series of the local populations can be spatially 
correlated, which in this thesis is referred to as synchrony between local populations. (NB: All 
words in italics are explained in Box 1.) There are three mechanisms that cause such synchrony 
(Liebhold et al. 2004): (1) dispersal (Ranta et al. 1995; Heino 1998; Bjørnstad et al. 1999; Ripa 
2000; Ranta et al. 2006; Abbott 2011); (2) synchronous environmental forcing, often referred to 
as the ‘Moran effect’ (Moran 1953; Hudson and Cattadori 1999; Lande et al. 1999; Ranta et al. 
2006; Abbott 2007); (3) interactions with other species, for example, pressure exerted by a 
predator (Small et al. 1993; Ims and Andreassen 2000). Previous research has shown that 
increasing the degree of population synchrony raises the risk of extinction (Heino et al. 1997; 
Kendall et al. 2000; Liebhold et al. 2004; Ruokolainen and Fowler 2008), and that synchrony 
between local populations decreases with increasing distance (Ranta et al. 1995; Bjørnstad et al. 
1999; Ranta et al. 2006). The present work explored the effects of interactions between 
synchrony and temporal autocorrelation, and also considered the importance of including 
distance-dependent environmental variation in models.         

1.1.1.  ENVIRONMENTAL SYNCHRONY, DISPERSAL AND LANDSCAPE PROPERTIES 
The Moran effect refers to when environmental variation can induce population synchrony by 
forcing oscillating dynamics into co-fluctuations without connections by dispersing individuals. 
It is difficult to tell apart the synchronizing effects of the environmental forcing from the effects 
of dispersal (Ranta et al. 1995; Ranta et al. 2006). However, dispersal plays a key role in 
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connecting local populations and without these links the degree of synchrony of environmental 
noise would be uninteresting in a population extinction risk perspective. Thus, the effect of 
dispersal is twofold; given some asynchrony between patches the dispersal may rescue local 
populations with low densities but also increase the population synchrony. This paradox is 
discussed by Abbott (2011). 

Dispersal between local populations can be implicit, implying that all movements are equally 
probable, or it can be explicit, meaning that the distances and the landscape configuration can 
have an impact. Both dispersal success (King and With 2002) and occupancy of patches 
(Biedermann 2004) have been shown to increase with increasing patch aggregation. Therefore, it 
is not surprising that landscape configuration has implications for the synchronizing effect of 
environmental variation, which demonstrates that the importance of synchrony increases when 
patches are clumped together (Papers III  and IV). Landscape configuration also plays a role in 
the influence of temporal autocorrelation.  

1.2.  NOISE COLOUR, THE TEMPORAL AUTOCORRELATION  
Noise colour refers to the temporal autocorrelation of the environmental variation. If there is 
positive autocorrelation (Figure 2), adjacent values in time tend to be similar, and hence the time 
series is dominated by low frequency variations (e.g., Ripa and Lundberg 1996); in analogy to 
the longer wavelengths in red light, this is called ‘red noise’. An equal mix of frequencies gives 
rise to time series comprising values that are independent of each other (i.e., there is no 
correlation; Figure 2), and this is called ‘white noise’. If there is a dominance of high frequency 
variations, it is designated ‘blue noise’ and variations are negatively correlated. The noise colour 
of environmental variation that is essential for an organism is coupled to that organism’s 
longevity and life cycle (Sabo and Post 2008). In general, it is assumed that blue noise is not 
found in natural time series, although, for example, it does exist in the El Niño–Southern 
Oscillation (Burgers 1999; Ruokolainen et al. 2009a). Nevertheless, this thesis considers only 
white and red noise, and all levels of (positive) autocorrelation are referred to as ‘red noise’ or 
‘reddened noise’, avoiding the terms such as ‘pink noise’ and ‘brown noise’ used by other 
researchers (e.g., Halley 1996; Cuddington and Yodzis 1999). Furthermore, an increase in the 
autocorrelation is denoted ‘increased redness’, whereas ‘noise reddening’ means that a time 
series is becoming autocorrelated through the effects of intrinsic or extrinsic forcing.  

A majority of long-term population time series show reddened noise (Inchausti and Halley 2001, 
2002; Vasseur and Yodzis 2004). The reddening of population dynamics can be caused by 
internal processes (White et al. 1996; Kaitala et al. 1997) but also by external mechanisms such 
as time delays in density dependence (Kaitala and Ranta 1996) and population tracking of 
coloured environmental variations (Sugihara 1995; Inchausti and Halley 2002). In addition, a 
study by Xu and Li (2003) indicated that species on higher trophic levels probably have redder 
population dynamics.  
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1.2.1.  IMPACT OF NOISE COLOUR IN NON-SPATIAL SINGLE-SPECIES MODELS  
Population dynamics can be coloured by environmental variation (Sugihara 1995; Inchausti and 
Halley 2002; Paper II). Most of the abiotic natural time series that have been studied (Steele 
1985; Cyr and Cyr 2003; Vasseur and Yodzis 2004) have shown red noise. In general, marine 
time series are more reddened than terrestrial ones (Steele 1985; Vasseur and Yodzis 2004). 
Effects of white versus red noise on population dynamics in non-spatial settings have been 
studied intensively (e.g., Ripa and Lundberg 1996; Johst and Wissel 1997; Petchey et al. 1997; 
Cuddington and Yodzis 1999; Halley and Kunin 1999; Heino et al. 2000; Gonzales and Holt 
2002; Heino and Sabadell 2003; Laakso et al. 2004; Schwager et al. 2006). Most of the previous 
population models have assumed white environmental noise but studies of extinction risk based 
on such noise may be biased (Halley 1996; Ripa and Lundberg 1996; Halley and Kunin 1999), 
and Halley (1996) has proposed that slightly reddened (i.e., pink) noise provides a better null 
model than white noise does. The over- or underestimation of extinction risk will depend on 
whether populations have fast or slow regulation of density dependence.  

 

Figure 2. Time series of different 
noise colours.  

 

 

 

 

 

 

 

 

Noise colour interacts with the underlying dynamics of the modelled population, and this has a 
marked impact on extinction risk (Ruokolainen et al. 2009a). Populations with 
overcompensating growth react rapidly to environmental changes and overshoot the carrying 
capacity, whereas those with undercompensatory population dynamics are slow to react. The 
general conclusion from single-species non-spatial models (Ruokolainen et al. 2009a) is that 
increased redness of noise colour leads to decreased and increased extinction risk for 
overcompensatory and undercompensatory population dynamics, respectively (Ripa and 
Lundberg 1996; Petchey et al. 1997; Cuddington and Yodzis 1999), and this is the result of the 
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tendency of populations to track red environmental variation better than white (Roughgarden 
1979; May 1981).  

In a white environment, an overcompensatory population overreacts, which gives rise to variance 
of population density that is larger than the corresponding variance of environmental 
stochastivity. An undercompensatory population tends to average over the environmental 
variations, resulting in markedly reduced variance of population density. A better tracking of 
variations in a red environment results in variances that are closer to the variance of environment 
for both over- and undercompensatory dynamics. This means that the variance of population 
density will be lower in red than in white environments when the dynamics are 
overcompensatory, which will decrease the extinction risk. The opposite applies to 
undercompensatory dynamics: the variance and extinction risk will be higher in red than in white 
environments. Thus, recognizing the influence of noise colour on population variances is a key to 
understanding how colour affects the extinction risk. 

Reddened noise colour increases the mean density of populations regardless of whether they 
have over- or undercompensatory dynamics (May 1981; Paper I). For overcompensatory 
dynamics, red noise raises the mean and lowers the variance of population density, and thereby 
decreases the extinction risk (Paper I); for undercompensatory dynamics, the counteracting 
forces of increased mean and elevated variance can   raise the extinction risk at intermediate 
noise colours (Cuddington and Yodzis 1999; Schwager et al. 2006; Paper I ). Thus, populations 
with overcompensatory dynamics benefit from increased redness of environmental variations, 
whereas those with undercompensatory dynamics either has a monotonic increase in extinction 
risk or show the largest extinction risk when experiencing intermediate red colours. 

1.2.2.  EFFECTS OF NOISE COLOUR IN SPATIAL SINGLE-SPECIES MODELS 
In a spatial setting, the environmental noise can affect (global) population extinction risk through 
both local dynamics and synchrony (Ruokolainen et al. 2009). Noise colour per se can 
synchronize local populations, regardless of the degree of synchrony between time series of local 
noise (Heino et al. 1997; Heino 1998; Vasseur 2007a). Thus, environmental noise can be 
characterized by both its synchrony and its colour. Generating noise for a spatial setting involves 
a risk of unintentionally adding substantial variability to noise colour when setting the 
synchrony, and vice versa (Vasseur 2007a). Vasseur (2007a) has presented a spectral method for 
a two-patch system that includes partnering phases to set the synchrony for two-coloured time 
series. However, this method is too complicated to extend to a system comprising several 
patches. Ruokolainen and Fowler (2008) presented a more appealing method based on including 
an autoregressive approach, but it was tested only in a food web context. In the present research, 
we utilized a spectral method that was similar to the one suggested by Vasseur but was easier to 
apply to a system of several patches.  
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Only a few investigations have examined the impact of noise colour on extinction risk in a 
spatial context, perhaps because of the lack of appropriate methods to address that issue (Vasseur 
2007a). Petchey et al. (1997) studied the combined effects of spatial heterogeneity and noise 
colour on overcompensatory population dynamics, and they found that increased reddening 
decreased the extinction risk in spatially homogeneous landscapes. The opposite trends were 

Box 1. Glossary 

Autocorrelation the  degree to which temporally adjacent values in 
a time series are similar 

Continuity the autocorrelation of patch density, i.e., the 
degree to which spatially adjacent values in a 
landscape are similar  

Contrast the difference between sparse and dense areas of 
patches in a landscape 

Mass-action mixing all migrating individuals are equally distributed 
over all patches 

Noise colour the degree of autocorrelation in a time series; 
when spectral density is used to represent time 
series, colour terminology is applied to the 
autocorrelation properties  

Overcompensatory dynamics strong density dependent feedback of population 
growth resulting in oscillatory dynamics where the 
population overreacts and overshoots the carrying 
capacity (b = 1, Eq. 1) 

Responsivness changes in population density caused by the  
population’s reaction to external changes 

Synchrony when two or more time series with similar 
properties (magnitude and noise colour) co-
fluctuate 

Undercompensatory dynamics weak density dependent feedback of population 
growth, resulting in monotonic dynamics (b = 0.1, 
Eq. 1) 
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observed when there was increased spatial heterogeneity, and Petchey and colleagues concluded 
that interaction effects exist between such heterogeneity and noise colour. Inasmuch as spatial 
heterogeneity can be equivalent to synchrony (Paper I), the finding by Petchey et al. also implies 
that there are interaction effects between synchrony and noise colour. This can probably be 
explained by the method used to generate noise (Paper I), since no such interactions could be 
detected when we specifically addressed synchrony in the present model systems (Papers I, III , 
and IV)  

1.3. EFFECTS OF ENVIRONMENTAL VARIATION IN FOOD WEBS 
It is more complicated to investigate the impact of environmental variation on multi-species 
systems such as food webs. Environmental variation may have both direct and indirect effects on 
species due to species interactions. The responses of a food web and the inherent species depend 
on the trophic structure (Ripa and Ives 2003; Greenman and Benton 2005; Vasseur 2007b) and 
the correlation between the species’ responses to the environmental variation (Ripa and Ives 
2003; Greenman and Benton 2005; Ruokolainen et al. 2007). Ruokolainen and Fowler (2008) 
considered a competitive food web and observed that increased magnitude of environmental 
variation can amplify the variability in such a network. Turning to a more complex food web 
with multi-trophic levels, Vasseur and Fox (2007) showed that increased environmental forcing 
does not necessarily imply decreased stability. Few researchers have investigated how noise 
colour affects the stability of multi-species systems (Ruokolainen and Fowler 2008; Vasseur 
2007b), and the results obtained thus far suggest that the impact of noise colour depends on the 
ability of species to track environmental variations (Vasseur 2007b; Ruokolainen et al. 2007) and 
on correlation in the response to the environment (Ruokolainen and Fowler 2008). However, it is 
plausible that the similarity between the responses of different species will be less important 
when investigating the impact of environmental variation when including more complex food 
webs with for example three trophic levels (Paper V).  

2. A IMS 
The overall objective of the current research was to study the impact of noise colour and 
synchrony of environmental variation on population dynamics, considering population 
interactions taking place in the context of either an implicit or an explicit landscape. Population 
dynamics encompass extinction risk, noise colour and synchrony of the population density, and 
stability (of food webs). The contents of the five papers included in this thesis are summarized in 
Box 2. 

2.1. PAPER I: SPECTRAL COLOUR, SYNCHRONY, AND EXTINCTION RISK 
The aim of the study reported in Paper I was to ascertain how noise colour affects extinction risk 
of a single-species population in an implicitly modelled landscape. We presented a novel method 
for generating environmental variation with desired noise colour and synchrony. This was a first 
step before evaluating the effects of noise colour in more complex systems. 
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… where landscape is: 
 

     Implicit  
     Explicit, with different 
     configurations 

Single species: 
Overcompensatory dynamics 
Undercompensatory dynamics 
 
Food web (with different stabilities) 

Extinction risk 
 
Stability 
 
Variation in 
terms of: 
Noise colour 
Synchrony 

Magnitude of variation 
 
Noise colour 
 
Synchrony 

Box 2: Schematic diagram of the work done in the present 
research 

Paper I: The impact of environmental variation (noise colour and synchrony) on 
extinction risk in single-species populations with over- or undercompensatory dynamics 
in implicit landscapes. 
Paper II: The impact of environmental variation (noise colour and synchrony) on noise 
colour and synchrony of population variation in single-species populations with over- 
and undercompensatory dynamics in implicit landscapes. 
Papers III and IV: The impact of environmental variation (noise colour and 
synchrony) on extinction risk in single-species populations with over- or 
undercompensatory dynamics in explicit landscapes. 
Paper V: The impact of environmental variation (noise colour, synchrony, and 
variance) on stability in food webs in implicit landscapes. 

Impacts of environmental  
variation… 

… in spatially subdivided 
populations… 

… on population 
dynamics 
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2.2. PAPER II:  BIOLOGICAL FILTERING OF NOISE COLOUR AND SYNCHRONY 
Paper II describes our investigation of how the properties, noise colour, and synchrony of 
environmental variations are filtered through a population of a species in an implicit landscape 
model. The same model and the same properties (i.e., noise colour and synchrony) as designated 
in Paper I were used to analyse fluctuations in the population. It is relevant to gain such 
knowledge when examining species interactions in a food web, because the dynamics of one 
species may constitute the environmental variation faced by a dependent species.  

2.3. PAPER III:  EFFECTS OF NOISE COLOUR AND SYNCHRONY ON EXTINCTION 

RISK IN PATCHY ENVIRONMENTS 
In the study reported in Paper III, we investigated whether the conclusions drawn in Paper I 
about the impact of environmental variation also applied when the spatial complexity was 
increased by introducing patch configuration and distance-dependent dispersal. Thus the aim was 
to assess the combined effects of landscape configuration and environmental variation, focusing 
on noise colour and synchrony. 

2.4. PAPER IV:  THE IMPORTANCE OF DISTANCE-DEPENDENT SYNCHRONY OF 

COLOURED NOISE 
This work reported in Paper IV was based on the models used in Paper III. The aim was to 
determine whether it is important to include distances when setting synchrony between patches 
to study the effects of coloured noise on population extinction risk. The simpler alternative 
would have been to measure degree of synchrony over the entire landscape, independent of 
geographic positions of patches (as described in Papers I–III).   

2.5. PAPER V: STABILITY PATTERNS OF SPATIAL FOOD WEBS IN COLOURED 

ENVIRONMENTS 
The aim of this investigation (Paper V) was to analyse the effects of environmental variation 
(variance, noise colour, and synchrony) on the stability of species in a food web. We compared 
three food webs with different inherent stability properties. Synchrony included co-fluctuations 
of environmental time series across space and between species.  

3. METHODS 
The work presented in this thesis used theoretical models of spatially subdivided populations in 
which local population dynamics took place in a landscape with several patches surrounded by 
non-habitat matrix (Papers I–V ). In the single-species models (Papers I–IV), the local dynamics 
were governed by the discrete Ricker equation: 

Nj,t+1 = Nj,t exp(r(1-[Nj,t/K]b)),      (Eq. 1) 
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where Nj,t is the population density for patch j at time t and K. The parameter b was used to shift 
between overcompensatory (b = 1) and undercompensatory (b = 0.1) population response to K.  

For the multi-species system (Paper V), three types of food webs were modelled: (1) a diamond-
shaped food web comprising one resource species, two competing consumer species, and one top 
predator species, (2) a diamond-shaped food web stabilized by two additional resource species, 
and (3) a triangular food web including omnivory and intra-specific competition. Local dynamics 
were modelled as a set of differential equations (food webs 1 and 2) according to McCann et al. 
(1998), and this was done in the exact same manner as reported by Vasseur and Fox (2007), or 
using the generalized Lotka-Volterra system (food web 3) described by Borrvall and Ebenman 
(2008). The three food webs represented systems with different stability properties, with the 
triangular food web being the most stable, and the diamond-shaped web constituting the least 
stable by showing oscillatory behaviour in constant environments.  

Environmental variation influenced either K (in Eq. 1, Papers I–IV) or the realized growth rate 
(Papers I and II) in the single-species models, according to 

Kj,t = K(1+εj,t)         (Eq. 2) 

Nj,t+1 = Nj,t exp(r(1-[Nj,t/K]b)) (1+ εj,t))    (Eq. 3) 

where εj,t is the environmental variation parameter for time t in patch j. In the multi-species cases 
(Paper IV), the environmental noise influenced the mortality of the consumers through an 
exponential filter: 

Mj,k,t = Mk,0 exp(εj,k,t),       (Eq. 4) 

where Mj,k,t is the mortality rate at time t for consumer k in patch j, and Mk,0  denotes the medial 
mortality rate for consumer k.  

3.1.   
In all five studies (Papers I–V), environmental variation was generated as 1/f β noise by use of a 
spectral method (fast Fourier transform [FFT]). This type of noise can be described as a set of 
sine waves where amplitudes for each frequency scale according to a power law (Halley 1996). 
The squared amplitude (A2) of a frequency (f) is proportional to 1/|f|β:  

0        /1)(2 ≠∝ fffA
β

     (Eq. 5)
 

The value of the spectral exponent (β) indicates the noise colour. For red noise, low frequencies 
dominate and β > 0. White noise has an equal mix of frequencies and β = 0. For blue noise, high 
frequencies dominate and β < 0. All cases of β > 0 are denoted red (or reddened) noise, and 
increased redness means that β is increased (i.e., there is greater dominance of low frequencies). 

ENVIRONMENTAL VARIATION GENERATED AS 1/f β-NOISE 
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The spectral representation of a time series of length L is calculated by using the amplitudes and 
phases (θ): 

S(f) = Af exp(iθf)  f = 0, 1, … (L-1)   (Eq. 6) 

The imaginary parts are dropped, and the real-valued time series of the environmental variation 
(ε) is calculated as the inverse FFT of S(f): 

∑
−

=

=
1

0

)/2exp()(
L

f
t LftfS πε

  
 t = 0, 1, … (L-1)  (Eq. 7) 

where t denotes time.  

The FFT was used not only to generate coloured environmental variation, but also to analyse the 
noise colour of a given time series (Paper II). It is common to use a spectral method to measure 
the temporal autocorrelation, and this applies in both theoretical and empirical studies. 
Nonetheless, it is perhaps more common to generate time series as a first-order autoregressive 
(AR(1)) model.  

Figure 3. Illustration of a set of 1/f noises generated by the novel method presented in Paper I . The diagrams 
show five time series of reddened noise (γ = 1.8) that are unsynchronized (ρ = 0.1, left) or synchronized (ρ = 
0.9, right). γ and ρ are input values, and γ* and ρ* are measured output values of noise colour and synchrony, 
respectively.  
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3.1.1.  GENERATING A SET OF COLOURED TIME SERIES WITH DESIRED DEGREE OF 

SYNCHRONY 
Synchrony occurs when two or more time series of similar magnitude co-fluctuate. It is difficult 
to generate a set of time series with the desired synchrony and β without introducing large 
variability in one or the other (Vasseur 2007a; Paper I). The simplest way to achieve that 
objective is to include only perfectly synchronized time series (i.e., use exactly the same series 
for all local populations) and no synchrony at all, as is done when generating new random series 
for each population. Paper V describes such a case, setting the degree of synchrony between 
local patches and between species in the same patch.  

In Papers I–III, the degree of synchrony between the environmental time series varied under 
strict control. Before performing inverse transformation to the real-valued time series (Eq. 6 and 
7), the phases of each frequency were set in two steps: first, a uniform random number was 
picked from the interval [0, 2 π]; second, to that number a random number on the interval (1-
ρ)*[0, 2π] was added. The parameter ρ was a measure of the degree of synchrony, and it was 
based on pair-wise cross-correlation (Bjørnstad et al. 1999). Values of ρ were within the interval 
[0, 1], where 0 was no correlation and 1 was perfect correlation between all inherent time series 
generated for a set of local populations. Example of generated time series for a set of five is 
shown in Figure 3. 

3.1.2. GENERATING A SET OF COLOURED TIME SERIES WITH DISTANCE-DEPENDENT 

SYNCHRONY 
In a more realistic model, the synchrony between two time series of environmental noise was 
related to the distance between the patches they were influencing (Paper IV). Initially, spectral 
representations of real-valued time series were generated according to Eq. 6. The Euclidian 
distances between the patches were calculated (see section 1.2 concerning generating landscapes) 
and then sorted. The shortest distances between one particular patch (and a patch already 
assigned) or between two others not already assigned were chosen iteratively according to the list 
of sorted distances. Then the patch or patches in question were assigned time series that were 
synchronized with the neighbouring patch; in the case of two patches not already assigned, one 
of them was the neighbour of the other. For the very first patch, all phases (θk) were randomly 
sampled on the interval [-π, π]. Each subsequent patch was given the same phase as its neighbour 
(θk,neighbour) plus a randomly selected value on the interval [-π(ρdist), π(ρdist)]. The parameter ρdist 
determined the degree of synchrony between a patch and its neighbour, which was calculated as 
the distance between the patch and the neighbour divided by the mean distance in the landscape. 
If the distance between the patch and its neighbour was longer than the mean distance, ρdist was 
set to one. Such patches were not synchronized with their neighbour.  
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3.2. MODELLING THE LANDSCAPES AND DISPERSAL BETWEEN PATCHES 
The landscapes were modelled implicitly (Papers I , II , and V) or explicitly using the exact 
geographical positions of the patches (III , IV ). The local populations in the patches were 
connected by dispersal that was either global (modelled as mass-action mixing, in the cases of 
implicit landscapes) or distance dependent. 

The landscapes were modelled implicitly in three of the studies (Papers I, II , and V), which 
meant that global populations were subdivided into local populations in patches with no 
geographical positions. Accordingly, dispersal had to be global, and we used mass-action mixing 
dispersal in which all dispersing individuals from each patch (dN) were equally spread to all other 
patches (dI = dN/n, where n is the number of patches), and thus all patches were equally 
connected. 

[ ] ∑
−

≠
+ +−−=

n

jn
In

b
tjNtjtj dNKNrdNN

1

,,1, ))/1(exp()1(    (Eq. 8) 

Dispersal occurred first, thereafter growth, and finally census.   

The explicit landscapes were modelled by using a spectral method to generate neutral point 
pattern landscapes (NPPLs) as described by Lindström et al. (2011). The patches were arranged 
on a unit square with different configurations. Two-dimensional continuous 1/|f|γ-noise lattice 
landscapes were generated, and the density of these landscapes was used to define the probability 
that a point would be included in the point pattern landscapes (Lindström et al. 2008; Papers III 
and IV ). The NPPLs were characterized by two landscape parameters: continuity (γ), describing 
the spatial autocorrelation of the landscape; contrast (δ), representing the difference between 
dense and sparse areas (Lindström et al. 2011). Landscapes with different patch configurations 
(i.e., different combinations of γ and δ) are presented in Figure 4. Dispersal was distance 
dependent, and Euclidian distances between patches were calculated. Periodic boundaries were 
applied to avoid any specific edge effects (Lindström et al. 2008). Dispersers (a fixed proportion, 
dE) from each patch were equally distributed to all other patches. Thereafter, an exponential 
decreasing function consisting of a two-dimensional displacement kernel (Lindström et al. 2008) 
was applied to define the proportion of dispersers from one patch that actually ended up in 
another patch (dI):  

dI = dE/(n-1)exp((-distance/a) b),       (Eq. 9) 

The parameters b and a were calculated using variance and kurtosis of the spatial kernel 
(Lindström et al. 2008).  
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Figure 4. Landscapes with different continuity (γ) and contrast (δ) values generated using the neutral point 
pattern landscapes method (Lindström et al. 2011) and the technique described in Papers III  and IV . 
Continuity is a measure of landscape autocorrelation of patch density, whereas contrast is a measure of the 
difference between sparse and dense areas of patches. Note that combinations of high continuity and low 
contrast are not possible. Each landscape here consists of 500 patches. 
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4. SUMMARY OF PAPERS  
The results reported in each of the five papers included in this thesis are briefly summarized 
here. A schematic diagram outlining the work done in the present studies is shown in Box 2.  

4.1. PAPER I 
We proposed a novel method that can generate time series that have specific noise colour and 
synchrony, and no changes occur in either of those factors while the other is being set, which is a 
challenging task (Vasseur 2007a). Use of this technique allowed us to study the effects of noise 
colour and synchrony separately. The results showed that extinction risk responded in a 
monotonic fashion to noise colour regardless of the degree of synchrony, indicating that there 
were no interactions between noise colour and synchrony with respect to their effects on 
extinction risk (thus contradicting previous findings of interaction effects between noise colour 
and spatial heterogeneity [equivalent to synchrony] reported by Petchey et al. [1997]). In this 
investigation, we also observed that the effects of noise colour interacted with population 
responsiveness to produce pattern of extinction risk, interactions also found in non-spatial 
models (e.g., Petchey et al. 1997; Cuddington and Yodzis 1999; Ripa and Heino 1999; Laakso et 
al. 2004; Schwager et al. 2006). Therefore, extinction risk decreased with increasing redness of 
environmental variation for fast-responding dynamics, as predicted by non-spatial models (Ripa 
and Lundberg 1996; Ruokolainen et al. 2009). However, for slow-responding populations, 
intermediate noise colours increased the risk of extinction, which does not agree with previous 
general conclusions reported by other investigators showing a rise in extinction risk with 
increasing redness of the environmental variations (Ripa and Heino 1999; Laakso et al. 2004; 
Ruokolainen et al. 2009). 

4.2. PAPER II 
We studied the impact of environmental variation on noise colour and synchrony in population 
dynamics. To achieve that objective, we measured noise colour and synchrony of both the 
environmental variation and the time series of local population densities, and compared 
differences in noise colour and synchrony between the environmental and population variations. 
For fast-responding populations (modelled as overcompensatory dynamics), population 
synchrony was similar to environmental synchrony, independent of dispersal rate. For slow-
responding populations (modelled as undercompensatory dynamics), the shifts in synchrony 
were positive and increased with increasing dispersal, indicating that there was dispersal-induced 
synchrony of the local populations. Our results showed that this dispersal-induced synchrony 
could be further increased by reddened colour of environmental variation. This had to some 
extent already been demonstrated by Heino (1998), although we were able to broaden the 
findings to apply to the whole range of degrees of synchrony of environmental variation. The 
population responsiveness influenced the shifts in both noise colour and synchrony. Finally, the 
shifts did not show any complex interactions, in general monotonic responses can be expected 
for any of the tested parameters.  
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4.3. PAPER III 
In explicitly modelled landscapes (Paper III), the differences between fast- and slow-responding 
populations with regard to extinction risk as a response to reddened environmental noise were 
not as clear as previously found in non-spatial or implicit spatial models (Ruokolainen et al. 
2009; Paper I). Both types of response that we had described in Paper I were also present in this 
investigation, although they were not as   distinct between the fast and slow population 
dynamics. However, landscape configuration had profound effects on overall extinction risks, in 
that the risks were raised by any increase in landscape autocorrelation or contrast (i.e., increased 
connection between local populations). Landscape configuration interacted with environmental 
variation, which resulted in dominance of local processes and impacts of noise colour in a 
random patch configuration, and dominance of synchrony effects in landscapes with increased 
autocorrelation and contrast. From a management perspective, our findings indicate that a 
population at the limit of its existence is sensitive to any changes in landscape configuration, 
noise colour, or synchrony of environmental variations, because all these parameters affected the 
overall extinction risks in our study.  

4.4. PAPER IV 
Here (Paper IV), we assessed the impact of including distance-dependent synchrony of the 
environmental variation when studying extinction risks. The results showed that the indicated 
influence depended on the landscape configuration: for randomly distributed patches (γ = 0, δ = 
1), the distance-dependent synchrony of environmental noise did not differ from the parallel run 
of global synchrony (i.e., when the same environmental time series were distributed to the 
patches in a random rather than a distance-dependent manner), for overcompensatory dynamics. 
For undercompensatory dynamics, differences were seen only for highly aggregated landscapes. 
Noise colour had the same qualitative effect on extinction risk for the two synchrony methods.  

4.5. PAPER V 
In this study, we examined the effects of the environment on three food webs that had different 
stability properties and species that were spatially subdivided. Merely adding the spatial domain 
(given asynchrony between local environmental variations) increased the stability of the webs, 
and this effect was most pronounced on the webs with inherent oscillatory dynamics. An 
increase in the magnitude or the redness of environmental variation led to decreased stability in 
all three food webs, both when considering food web biomass and each individual species. The 
results revealed a pattern indicating slow responsiveness for all three webs, which similarities to 
our previous findings regarding extinction risks in undercompensatory single-species populations 
(Paper I). Inherent oscillatory properties of the food webs influenced the size of the effects of the 
noise colour.  
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5. DISCUSSION 
Previous studies have shown that the impact of noise colour of environmental variation depends 
on the density dependence, i.e., the population responsiveness tochanges (Ripa and Lundberg 
1996; Petchey et al. 1997; Cuddington and Yodzis 1999; Ripa and Henino 1999; Schwager et al. 
2006). In a multi-species system, it seems that important roles are played by the trophic structure, 
at least in one- or two-level food webs (Ripa and Ives 2003; Greenman and Benton 2005; 
Vasseur 2007b), and by the similarity in response to environmental variation between species 
(Ripa and Ives 2003; Greenman and Benton 2005; Ruokolainen et al. 2007). For spatially 
subdivided populations, there can be interaction effects between noise colour and spatial 
heterogeneity (Petchey et al. 1997), and redness per se can enhance the synchrony between local 
population fluctuations (Heino; Vasseur), at least in single-species systems. The findings and 
contributions of the work presented in this thesis are discussed under three major headings:  

A. An improved method for generating a set of time series in which noise colour and 
synchrony can be established independently.  
 

B. Impact of noise colour and synchrony on population dynamics. As expected, 
overcompensatory dynamics responded with decreased extinction risk when redness of 
environmental variation was increased. Extinction risk was either decreased or raised 
when there was intermediate colour of undercompensatory dynamics. A higher degree of 
synchrony increased the extinction risk regardless of whether population dynamics were 
over- or undercompensatory. Food webs with inherent oscillatory dynamics were more 
sensitive to changes in noise colour. All food webs, and inherent species, studied showed 
decreased stability with increased redness of noise. 
 

C. Impact of noise colour and synchrony when adding more spatial complexity. Adding 
explicit landscapes decreased the differences between over- and undercompensatory 
populations with regard to the extinction risks they showed in response to increased 
redness of environmental variation. Landscape configuration was important: increased 
aggregation of patches decreased the overall extinction risk and increased the impact of 
different degrees of synchrony. Adding distance dependence to environmental synchrony 
tended to increase the extinction risk and to differentiate between over- and 
undercompensatory dynamics. 

 

5.1. GENERATING TIME SERIES OF ENVIRONMENTAL VARIATIONS   
The main goal here was to examine the effects of both colour and synchrony of environmental 
noise on the same population dynamics, primarily considering single-species populations but 
also food webs. When generating environmental noise for a set of local patches, there is a risk 
that more variance will be introduced to noise colour while setting the synchrony and vice versa 
(Vasseur 2007a). This problem can be solved by using the novel noise-generating method 



17 
 

presented in Paper I, which is the only published technique that can produce coloured time series 
of spectral 1/f β noise for more than two patches.  

Vasseur (2007a) presented a method called ‘phase partnering’ in which phases for two time 
series were shifted  using a constant parameter. This procedure can function well for a two-patch 
system, but it is too complicated to extend to a set comprising several time series (Paper I). In 
line with Vasseur’s approach, we used the phases in the noise-generating method presented in 
Paper I. The phases for a set of time series had one value in common to which we added a 
unique random value from the interval (1-ρ)*[0, 2π]. The parameter ρ was related to the measure 
of cross-correlation that is often used to measure the degree of synchrony between a set of local 
populations (Brørnstad et al. 1999). This procedure ensured that values of noise colour and 
synchrony could be specified for any number of local patches without affecting the variance of 
each single time series (Figure 5). 

5.1.1. COMMENTS ON METHODS OF GENERATING SYNCHRONIZED SETS OF COLOURED TIME 

SERIES 
Petchey et al. (1997) were the first to investigate the effects of coloured environmental noise on 
extinction risk in a single-species model after adding a spatial domain. These authors generated 
coloured times series and added local variance specified to include spatial heterogeneity. The 
spatial heterogeneity was an analogue to synchrony: increased spatial heterogeneity resulted in 
decreased synchrony between local environmental variations (Paper I). Petchey et al. used an 
AR(1) method to generate time series of noise, but the introduction of spatial heterogeneity 
added variance that led to an unintentional decrease in redness and an increase in variance of 
each particular time series. Therefore, increased spatial heterogeneity was accompanied by an 
increase in the variance of local environmental variations and a decrease in reddened noise 
(Figure 6). Accordingly, the interaction effects that Petchey et al. found between the spatial 
domain and noise colour emanated from the noise-generating method rather than the population 
dynamics response. These investigators noted that in synchronized environments the extinction 
risk decreased when the redness of noise was increased, whereas in less synchronized 
environments the extinction risk was increased by such a change in colour. Thus this shift in 
response was caused by larger variance and less reddened noise (than there was supposed to be) 
rather than by asynchrony in environmental variation. Gao et al. (2007) used the same method as 
Petchey and colleagues to study the effects of environmental variation on colour of population 
dynamics. Moreover, the results reported by Petchey et al. constitute the main basis of 
discussions concerning the influence of noise colour on extinction risk in spatial single-species 
models, and they are also referred to in the review published by Ruokolainen et al. (2009). 
Notably, these types of interaction effects between noise colour and synchrony were not seen in 
any of the present studies (Papers I–V).  
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Figure 5. The noise-generating method presented in Paper I  preserves desired values of noise colour (γ) and 
synchrony (ρ) when creating sets of time series. Here, γ and ρ are input values, and γ* and ρ* are measured 
output values. Synchrony is calculated as pair-wise cross-correlation (Bjørnstad et al. 1999). Time series 
length is 1000, and each set includes 10 time series and 500 replicates. Variance is shown as error bars of one 
standard deviation (although not clear for some results because variations are too limited). 

 

Recently, Ruokolainen et al. (2009b) presented a method that can generate specific colour and 
synchrony by use of an AR(1) model. This method seems to be promising in producing time 
series of specific noise colour, synchrony, and variance without any changes occurring in some 
of the parameters while another is being set. However, thus far, this method has only been 
applied in a food web context where the synchrony defined the species correlation in response to 
the environmental noise (Ruokolainen et al. 2009b). Nevertheless, it should probably work just 
as well in studies of single-species models in which synchrony between local environmental 
noises is not distance dependent but is limited regarding the range of noise colour. There is still 
no consensus on whether spectral 1/f β noise or AR(1) noise best describes time series in nature 
(Vasseur and Yodzis 2004; Vasseur 2007), although the latter is more intuitive and hence may be 
preferable (e.g., Ripa and Lundberg 1996; Petchey et al. 1997; Ruokolainen and Fowler 2008). 
However, Halley (1996) proposed that 1/f β noise be used, since it is not scale dependent and its 
variance increases with the length of the time series, two properties that capture a wide array of 
natural processes (Halley 1996). The spectral 1/f β noise was used in all of the present studies, 
because it is not limited with respect to the range of the spectral exponent β (as is the case for 
AR(1)). Also, 1/f β noise provides better control of included parameters, especially the β 
(Vasseur 2007b), which is important when including additional complexities, such as synchrony 
(distance dependent or not) between a set of time series.  
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Figure 6. Time series generated by the AR(1) method 
suggested by Petchey et al. (1997). Input noise colour 
values are α and spatial heterogeneity σ. The time 
series are applied to carrying capacities and then used 
to calculate synchrony between them by using cross-
correlation measures. This is an alternative measure of 
spatial heterogeneity. γ* is the measured output of 
noise colour (calculated using a spectral method). 
Dashed lines indicate the values that will be obtained if 
spatial heterogeneity (i.e. degree of synchrony) has no 
effect on output noise colour on a local level. The 
noise is generated for a set of ten time series. This 
method is discussed in Paper I .  

 

 

5.2. IMPACT OF ENVIRONMENTAL VARIATIONS AND HUMP-SHAPED 

RESPONSES 
The effects of synchrony of environmental variation on extinction risk were straightforward and 
agreed with previous studies of spatial single-species models (Heino et al. 1997; Kendall et al. 
2000; Liebhold et al. 2004; Ruokolainen and Fowler 2008): increased degree of synchrony 
increased the extinction risk (Figure 7 and Papers I , III , and IV). There were no interaction 
effects between synchrony and noise colour (Paper I). The general conclusion that can be drawn 
about noise colour affecting extinction risk in singles-species models is that the response to 
increased redness of environmental variation depends on the population regulation response 
(e.g., Ruokolainen et al. 2009). In fast-responding populations, which are usually modelled as 
having overcompensatory Ricker dynamics, the extinction risk decreases with increasing redness 
of environmental variation (e.g., Ripa and Lundberg 1996; Cuddington and Yodzis 1999). The 
opposite have been shown to applies to slow-responding populations (Ripa and Heino 1999; 
Laakso et al. 2004), which are often modelled as having undercompensatory Ricker dynamics  
by a modified Ricker equation. Different noise colour responses to increased redness between 
over- and undercompensatory dynamics were observed in implicitly modelled landscapes when 
studying extinction risk (Figure 7 and Paper I) and noise colour and synchrony of population 
dynamics (Paper II). In general, overcompensatory population dynamics were associated with a 
decreased extinction risk when environmental noise was redder (e.g., Paper I ). The response of 
undercompensatory dynamics differed from what was expected, being either similar to the 
responses of the fast-responding populations or entailing an elevated extinction risk when there 
was intermediate noise colour (Figure 7). Nevertheless, differences between fast and slow 

0 10 20 30 40 50
0

0.5

1

1.5

α=0.9

α=0.7

α=0.5

α=0.1

α=0

sp
ec

tr
al

 c
ol

ou
r γ

*

σ
1.0 0.98 0.75 0.660.92 ρ0.84



20 
 

responsiveness to noise colour were decreased by increasing landscape complexity (Papers III 
and IV, and section 5.3).  

 

Figure 7. Extinction risk as a function of noise colour (γ) and synchrony (ρ) in modelled implicit landscapes 
(Paper I ). Population dynamics are over- (A) or undercompensatory (B). Environmental variation affects the 
carrying capacity (K), and extinction risk is calculated as proportion of extinct replicates out of a total of 500 at 
the end of the simulated time period (T = 1000). Kmean = 100, r = 1.2, and local patches (n = 10) are connected 
by global dispersal (d = 0.1). 

5.2.1. HUMP-SHAPED RESPONSE PATTERNS WITH INCREASED REDNESS 
Elevated extinction risks at intermediate noise colours have previously been shown by 
Cuddington and Yodzis (1999) and Schwager et al. (2006) for undercompensatory dynamics. 
This response pattern causes a peak in extinction risk, which we refer to as a hump-shaped 
response (Figure 8). Roughgarden (1979) and May (1981) have shown that the variance of slow 
population dynamics will increase in red but not white environments, and at the same time the 
mean of population density will increase (May 1981; Paper I). These counteracting forces may 
cause extinction risk to display hump-shaped responses to redness of environmental variation 
(Figure 8 and Paper I). Ripa and Lundberg (1996) have observed a similar response pattern for 
overcompensatory dynamics in the blue noise region. These findings indicate that fast-
responding populations also tend to show hump-shaped extinction risk responses to noise colour, 
but the hump is shifted towards the blue noise region. Consequently, if the population 
responsiveness does shift the hump along the noise colour axis (Figure 8), it might explain 
differences between the extinction risk responses of over- and undercompensatory dynamics 
shown in previous studies (e.g., Cuddington and Yodzis 1999); this can be concluded, because, 
when the AR(1) method is used to generate time series of environmental variation, noise colours 
(β) are restricted to values on the interval [0, ≈ 1.5]. For overcompensatory dynamics, if the 
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hump with raised extinction risk is shifted towards β < 0, only the right part of the hump will be 
visible and show a decreased risk of extinction in reddened environments. However, for 
undercompensatory dynamics, the hump may be shifted towards for example β > 1.5, which will 
result in increased extinction risk in the interval from β = 0 to β ≈ 1.5.  

 

 

Figure 8. Schematic diagram of the pattern of extinction risk displayed in response to noise colour (β) of 
environmental variation. Extinction risk is increased at “intermediate” noise colours, with intermediate being 
dependent on the colour range in focus and on population responsiveness. Thus a smooth transition from fast 
(overcompensatory) to slow (undercompensatory) dynamics will move the peak along the β-axis. The grey 
zone indicates the noise colour range that is often studied when using first-order autoregressive (AR(1)) 
methods to produce series of coloured environmental variations. The diagram is based on partial results from 
the following: a study showing the blue-shifted peak for overcompensatory dynamics (Ripa and Lundberg 
1996), Papers I and III showing peaks around β = 0.4 for undercompensatory dynamics, and Paper V showing 
increased extinction risk on the interval 0 = β  = 0.6 for slow-responding food webs. 

 

As described in Papers I–IV, undercompensatory dynamics raised the extinction risk in the 
region of β ≈ 0.4, but the overcompensatory populations were able to show the same hump-
shaped responses when the spatial domain was added (Papers I, III , and IV). Considering Paper 
I , this can be explained by a decreased growth rate and the observation that the population 
dynamics responded slowly, despite being modelled as overcompensatory. When the landscape 
was added explicitly (Papers III and IV) and implicitly for larger growth rates (Paper I), hump-
shaped responses were noted for overcompensatory fast-responding populations; in this case, the 
dispersal evened out the variation, primarily for white noise, resulting in decreased local 
population variance at white noise. The less synchronized the noise, the lower the population 
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variances, and hence an increase in redness of noise will not decrease the variance to the same 
extent as in the non-spatial case. Therefore, the hump-shaped response to reddened noise may 
also appear under overcompensatory dynamics. 

5.2.2 NOISE COLOUR AND SYNCHRONY OF POPULATION DENSITIES 
In the work reported in Paper II, we analysed the noise colour and synchrony of the time series 
of the local populations (Figure 9). This was done by assessing those two properties in a 
comparison of environmental variation and fluctuations in population density. Such an approach 
might explain the effects of environmental variation in food webs, because the dynamics of one 
species can constitute the environment of another. We found that synchrony between local 
populations mirrored the degree of synchrony of environmental variation for overcompensatory 
dynamics. Population synchrony in undercompensatory dynamics was in general larger than 
corresponding environmental variation and increased with a rising dispersal rate (Paper II). 
Heino (1998) has shown that red environmental variation can have a synchronizing effect on 
local populations in unsynchronized environments. In fact, it is possible that the dispersal-
induced synchrony will be enhanced if the redness of the environmental variation increases over 
the whole range of unsynchronized and synchronized environmental variations. However, we 
found that the effects of noise colour on population synchrony seemed to disappear if population 
dynamics were overcompensatory (Paper II).  

In the work of Xu and Li (2003) species on higher trophic levels experienced a redder dynamics 
than species on lower levels. Here, we show that this may very well be the case if species have 
undercompensatory dynamics, since colour of the density showed redder values than the 
corresponding environmental variation (Paper II). The reddening effect of the inherent dynamics 
(White et al. 1996; Kaitala et al. 1997) was most pronounced for less red environments. The 
noise colour of overcompensatory dynamics was more similar to the colour of environmental 
variations but did show slightly reddening effects for less reddened environments. However, for 
redder environments there was a slight whitening effect. These effects decreased with increased 
dispersal rates (Paper II). 

5.2.3 EFFECTS ON FOOD WEBS INDICATE SLOW RESPONSIVENESS 
We also analysed the effects of environmental variation in food webs (Paper V), using food web 
stability as the response variable. There is a relationship between web stability and risk of 
extinction such that increased stability leads to decreased extinction risk. We applied 
environmental variation to the two consumer species in food webs with three trophic levels 
(Figure), and all species were spatially subdivided in discrete patches. Adding the spatial domain 
increased the stability of all the studied food webs, given that environmental variation was 
unsynchronized. The inherent stability properties of the webs were important: the positive effect 
of adding space was largest for the most inherent oscillatory food web and not as evident for the 
stable food web. Furthermore, the stability decreased with increasing magnitude of the 
environmental variation. 
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Figure 9. Impact of environmental variation on noise colour and synchrony of time series of population 
densities (Paper II ). Noise colour and synchrony are two characteristics that describe time series. Here, 
synchrony in population dynamics (ρN) is compared with synchrony of environmental variation (ρε) for 
different coloured environments (left), and noise colour of population dynamics (γN) is compared with noise 
colour of environmental variation (γε) for different environmental synchronies (right). Population dynamics are 
over (A, B) or undercompensatory (C, D). Environmental variation affects carrying capacity (K). Kmean = 100, 
r = 1.2, and local patches (n = 10) are connected by global dispersal (d = 0.2). 

 

In the study reported in Paper V, all three types of food webs and their inherent species we 
investigated showed decreased stability when redness of noise colour was increased, and this 
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effect was most pronounced for food webs with inherent oscillatory dynamics. Initially, it 
seemed that the effects of increased redness of the environmental variations showed trends that 
were opposite to those in the single-species models described in Paper I and similar to those 
noted in studies showing increased extinction risk for undercompensatory dynamics (Ripa and 
Heino 1999; Laakso et al. 2004). This indicated that the food webs could be regarded as slow-
responding systems and therefore that hump-shaped responses (Figure 8) could also be expected. 
This may actually have been the case, given that the noise colour range would have been larger 
(β Є [0, 0.6] in Paper V versus β Є [0, 2] in Papers I–IV ). Preliminary results suggest that hump-
shaped responses in food web stability can occur at β > 0.6. When hump-shaped responses did 
occur, they were around β = 0.4 in the single-species models (Papers I  and III ), indicating that 
the species embedded in the food webs were much slower to respond to environmental changes. 
One explanation for this difference might be that the environmental forcing was large compared 
to the inherent dynamics in the single-species models, whereas the species in the food webs were 
dominated by the interactions between the species. Thus, when studying the responses of food 
webs, the usefulness of single-species results depends on how tightly coupled the species are to 
the dynamics of the community as a whole.  

5.3 EXTINCTION RISKS IN EXPLICIT LANDSCAPES 
Since the overall extinction risk is probably affected by both distance-dependent dispersal and 
landscape configuration, landscapes were added explicitly in the simulations presented in Papers 
III  and IV. The landscape structure was described by two parameters: the autocorrelation γ and 
the contrast δ (Lindström et al. 2011). Patches were randomly distributed for γ = 0 and δ = 1, and 
an increase in one or the other, or both, resulted in landscapes where patches were more clumped 
together (Figure 4). Landscape configuration proved to have a profound impact on the overall 
extinction risk (Figure 10), which was decreased by any increase in γ or δ, or both, regardless of 
population responsiveness (Paper III). This effect was due to increased aggregation leading to a 
larger proportion of short distances and in turn decreasing the proportion of extinctions caused 
by dispersal. Accordingly, a larger proportion of successful dispersals resulted in lower 
extinction risk but also in more extensive effects of the degree of synchrony of environmental 
variations. The landscape configuration influenced the overcompensatory more than the 
undercompensatory dynamics, possibly because of the following: the more randomly distributed 
the patches were, the larger was the proportion of long distances between patches, and local 
populations were dominated by the local dynamics with no rescue effects of dispersing 
individuals. In general, local populations showed better survival with undercompensatory than 
with overcompensatory dynamics. When there is better local survival, the dispersal rate that is 
realized will increase, resulting in augmented rescuing of extinct patches and positive effects of 
unsynchronized local populations. Altogether, we found that undercompensatory dynamics 
entailed better local population survival and were not particularly sensitive to landscape 
configurations in which there were an overly large proportion of very long distances between 
patches. For overcompensatory dynamics, the rescuing effect of dispersal was more important 
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for the local population survival, and thus the effects of synchrony of environmental variations 
were more pronounced for this type of population dynamics (Paper III).  

Figure 10. Extinction risk as a function of noise colour (β) and synchrony (ρ) in modelled explicit landscapes 
with different patch configurations (Paper III ). Both the continuity (γ) and the contrast (δ) of the landscape 
parameters increase from left to right. Patch distribution can be seen on the diagonal in Figure 4. Local 
dynamics are over- (upper panels) or undercompensatory (lower panels). Environmental variation affects the 
carrying capacity (K), and extinction risk is calculated as proportion of extinct replicates out of a total of 100 at 
the end of the simulated time period (T = 1000). Kmean = 100, r = 1.2, and local patches (n = 500) are connected 
by distance-dependent dispersal.  

 

Considering the effects of noise colour in general, the extinction risk decreased when redness of 
environmental variation increased. Hump-shaped results were obtained for some degrees of 
synchrony in all landscape configurations with undercompensatory dynamics, but also in some 
fast-responding populations (Paper III). The difference between fast and slow population 
dynamics was not as clear as when landscape was modelled implicitly, and the hump-shaped 
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responses (including both slow and fast responsiveness) were generally less probable in the 
explicit landscapes. This may be explained by the fact that all patches were not connected in 
each time step and that population variation across space was not evened out to the same extent 
as when a landscape was implicit and all patches were connected (Paper I).  

Adding distance dependence to synchrony when generating the environmental variation 
increased the overall extinction risk for all landscape configurations, except those with randomly 
distributed patches (γ = 0, δ = 1) if overcompensatory dynamics (Paper IV). However, for 
undercompensatory dynamics these effect were only seen for the most aggregated landscape (γ = 
2, δ = 5). This indicates that, on the whole, it is important to add distance-dependent synchrony 
when studying extinction risk under environmental forcing, if patches are not spatially random 
and if not well documented undercompensatory dynamics. Finally, the response to noise colour 
noted for extinction risk did not differ from our earlier results (Paper III) in that reddened colour 
decreased the risk.  

5.4. CONCLUDING REMARKS  
The research presented in this thesis was conducted to explore the impact of different degrees of 
synchronized sets of coloured environmental variation on spatially subdivided population 
dynamics, in particular the risk of extinction. To achieve this objective, it was necessary to 
develop novel methods to generate the environmental variation with specified values of noise 
colour and synchrony. The generated environmental variation was applied to single-species 
populations in implicit or explicit landscapes, and to multi-species food webs in implicit 
landscapes. The findings that are outlined here can serve as a baseline for work performed to 
gain further knowledge about population dynamics in changing environments.  

In the current studies, the effects of noise colour on extinction risk proved to be dependent on 
population responsiveness in implicit landscapes. However, this dependence was to some extent 
lost when an explicit landscape context was added. In general, increased redness of 
environmental variation decreased the extinction risk. Nonetheless, in some cases, intermediate 
colours led to a peak in extinction risk, primarily in slow-responding populations, and it is 
possible that such a rise can be shifted along the noise colour axis dependent on population 
responsiveness. It can be mentioned that in a case in which the range of noise colour is restricted, 
a decrease in risk seen after the peak may not be visible, and the results will merely indicate that 
the risk rises with increasing redness of environmental variation. Indeed, this probably applies to 
the food webs studied here, which exhibited decreased stability with increasing redness of 
environmental variation. Furthermore, the food web analysis showed that simply adding a spatial 
domain (and including some asynchrony between patches) could improve food web stability. 
Noise colour responses were resistant to inherent oscillatory dynamics in the food webs, and it is 
an open question whether landscape configuration will alter this conclusion.  

Finally, another major conclusion that emerged from the current research was that the landscape 
configuration changes the conditions underlying the impact of synchrony and noise colour. To 
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acquire a better understanding of the population dynamics, especially when adding distance 
dependence to the environmental synchrony, patches must be classified according to their 
neighbourhood. Using network measures may be a way of accomplishing that task. It is highly 
likely that local populations within aggregates differ from sparsely distributed populations with 
regard to their contributions to the global population. Such local differences may explain the 
influence of colour on population means and variances, which in turn would facilitate analysis of 
the effects of environmental variation on extinction risks.  
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