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ABSTRACT 
 
 

 
DYNAMICS OF POPULATIONS IN SEASONAL ENVIRONMENTS 

 
 

 
Gustavo Sigrist Betini                                                  Advisors: D. Ryan Norris  
University of Guelph, 2014                                                           Cortland K. Griswold 
 
 
 
One of the central problems in ecology and evolution is to understand temporal 

fluctuations in population abundance. In seasonal environments, where species have 

distinct breeding and non-breeding periods, the dynamics of populations can be 

influenced by variation in density at the beginning of each season, but also by variation in 

density during past seasons affecting the state of the individuals, which carry-over to 

influence individual’s performance in the following season. In my thesis, I developed a 

combination of mathematical and empirical tools to understand and make predictions 

about how seasonality affects changes in population size overtime. In Chapter 1, I 

investigate the role of life history variation for understanding population regulation and 

develop a framework to make inferences about where natural populations are most likely 

during the annual cycle. In Chapter 2, I use Drosophila melanogaster, the common fruit 

fly, to show how the interaction between seasonal density dependence and individual, 

non-lethal carry-over effects caused by variation in non-breeding density affects breeding 

output, which can stabilize long-term population dynamics. In Chapter 3, I provide 

empirical evidence that such density-mediated carry-over effects are caused by variation 

in the physiological condition of survivors that moved to the following season to breed, 

and show how carry-over effects help to explain breeding output in a long-term replicated 
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population of Drosophila submitted to two distinct breeding and non-breeding seasons 

over 23 generations. In Chapter 4, I use controlled lab experiments and long-term 

seasonal populations to show how variation in parental breeding density negatively 

impact offspring size, and how this carries over to influence offspring survival during the 

non-breeding season. Overall, my thesis contributes to understand how events and 

processes that happen at multiple stages of the annual cycle influence vital rates and the 

dynamics of populations in seasonal environments.   
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PROLOGUE 

Overview  

In the third chapter of the Origin of the Species, Darwin laid out his theory of 

evolution by natural selection, arguing that the competition within species, the most 

important aspect of the struggle for existence, was the mechanism that could explain 

“how species arise in nature” (Darwin 1859 p.60). As he developed his argument, Darwin 

evoked climate or “periodical seasons of extreme cold or drought” as the most important 

factor that controls population numbers, because those seasonal changes represent 

variation in food abundance, which would inevitably change how organisms interact 

(Darwin 1859, p.68).  

Surprisingly, such seasonal changes in the environment have been largely 

underappreciated (Levins 1968, Fretwell 1972). They were ignored during the first years 

of ecology (but see Elton 1924), and more recently have played a minor role in the 

development of two central fields of this discipline, population biology and community 

ecology (Holt 2008, Hastings 2012). Seasonality was also ignored by the modern 

evolutionary synthesis, despite the remark made by Darwin that seasons would change 

the way individuals interact, and consequently, how evolution happens (Levins 1968). 

Fortunately, the explicit incorporation of seasonality in ecological and evolutionary 

models has been increasing in the last few years (Yang et al. 2008, Schoener 2011; 

Hastings 2012). 

 This thesis is my attempt to help fill this gap between modern biology and its 

roots with respect to the importance of seasonality in ecology and evolution. In the thesis, 

I focused on the demographic aspect of seasonality, leaving the evolutionary part to my 

future research. I defined seasonality as changes in the environment resulting in one 

season where individuals only breed (the ‘breeding season’) and another season where 

individuals only survive (the ‘non-breeding season’). My goal was to understand the 

fundamental principles of population dynamics in seasonal environments by examining 

how direct and delayed density dependence interacts to affect individual performance. I 

paid special attention to non-lethal, individual effects caused by variation in density in 

one season that carry-over to the following season to influence individual’s performance. 

I approached these problems using a “minimalistic approach” (Fryxell & Holt 2013), 
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combining simple mathematical models and lab experiments in the hope that this 

“Galilean style” of abstracting the irrelevant facts of the world to understand general 

principles is the right way to do science (Weinberg 1976). I present the results of these 

investigations guided by my epistemological decisions in four chapters, preceded by a 

general overview of how these four independent works fit together to reveal fundamental 

aspects of seasonality. I ended the thesis with a summary of my results and considerations 

about future problems I believe should be addressed in order to gain a better 

understanding of the effects of seasonality in ecology and evolution.  

 

Does seasonality matter?  

 One of the central goes of ecology is to understand changes in population size over 

time (Elton 1924, Turchin 2003), or in other words, why populations behave as they do 

(Royama 1992). Periodic variation in climate is one of the most obvious aspects of 

nature, and changes in population size as a result of climatic changes have been largely 

documented (Post & Forchhammer 2002, Sheppard 2003, Hurst 2007, Newton 2007). 

Indeed, the density-independent aspect of seasonality was claimed by Darwin as the most 

important factor that controls population numbers (Darwin 1964), and was consider the 

first and most likely hypothesis to explain regular fluctuations in animal numbers (Elton 

1924, Lindström et al. 2001). 

 Another important concept for understanding the dynamics of populations is 

feedback mechanisms caused by density dependence. Density dependence is the 

functional relationship between per capita growth rate and current or past density (i.e. 

direct or delayed density dependence; Murdoch 1994, Turchin 2003). Feedback 

mechanisms caused by both direct and delayed density dependence are involved in a wide 

range of complex dynamics, such as periodic cycles, chaos (May 1974), lags in 

population response to density (Turchin 1990), resonance (Nisbet & Gurney 1976) and 

harmonic oscillation (Haynes et al. 2008). Density dependence is also a necessary (but 

not sufficient) condition for population persistence, because density dependence 

regulation is the mechanism that keeps populations fluctuating around a mean value 

(Royama 1977, Turchin 1995). Using more technical terms, the population presents a 

long-term stationary probability distribution of densities (Dennis & Taper 1994) and its 
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variance is bounded (Royama 1977).  

 

Direct density dependence in seasonal environments 

 Although density-independent changes in population size might be the most 

obvious way under which population can be affected when resource availability changes 

over time, seasonality can also change the strength of density dependence. Direct density 

dependence happens in seasonal environments when population size at the beginning of 

each season affects breeding output or survival (i.e. seasonal or sequential density 

dependence; Fretwell 1972, Boyce et al. 1999, Norris 2005, Ratikainen et al. 2008). For 

example, if we assume a single-species population, with no dispersal or migration and 

neither demographic nor environmental stochasticity, the number of individuals at the 

end of the breeding season is a function of the ability of those individuals to reproduce 

when resources are not limited (i.e. their maximum or intrinsic breeding output, or 

density-independent breeding), but it is also a function of how such reproductive output 

changes as density increases (i.e. the strength of density dependence breeding). As 

density at the beginning at the breeding season increases, reproductive output is expected 

to decrease, because fewer resources would be available for each individual. The same 

can be said about survival; as density increases at the beginning at the non-breeding 

season survival is expected to decrease. Thus, density at the beginning of each season 

could change the strength of density dependence breeding or survival. 

In this simple scenario with no demographic or environmental stochasticity and 

no species interaction, the maximum breeding output and survival and how they change 

with density can only be affected by life history variation. Indeed, life history variation 

has been shown to cause predictable changes in how density operates on breeding and 

survival (Gilpin & Ayala 1973, Fowler 1981, 1988, Gaillard et al. 1989, Sæther et al. 

2002, Brown et al. 2004, Herrando-Pérez et al. 2012). For example, species that achieve 

high fecundity at low densities (i.e. high maximum breeding output) are also expected to 

experience a sharp decline in fecundity as density increases (i.e. strong density 

dependence breeding). In the non-breeding season, such species would have low survival 

and experience strong density dependence because they invest more in reproduction than 

in survival (Brown et al. 2004). Consequently, species with high fecundity and low 
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survival are expected to achieve high population sizes that show high fluctuations over 

time (i.e. unstable dynamics; Sæther & Bakke 2000, Sæther et al. 2002, Brown et al. 

2004, Herrando-Pérez et al. 2012). Conversely, species that achieve low fecundity at low 

densities are also expected to have high survival in the non-breeding season, and be less 

sensitive to changes in density in both seasons (Gilpin & Ayala 1973, Fowler 1981, 

Herrando-Pérez et al. 2012). The result of such a life history strategy are populations in 

which numbers never deviate too much from carrying-capacity (i.e. stable dynamics; 

Sæther & Bakke 2000, Sæther et al. 2002, Brown et al. 2004, Herrando-Pérez et al. 

2012). 

If variation in life history is expected to change the strength of density 

dependence in each season (Fowler 1981), and density dependence is a key mechanism 

for population regulation and persistence (Royama 1977), then it is useful to ask if 

species with different life history are more likely to be regulated in the breeding, non-

breeding or in both seasons. Although the importance of life history variation for 

population regulation was suggested over 40 years ago (Fretwell 1972), life history has 

been largely ignored from the discussion about population regulation, and we still do not 

have general predictions about when populations in seasonal environments are expected 

to be regulated (Lack 1954, 1968, Fretwell 1972, Sherry & Holmes 1996, Taylor & 

Norris 2007, Faaborg et al. 2010, Goldberg et al. 2012). In Chapter 1, I explored how life 

history variation affects populations dynamics in a seasonal environment and, for the first 

time, make clear predictions about when populations with different life history are 

expected to be regulated, if in the breeding, non-breeding or in both seasons.  

 

Delayed density dependence in seasonal environments: the role of non-lethal effects 

Another important way by which density can affect populations and their 

persistence is via delayed effects. Delayed density dependence, or the function 

relationship between per capita growth rate and some previous population density, has 

been shown to explain good part of the variation in population change (Turchin 1990), 

and has been proposed as an important hypothesis to explain population cycles (Benton et 

al. 2001, Inchausti & Ginzburg 2009). Delayed density dependence is usually measured 

between generations and there has been a great deal of interest in mechanisms that can 
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affect population size across generations, such as predator-prey interactions (Hansen et al. 

1999) and maternal effects (Benton et al. 2001, Inchausti & Ginzburg 2009). In seasonal 

environments, however, such delayed effects could be observed between seasons, by non-

lethal effects that operate in one season, but carry over to affect individual’s performance 

in the following season (i.e. carry-over effects; Gill et al. 2001, Norris 2005, Ratikainen 

et al. 2008, Harrison et al. 2011).  

 Carry-over effects have been traditionally linked to habitat quality; if individuals 

spent one season in poor habitat quality, they would move to the following season in poor 

physiological condition and, consequently, have low vital rates (e.g. low breeding output; 

(Norris & Marra 2007). However, carry-over effects could also be caused by variation in 

density (Harrison et al. 2011). For example, population size at the beginning of the non-

breeding could be high enough to cause individuals to die as a consequence of starvation, 

but it could also leave individuals that manage to survive to the next season in such poor 

physiological condition that they will not achieve high levels of breeding output as 

expected. Because such carry-over effects have been shown to be an important driver of 

fitness in seasonal environments (Festa-Bianchet 1998, Gill et al. 2001, Bearhop et al. 

2004, Norris 2004, Legagneux et al. 2011, Harrison et al. 2011) it is important to 

investigate (a) if carry-over effects can be caused by density; (b) if such non-lethal, 

density-mediated carry-over effects could scale-up to affect population dynamics and be 

considered a new biological mechanism to cause delayed density dependence; (c) if such 

delayed mechanism that happens between seasons has the same affect that delayed 

mechanisms that happens between generations (e.g. forcing populations to cycle and 

destabilizing dynamics; Benton et al. 2001). To answer those questions, in Chapter 2, I 

developed a new lab system to address these hypotheses.  

In Chapter 2, I made clear predictions about how such non-lethal, density-

mediated carry-over effects can change population dynamics in seasonal environments. 

For example, I showed how strong carry-over effects can negatively impact per capita 

breeding output when populations breed at low density. However, two questions 

remained to be answered; (a) what is the mechanism that causes such decline in the 

ability of individuals to reproduce after exposed to high densities in the previous non-

breeding season?; (b) can such carry-over effects help to explain variation in per capita 
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breeding output over multiple generations? In Chapter 3, I addressed these questions 

using a long-term lab experiment. 

If variation in the non-breeding season can affect individual condition, which 

carry-over to have an effect on individual’s breeding performance, then it is reasonable to 

believe that variation in breeding density could also change the state of the individual 

with important consequences for survival during the non-breeding season. Indeed, there is 

a long tradition of linking conditions during early development with the ability of 

individuals to survival and reproduce during adult stage (i.e. long-lasting effects of early 

development; Lindström 1999, Lindström & Kokko 2002, Monaghan 2008). Although 

the most common factor causing such changes in the individual’s early life condition is 

believed to be related to environmental conditions, there is evidence that parental density 

can also be an important cause of changes in early development (Clutton-Brock et al. 

1987, Forchhammer et al. 2001, Lindström & Kokko 2002, Plaistow & Benton 2009). 

For example, if parents breed at high densities, their offspring might experience 

limitations in food availability, which could in turn affect their ability to survive in the 

following non-breeding season (Clutton-Brock et al. 1987, Forchhammer et al. 2001, 

Plaistow & Benton 2009). In Chapter 4, I used the long-term seasonal population and the 

mathematical framework to understand how parental density has an effect on offspring 

survival in the following non-breeding season, and investigated the potential effects that 

such seasonal non-lethal delayed effects could have on the long-term dynamic of seasonal 

population.  

 

Chapter 2 is published in Proceedings of the Royal Society B (2013,	  280: 

20130110) and co-authored by Cortland K. Griswold and D. Ryan Norris. Chapter 3 is 

published in Biology Letters (2013, 9: 20130582) and co-authored by Cortland K. 

Griswold and D. Ryan Norris. Chapter 4 has been submitted to Journal of Animal 

Ecology and is co-authored by Cortland K. Griswold, Livia Prodan and D. Ryan Norris. 

  

 Author Contributions:  

  

Chapter 1: G.S.B conceived the study. G.S.B. and C.K.G. developed the models. G.S.B. 
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and D.R.N. wrote the paper. All three authors discussed the results and commented on the 

manuscript. Chapter 2: G.S.B and D.R.N conceived the study. G.S.B. performed the 

experiment and conducted the analysis. G.S.B., D.R.N., and C.K.G. developed the 

models. All three authors discussed the results and commented on the manuscript. 

Chapter 3: G.S.B and D.R.N conceived the study. G.S.B. performed the experiment and 

conducted the analysis. All three authors discussed the results and commented on the 

manuscript. Chapter 4: G.S.B and D.R.N conceived the study. G.S.B. and L.P. performed 

the experiment. G.S.B. and C.K.G. conducted the analysis and developed the models. All 

four authors discussed the results and commented on the manuscript. 
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Chapter 1: Population regulation in seasonal environments: a 

life-history perspective 
 

ABSTRACT 
Population regulation by density dependence is essential to understand how populations 

change overtime, yet we do not know, for most species, whether they are regulated in the 

breeding, non-breeding or in both seasons. Using a simple bi-seasonal model with 

season-specific parameters, and predictions about how life history variation determines 

demographic vital rates, we investigated when populations with different life histories are 

expected to be regulated. We found that (1) populations with low fecundity and high 

survival (LF-HS) life history are most likely to be regulated in both seasons or in the 

breeding season; (2) populations with high fecundity and low survival (HF-LS) life 

histories are most likely to be regulated in the breeding season; (3) regulation only in the 

non-breeding season seems to be the less likely scenario. Our results contribute to 

understanding the fundamental properties of population dynamics in seasonal 

environments and although they only provide broad-scale predictions, they might be 

useful when conservation and management decisions are made in absence of 

demographic information.      
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INTRODUCTION 
Over 50 years ago, Lack observed that birds have a much higher capacity to reproduce 

than their populations actually grow (Lack 1954). Because evolution should always 

favour fecundity, he proposed that populations of birds and other animals such as insects, 

fish and mammals should be regulated by density-dependent survival outside the 

breeding period (Lack 1954). However, as Fretwell hypothesized, the balance between 

birth and death rates in different seasons is what defines what period of the annual cycle 

populations are most likely to be regulated (Fretwell 1972, p.27). Because birth and death 

rates are ultimately influenced by evolutionary processes, Fretwell suggested that 

evolution is a key for developing general predictions about when populations are more 

likely to be regulated, whether it be during the breeding season, non-breeding season, or 

in both seasons (Fretwell 1972). 

In seasonal environments, how populations grow in the breeding season and 

shrink in the non-breeding season is ultimately influenced by their intrinsic or maximum 

fecundity and survival, i.e. their ability to reproduce and survive under ideal conditions. 

However, as resources become limited in each season, changes in population size will be 

constrained by density-dependence caused by such factors as food availability and 

predation (Sinclair et al. 2009). The maximum rate of breeding or survival and how 

populations respond to changes in density (i.e. the strength of density dependence) are 

largely influenced by a species life history (Gilpin & Ayala 1973, Fowler 1981, 1988 

Gaillard et al. 1989, Sæther et al. 2002, Brown et al. 2004, Herrando-Pérez et al. 2012). 

Species that achieve high fecundity at low densities tend to experience fast decline in 

fecundity as densities increase, whereas species with low fecundity tend to be less 

sensitive to changes in density (Gilpin & Ayala 1973, Fowler 1981, 1988, Sæther & 

Engen 2002, Herrando-Pérez et al. 2012). During the non-breeding season, species with 

high fecundity should have low survival and experience strong density dependence 

because they invest more in reproduction than in survival (Fig. 1b, Brown et al. 2004), 

whereas species with low fecundity should have high survival and weak density-

dependent mortality (Fig. 1b).  

Such differences in fecundity and survival result in predictable consequences for 

population dynamics: high fecundity and low survival species (HF-LS) tend to achieve 
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high population size and fluctuate more than species with a low fecundity and high 

survival life history (LF-HS; Cole 1954, Sæther & Bakke 2000, Sæther et al. 2002, 

Brown et al. 2004, Herrando-Pérez et al. 2012). Although the importance of life history 

variation for population regulation in seasonal environment was suggested over 40 years 

ago (Fretwell 1972), we still do not a theoretical framework to predict which season or 

seasons species with different life history are expected to be regulated (Sherry & Holmes 

1996, Taylor & Norris 2007, Faaborg et al. 2010, Goldberg et al. 2012).  

Here, we used a explicitly bi-seasonal model with season-specific parameters 

(Betini et al. 2013) to simulate population size and stability for species with different life 

histories in scenarios where density dependence happens only in the breeding, non-

breeding or both seasons. We compared the results of our simulations to the expectations 

about population size and fluctuation for species with different life history and made 

broad-scale predictions about when a species with a given life history are expected to be 

regulated. 

 

THE MODEL 
We considered a non-overlapping, single-species population living in a seasonal 

environment that features two distinct breeding and non-breeding seasons. At the 

beginning of the breeding season parents reproduce and then die, such that only their 

offspring move to the next season. We assumed no dispersal or migration, so the number 

of individuals entering the breeding season is equal to the number at the end of the non-

breeding season. The model is deterministic. 

To quantify changes in population size over time, we use the realized per capita 

rate of change, defined as r(t) = ln N(t) / N(t-1), where ln N(t), is the natural logarithm of 

population density in time t (Turchin 1999). In a seasonal environment, population size 

fluctuates according to season, so it is important to decompose r (t) into its breeding and 

non-breeding components. The realized per capita rate of change during the breeding 

season is defined as rb(t)  = ln Nb(t) / Nnb(t-1), where Nb(t) is the population size at the end of 

the breeding season in time t, and Nnb(t) is the population size at the end of the non-

breeding season at time t. Likewise, the realized per capita rate of change at the end of the 
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non-breeding season is given by rnb(t)  = ln Nnb(t) / Nb(t). To avoid confusion with r(t),  we 

called rb (t) per capita breeding output and rnb(t) per capita survival. 

If we plot the per capita breeding output (rb) against population size at the 

beginning at the breeding season, the maximum rate of increase is represented by the 

intercept (Fig. 1a) and the strength of density dependence can be represented by the slope 

of the relationship between per capita breeding and density (Fig. 1a). Likewise, the rate at 

which the population shrinks during the non-breeding season (per capita survival, rnb) 

depends on the maximum ability to survive when resources are abundant (intercept, Fig. 

1b) and how survival decreases as density increases (slope, density-dependent survival, 

Fig. 1b).  

We assumed a linear relationship between per capita breeding and survival and 

density. Therefore, we can predict population size across time using the Ricker model 

(Ricker 1954). Population size at the end of the breeding season in generation t + 1 is 

given by the following equation: 

 

!!  (!!!) =   !!"  (!)  !!!(!"#)   !!!!"  (!)  /  !!              (1) 

 

and the population size at the end of the non-breeding season in generation t+1 is 

predicated by: 

 

!!"  (!!!) =   !!  (!!!)  
!!!"(!"#)  (!!!!  (!!!)  /  !!")  (2) 

 

where rb (max) and rnb (max) are the maximum rate of breeding and survival (the intercepts in 

Fig. 1a and b) and Kb and Knb are the carrying capacity in the breeding and non-breeding 

seasons. Carrying capacity, K, is the population size when both per capita breeding 

output, rb (max), and per capita survival, rnb (max), are zero (Fig. 1a, b), and can be calculated 

from the relationship between per capita breeding or survival and density as the negative 

intercept divided by the slope. Because we assume a linear relationship between per 

capita survival and density, and survival cannot be higher than 1, K in the non-breeding 

season assumes a negative value. This means that density will always have an effect on 



	  

 16 

per capita survival and shows, by virtue of lack of reproduction, that populations will not 

growth during the non-breeding season (Fig. 1b).  

In the context of the Ricker model, changes in the strength of density dependence 

can be simulated by changing r (max) and/or K. We sought to determine how shifts along 

the LF-HS and HF-LS axis of variation in life history affect population size and stability, 

while keeping Kb and Knb constant. Therefore, we simulated changes in life history by 

changing rb (max) and rnb (max). In addition, we also assumed that resources are equally 

distributed in both breeding and non-breeding seasons (i.e. Kb = |Knb|), meaning that in 

our simulations, the strength of density dependence is only given by the life history of the 

organism. For example, as rb (max) decreases and Kb is constant, the ability of populations 

to growth decreases, but the effect of density on fecundity is also lower (i.e. weaker 

density dependence), which is consistent with what is expected when we move from a 

HF-LS to a LF-HS life history (Fig. 1a). During the non-breeding season, LF-HS species 

should have high rnb (max) and not be affected strongly by density. As rnb (max) decreases and 

Knb is constant, the maximum ability to survive decreases and the effect of density on 

survival is stronger, as expected when we move from a LF-HS to a HF-LS life history 

(Fig. 1b).  

 

ANALYSIS 
In seasonal environments, populations could fluctuate between breeding and non-

breeding seasons, but population size in each season could be very similar within a 

seasonal over generations. Conversely, population fluctuation between seasons could be 

small, but fluctuations between generations within a season could be large. To capture 

both of these aspects of seasonality and to gain insights into when populations with 

different life histories are more likely to be regulated, we calculated population size and 

stability at the end of the breeding and non-breeding seasons for a range of maximum per 

capita breeding (rb (max)) and maximum per capita survival (rnb (max)) values. Population 

size was calculated using the last 100 time steps (50 generations) of our simulations, 

which were run for 10,000 time steps to avoid transient dynamics. To measure stability, 

we used the standard deviation and the coefficient of variation (standard deviation 

divided by the mean) of population size by the end of each season.  
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We first calculated population size and stability for a model with density 

dependence only in the breeding season (‘breeding regulation’ model). In the Ricker 

model, lack of density dependence was simulated by setting 1- (Nt / K) to 1. 

Consequently, when populations were regulated only in the breeding season, we replaced 

equation [2] with the following equation !!"  (!!!) =   !!(  !!!)  
!!!"(!"#)  .  

We then considered the scenario under which survival is also density dependence 

(‘regulation in both seasons model’; equations [1] and [2]). Finally, we considered the 

scenario under which only survival is density dependent and breeding is density 

independent (‘non-breeding regulation’ model). When populations were regulated only 

in the non-breeding season, equation [1] was replaced by the following equation 

!!  (!!!) =   !!"  (!)  !!!(!"#)  .  

To compare population size under density dependence regulation in the breeding, 

non-breeding or both seasons, we divided mean population size at the end of breeding 

and non-breeding seasons by their respective carrying-capacity (Kb and |Knb|), even when 

density dependence did not operate in one of the seasons.  

 To parameterize the models, we used values that encompass different life history 

strategies. For rb (max) we used values ranging from 0.5 to 4.5, simulating species that, 

under ideal conditions, could produce between ~ 1 (e.g. large mammals) and ~ 94 (e.g. 

small insects and fish) offspring per capita by the end of the breeding season. For rnb (max) 

we used values between -0.05 and -3.00, simulating survival by the end of the non-

breeding season under ideal conditions between 95% and 5%. For Kb and Knb we used 

100 and -100, respectively. Because we presented population size relative to the 

population’s carrying capacity in each season (i.e. we divided population size by carrying 

capacity), the absolute values of Kb and Knb proportionally scale the population for a 

given pair of rb (max) and rnb (max) and have no effect on our results. This is consistent with 

the fact that it is the relative, not the absolute value of density dependence that can 

potentially have an effect on the dynamics of seasonal systems (Sutherland 1996). In our 

simulations, this means that the ratio of density dependence is only given by changes in 

life history (rb (max) and rnb (max)), because we assumed that resources were equally 

distributed between seasons (Kb = |Knb|). 

 



	  

 18 

POPULATION REGULATION IN THE BREEDING, NON-

BREEDING OR BOTH SEASONS 
Breeding regulation 

When regulation occurred only during the breeding season, a LF-HS strategy resulted in 

little variation in population size within both seasons (Fig. 2a). This happened because 

weak density dependence stabilized dynamics around carrying-capacity. However, as rb 

(max) increased, population experienced high fluctuations as a result of strong negative 

feedback, causing a range of complex dynamics, such as stable cycles and deterministic 

chaos (Fig. 2a, Fig. S1).  

As density-independent survival decreased (Fig. 2b-c), populations were only 

viable at higher levels of rb (max), because more individuals were being removed by 

density-independent survival in the non-breeding season than produced in the breeding 

season. As breeding density-dependence became stronger (high rb (max) values, as 

expected for a HF-LS life history), population size at the end of the breeding season 

increased at the expense of the population size at the end of the non-breeding season (Fig. 

2b-c), resulting in differences in average population size between seasons up to four-fold 

(Fig. 2c). Such asymmetry in population size happened because low survival in the non-

breeding season resulted in weak density dependence during the breeding season, which 

allowed populations to growth closer to their maximum breeding rate (rb (max)). In 

addition, low survival caused cycles to happen at higher levels of rb (max) (Fig. 2b-c), 

stabilizing dynamics.  

These results are consistent with how life history is expected to influence 

population dynamics (Sæther & Bakke 2000, Sæther et al. 2002, Brown et al. 2004, 

Herrando-Pérez et al. 2012). For species with a LF-HS life history, population size 

between seasons varied little, and the dynamics were stable over time (Fig. 2a). For a HF-

LS life history, regulation by density dependence in the breeding season caused high 

fluctuations in population size between seasons, and a wide range of dynamics, including 

cycles and deterministic chaos, although more complex dynamics for survival as low as 

10% might happen only at rb (max) values higher than the ones we considered here (Fig. 

2c).  

Regulation in both seasons 
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When regulation happened in both seasons, population size and fluctuations were similar 

for a LF-HS strategy compared to what was observed for breeding regulation (compare 

Fig. 2a with Fig. 2d): populations in both seasons were stable around carrying-capacity. 

As rb (max) increased and survival decreased, average population size at the end of the 

breeding season initially increased with a strong decrease in fluctuations (Fig. 2e), and 

then decreased until it was 1/4 below carrying-capacity (Fig. 2f and Fig. S2). In the non-

breeding season, strong density-dependent survival always decreased population size 

(Fig. 2d-f).  

Dynamics of populations regulated by density dependence in both seasons were 

consistent with what we expect for a LF-HS life history and similar to what was observed 

when density dependence happened only in the breeding season; population size in both 

seasons was lower and more stable compared to a HF-LS strategy (Brown et al. 2004). 

This happened because, in our simulations, we assumed that the strength of density 

dependence was only determined by the life history strategy. A LF-HS life history 

experienced little effects of density in both seasons and whether survival was density-

dependent or not had little impact on dynamics of population with such strategy. For a 

HF-LS life history, regulation in both seasons resulted in low population size in both 

seasons (lower than for a HF-LS life history) and fluctuations to be very low both 

between seasons and over time, which is not what is expected for this life history strategy 

(Sæther & Engen 2002, Brown et al. 2004). 

Regulation in the non-breeding season 

When only survival during the non-breeding season was density-dependent, population 

size tended to increase if density-dependent survival was weak (rnb (max) ~ -0.1; LF-HS 

strategy; Fig. 3a). This is because the lack of density dependence in the breeding season 

allowed populations to growth at their maximum breeding rate (rb (max)), being up to 50 

times higher than carrying-capacity (Fig. 3a). As survival decreased, and consequently, 

the strength of density dependence in the non-breeding season increased, population size 

in both seasons quickly dropped, reaching values similar to what we observed for 

populations regulated in both seasons (Fig. 3b,c).  

When regulation by density dependence happened only in the non-breeding 

season, a LF-HS life strategy could achieve a much higher population size than a HF-LS 
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strategy, which is not what is expected from these extremes of life history variation 

(Sæther & Engen 2002, Brown et al. 2004).  

Over the entire range of parameters we considered, breeding regulation caused 

population at the end of the breeding season to peak when survival, fecundity and 

breeding density-dependence where high, as expected for a HF-LS strategy (Fig. 4a). 

When density dependence also occurred in the non-breeding, this peak in population size 

tended to move towards life history strategies with weaker breeding density dependence 

(Fig. 4b) and when only survival was density-dependent, this peak happened for species 

with low fecundity (Fig. 4c). At the end of the non-breeding season (Fig. 4d-f), high 

population size always happened at low levels of density-dependent or independent 

survival, although when survival was density-independent there was a larger range of 

parameters at which populations were closer to carrying-capacity. Surprisingly, stability 

for populations regulated only the non-breeding season followed a similar pattern 

compared to populations regulated only in the breeding season; it tended to be high for 

HF-LS and low for LF-HS strategy (Fig. 4g and i). 

 

DISCUSSION 
We used a simple explicitly bi-seasonal model with non-overlapping generations to gain 

insights into when density dependence regulation is more likely to happen in seasonal 

environments. In agreement with theoretical and empirical work (Gilpin & Ayala 

1973;,Fowler 1981, Sæther et al. 2002, Herrando-Pérez et al. 2012), the results from our 

model demonstrate that the size and stability of populations were influenced by variation 

in life history. However, we show that this has important consequences for understanding 

how regulation operates in seasonal environments, and its consequences for population 

dynamics. For example, both theoretical and empirical work suggest that the length of the 

winter increases the strength of direct and delayed density dependence in small mammals, 

causing populations to cycle (Stenseth et al. 1998, Stenseth et al. 2003), and that low 

survival can potentially cause an increase in population size (Boyce et al. 1999, Abrams 

2009). Our results suggest that these predictions would only be true for species with high 

maximum per capita breeding (a HF-LS life history strategy), as in the case of small 

mammals and insects, and is not a general outcome expected from all species living in 
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seasonal environments. Thus, whether and how seasonality can influence the dynamic of 

populations will depend on the maximum ability of species to grow and survive and how 

they respond to changes in density in each season (Fretwell 1972), which is ultimately 

determined by life history constraints.  

Populations of species with LF-HS life histories are expected to have low 

population size and stable dynamics (Sæther et al. 2002, Herrando-Pérez et al. 2012). In 

seasonal environments, our model predicts that those conditions are most likely to happen 

when density dependence operates in the breeding season or in both seasons, but it is 

unlikely to occur if regulation only operates in the non-breeding season. These results are 

consistent with what is expected for most large mammals, where density dependence 

usually operates in the breeding season (Mduma et al. 1999, Fryxell & Holt 2013), and 

where density dependent survival is strong only for young of the year, not for adults 

(Coulson et al. 2001). Therefore, for slow life history it would be important to extend our 

model to incorporate age-class structure in order to gain a better understanding of how 

seasonality affects populations of species with such life history.  

Populations of species with HF-LS are expected to have high population size and 

be less stable between seasons and across generations than LF-HS species (Sæther et al. 

2002, Herrando-Pérez et al. 2012). Our model predicts that those conditions are most 

likely to happen when populations with HF-LS strategies were regulated in the breeding 

season, because when survival is density dependent, high fecundity rates tended to result 

in small population size. This has important consequences for understanding population 

persistence in changing environments. If populations with high ability to grow 

experienced density dependence in the non-breeding season, fluctuations are expected to 

increase, and population size is expected to decrease, which would likely lead to 

extinction. Thus, species with a HF-LS strategy might be more vulnerable by changes 

that happened in the non-breeding season than species with LH-HS strategy. 

An interesting aspect of our results is that regulation in both seasons caused 

breeding population size to peak and be very stable for intermediate to high levels of 

fecundity and intermediate levels of survival. However, under this scenario, non-breeding 

population size is expected to be low. This difference in population size between 

breeding and non-breeding seasons allows for a high number of individuals by the end of 
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the breeding season that could be harvested with little effect on population size or its 

long-term dynamics. Interestingly, we also showed that such conditions were very limited 

in the parameter space, suggesting that there might be a very small number of species that 

fall into this category, and, thus, could be harvested without serious consequences on 

their long-term dynamics (Walker 1998). Moreover, in several species, young individuals 

experience stronger density dependence survival than adults (Winemiller & Rose 1992, 

Coulson et al. 2001). If the proportion of the young in the population increases (e.g. 

caused by harvest for bigger and older individuals, Winemiller & Rose 1992), the 

population overall would experience stronger density dependence survival, resulting in 

lower population size and lower stability. This kind of life history, where fecundity is 

consistently high and survival could assume a wide range of values, could be 

characterized by some fish species (Winemiller 1989, Winemiller 2005, Herrando-Pérez 

et al. 2012). Interestingly, drastic changes in population size and fluctuation have been 

reported for several species of commercial fish (Anderson et al. 2008, Shelton & Mangel 

2011). Our model shows how introducing life history variation into seasonal dynamics 

can help us understand why harvesting might not be viable for some species. This may be 

particularly valuable in cases where conservation decisions need to be made in the 

absence of demographic information (Tulloch et al. 2011, Herrando-Pérez et al. 2012). 

Our results suggest that strong regulation in the non-breeding season seemed to be 

the less likely scenario for the two extremes of life history variation (i.e. LF-HS and HF-

LS) because when survival is density dependent but breeding is density independent, LF-

HS populations tended to have higher population size compared to HF-LS, which is 

uncommon in nature. Moreover, regulation only in the non-breeding season caused HF-

LS populations to be low and highly unstable, which would lead populations to extinction 

in a stochastic world (Lande 1993). We simulated life history variation by changing the 

maximum growth and survival and the strength of density dependence in each season. 

But changes in those parameters could also be caused by changes in habitat quality, 

because as quality decreases, the same amount of resources would be able to sustain 

fewer individuals, affecting both the maximum breeding or survival, and the strength of 

density dependence breeding and survival. Within some range of parameters, changes in 

per capita breeding (rb (max)) and survival (rnb (max)) could also be interpreted as changes in 
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habitat quality, which would lead to the prediction that changes in the non-breeding 

season should have a much greater impact on populations than changes in the breeding 

season (Coulson et al. 2005). This seems logical, because death is forever, but 

populations can always compensate by increasing breeding output after a period when 

conditions are not favoured (Payne & Wilson 1999).  

Seasonality could also help to explain the gap between a wide range of complex 

dynamics predicted by simple population models (May 1974, 1976) and the lack of 

evidence of such dynamics in natural populations (Turchin & Ellner 2000, Kendall 2001). 

We show that, for most combinations of parameters, populations are expected to be 

stable, and more complex dynamics only arise when both fecundity and survival are high, 

as long as density dependence happens in one of the seasons (i.e. in either fecundity or 

survival). After more than 30 years of work on complex dynamics, few, if any natural 

population can be characterized as chaotic and most populations are actually stable 

(Kendall et al. 1998). Our simple model showed that chaos only happened under life 

history strategies that are expected to be rare (e.g. high fecundity and high survival). 

Thus, understanding how variation in life history affects populations in seasonal 

environments helps to explain why complex dynamics such as chaos is not as common as 

predicted by a-seasonal models (May 1974, Turchin & Ellner 2000, Kendall 2001). 

Our predictions heavily rely on the link between life history variation and 

demography (Cole 1954, Fowler 1981, Sæther et al. 2002, Brown et al. 2004, Herrando-

Pérez et al. 2012). However, information about maximum rate of breeding and survival 

and the strength of density dependence in different seasons is scarce (Sherry & Holmes 

1996, Rödel et al. 2004, Norris & Marra 2007). Therefore, our results should be 

interpreted with caution, and can only be used to make coarse-grained predictions. 

Nevertheless, we believe that the results from our simple model help to reveal important 

fundamental properties of population dynamic in seasonal environments, and can be used 

as a framework to make inferences about when in the life cycle natural populations are 

most likely to be regulated.     
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Figure 1. Changes in the strength of density dependence expected for species with 

different life histories in seasonal populations. (a) In the breeding season, species with 

low fecundity (LF) are expected to have low maximum per capita breeding output (low 

intercept, rb(max),), and the strength of density dependence is expected to be weak (shallow 

slope). For species high fecundity (HF), the maximum per capita breeding is expected to 

be high (high intercept), but declines sharply as breeding densities increase (steep slope). 

(b) In the non-breeding season, species with low fecundity are expected to have high 

maximum per capita survival (high intercept, rnb(max); HS), and experience weak density 

dependence (shallow slope; LF-HS life history). Species with high fecundity are expected 

to have low maximum per capita survival (low intercept; LS), and experience strong 

density dependence (steep slope; HF-LS life history). 
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Figure 2. Population size (± SD) by the end of the breeding (blue bars) and non-breeding 

seasons (red bars) divided by carrying capacity (K = 100) over a range of maximum per 

capita breeding output (rb (max)) when population is regulated by density dependence only 

in the breeding season (a-c) or in both seasons (d-f). (a) high (survival = ~ 90%), (b) 

medium (survival = ~50%) or (c) low (survival = ~10%) density-independent survival; 

(d) weak (rnb (max) = -0.1), (e) medium (rnb (max) = -0.7) or (f) strong (rnb (max) = -2.3) 

density-dependent survival. Bars without SD were stable, i.e. over generations, 

population size varied between the same values in the breeding and in the non-breeding 

seasons. Arrows inside of each plot indicate rb (max) values around deterministic chaos 

begins (and continues to the right of the arrows). 
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Figure 3. Population size (± SD) by the end of the breeding (blue bars) and non-breeding 

seasons (red bars) divided by carrying capacity (K = 100) over a range of maximum per 

capita survival (rb (max)) when population is regulated by density dependence only in the 

non-breeding season (breeding is density-independent). (a) weak (rnb (max) = -0.1), (b) 

medium (rnb (max) = -0.7) or (c) strong (rnb (max) = -2.3) density-dependent survival. Bars 

without SD were stable, i.e. over generations, population size varied between the same 

values in the breeding and in the non-breeding seasons. Arrows inside of each plot 

indicate rb (max) values around deterministic chaos begins. Note the change in the scale of 

population size among panels a-c. 
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Figure 4. Heat plots for population size by the end of the breeding season (a-c; Nb), non-

breeding seasons (d-f; Nnb) and stability in the breeding season (g-i; CV) when density 

dependence occurred only in the breeding (a, d, g), in both seasons (b, e, h) or only in the 

non-breeding season (c, f, i). Within each plot, darker shades of gray indicate higher 

population size or higher CV. White indicates that the populations under the combination 

of those parameters were not viable (population size  = 0).  
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Chapter 2: Carry-over effects, sequential density-dependence 

and the dynamics of populations in a seasonal environment  
 

ABSTRACT 
Most animal populations have distinct breeding and non-breeding periods, yet the 

implications of seasonality on population dynamics are not well understood. Here, we 

introduce an experimental model system to study the population dynamics of two 

important consequences of seasonality: sequential density dependence and carry-over 

effects (COEs). Using a replicated seasonal population of Drosophila, we placed 

individuals at four densities in the non-breeding season and then, among those that 

survived, placed them to breed at three different densities. We show that COEs arising 

from variation in non-breeding density negatively impacts individual performance by 

reducing per capita breeding output by 29–77%, implying that non-lethal COEs can have 

a strong influence on population abundance. We then parametrized a bi-seasonal 

population model from the experimental results, and show that both sequential density 

dependence and COEs can stabilize long-term population dynamics and that COEs can 

reduce population size at low intrinsic rates of growth. Our results have important 

implications for predicting the successful colonization of new habitats, and for 

understanding the long-term persistence of seasonal populations in a wide range of taxa, 

including migratory organisms. 
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INTRODUCTION 
One of the central problems in population biology, ecology and conservation is to 

understand temporal fluctuations in population abundance. In seasonal environments, 

where species have distinct breeding and non-breeding periods, the dynamics of 

populations can be influenced by density-dependent mechanisms at multiple stages of the 

annual cycle. Such ‘sequential (or seasonal) density dependence’ occurs when changes in 

population abundance in one season influence vital rates the following season via 

density-dependent compensation (Fretwell 1972, Sutherland 1996, Stenseth et al. 2003 

Ratikainen et al. 2008). Although traditional population models often ignore seasonality 

(May 1974, Turchin 2003), theoretical and empirical work suggest that seasonality can 

have important consequences for the dynamics of populations, e.g. by either stabilizing or 

destabilizing population fluctuation (Stenseth et al. 2003, Luckinbill & Fenton 1978, Kot 

& Schaffer 1984, Åström et al. 1996, Dugaw et al. 2004). 

 Another mechanism that could arise from seasonality is a ‘carry-over effect’ 

(COE), which is an event or process that affects an individual in one season and that 

continues to affect an individual’s success the following season (Norris 2005, Harrison et 

al. 2011). For example, observational and experimental evidence in both resident and 

migratory animals suggest that events that induce individual variation in physiological 

condition during the non-breeding period can explain a significant amount of individual 

variation in the timing and success of reproduction the following breeding period (Festa-

Bianchet 1998, Bearhop et al. 2004, Norris et al. 2004, Kennedy et al. 2008, Legagneux 

et al. 2012). Despite the fact that several studies on both resident and migratory animals 

provide evidence that COEs can shape individual fitness (Festa-Bianchet 1998, Norris et 

al. 2004, Kennedy et al. 2008, Legagneux et al. 2012, Gill et al. 2001), and that 

theoretical models suggest that they can interact with sequential density dependence to 

influence population dynamics (Ratikainen et al. 2008, Norris 2005, Norris & Taylor 

2006), there is no empirical evidence that COEs influence per capita rates or have an 

effect at the population level. 

 Although COEs have been traditionally linked to changes in habitat quality, 

intraspecific density could also be a mechanism that drives COEs, whereby individuals 

that survive at high densities in one season could be in poor physiological condition and 
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have low success the following season (Ratikainen et al. 2008, Harrison et al. 2012). 

With sequential density dependence, high density in the non-breeding season may result 

in low density the following breeding season, and, consequently, high per capita breeding 

output. If individuals are also experiencing a COE (i.e. are in poor physiological 

condition as a result of being in high density the previous season), then per capita 

breeding output could be even lower than expected based on sequential density 

dependence. The interaction between sequential density dependence and COEs can have 

important consequences on the long-term dynamics of populations, because a delay in the 

response to density is usually thought to destabilize dynamics (Stenseth et al. 2003, 

Turchin 2003), but if a COE interacts with sequential density dependence to lower per 

capita breeding output, then it is possible that dynamics would become more stable 

because individuals would not achieve high per capita breeding output. Thus, it is critical 

to separate the effects of sequential density dependence from COE if we want to 

understand the dynamics of populations in seasonal environments (Harrison et al. 2011). 

Here, we develop a model system to investigate the role of both sequential density 

dependence and COEs in a seasonal population. We simulated seasonality in a non- 

overlapping population of the common fruit fly (Drosophila melanogaster) by 

manipulating the food medium to prevent females from laying eggs during part of their 

life cycle and, thus, creating a ‘non-breeding season’. Previous research on Drosophila 

has shown that conspecific crowding can affect survival (Pearl et al. 1927) and may 

reduce energy reserves (Joshi & Mueller 1997), which could reduce fecundity. Therefore, 

to test if COEs could be caused by density and influence vital rates the following season, 

we first placed individuals at low, medium and high densities during the non-breeding 

season, and then, among those that survived, placed them at low, medium and high 

densities during the breeding season. Thus, individuals that survived the non-breeding 

season, and could potentially experience negative COEs, were used to establish all four 

breeding densities. This full factorial design allowed us to control for sequential density-

dependence effects to examine how the variation in non-breeding density produced 

individual-based, non-lethal residual effects on breeding output the following season, and 

how this might interact with density dependence during the breeding season. We then 

parametrized a Ricker model for each season (i.e. one density dependence function for 
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the breeding and one for the non-breeding season) and then modified this model to 

include COEs, as determined from our experimental results. These models allowed us to 

investigate how sequential density dependence and COEs influenced long-term 

population fluctuations. 

 

MATERIALS AND METHODS 
(a) Experimental system 

We used D. melanogaster from an outbred population collected in Dahomey (now Benin) 

in 1970, which has since been maintained in cage culture at 25°C. To simulate 

seasonality in populations with non-overlapping generations, we changed food quality to 

generate two distinct ‘seasons’. During the ‘breeding season’, flies were allowed to lay 

eggs for 24 h in a dead yeast-agar-sugar medium (1,000 ml H2O, 100 g sucrose, 50 g 

Fleischmann’s yeast, 16 g agar, 8 g C4H4KNaO6, 1 g KH2PO4, 0.5 g NaCl, 0.5 g 

MgCl2, 0.5 g CaCl2, 0.5 g Fe2(SO4)3), then adults were discarded, and larvae were 

allowed to mature to adults. During the ‘non-breeding season’, adults were placed in an 

empty vial with a pipette tip containing 0.200ml of 5 per cent water– sugar solution per 

day, for 4 days, which prevented females from producing eggs (Bownes & Blair 1986). 

Oviposition resumed within < 12 hrs when flies were placed back on a protein-rich food 

(Terashima et al. 2003). During all experiments, flies were kept at 25oC, 12hrs light/dark 

cycles and humidity was between 30 to 50%. The same sized vial (28 x 95 mm) was used 

for both seasons. 

 (b) Carry-over effect experiment 

To separate COEs from sequential density dependence, we first placed flies in the non-

breeding season in three different densities and then moved the survivors into four 

different breeding densities. For the non-breeding season, we used flies between 1 and 6 

days old randomly selected from the stock population, lightly anaesthetized with CO2, 

and placed them in vials at low, medium and high density (20, 180 and 300, respectively). 

After 4 days in the non-breeding season, we sexed and moved the remaining flies to vials 

with regular food to breed at low, medium and high densities (Fig. 1). For breeding 

density = 2 we used 20, 20, and 10 replicates for each of the three non-breeding densities 

(i.e. 20, 180, and 300, respectively). For breeding density = 10, samples sizes for 
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replicates were 26, 20, and 28, for breeding density = 80, the replicates were 10, 10, and 

8, and for breeding density = 180, 8, 10, and 10. It is important to note that, because all 

flies in the non-breeding season were sampled at random from the stock population and 

received the same amount of food, and because we controlled for breeding density, any 

potential effect of the non-breeding density on the per capita breeding output could only 

be attributable to non-lethal COEs related to individuals originating from different non-

breeding densities. 

(c) Sequential density dependence and COE models 

To investigate how sequential density dependence and COE could potentially affect long-

term population fluctuation, we used a simple Ricker model with season specific 

parameters (Turchin 2003, Kot & Schaffer 1984). We chose the Ricker model because it 

has been used in the past to describe laboratory populations of Drosophila (Mueller & 

Joshi 2000, Dey & Joshi 2006). We let !!  be the population size at the end of the 

breeding season at generation t, and !! be the population size at the end of the non-

breeding season at generation t. The population size at the end of the breeding season in 

generation t+1 was predicted by the equation:  

 

!!!! =   !!  !!!   !!!! !!                (1) 

 

and the population size at the end of the non-breeding season in generation t+1 was 

predicated by: 

 

!!!! =   !!!!   !
!!"   !!!!!! !!"     (2) 

 

where rb and Kb are the breeding season maximum growth of rate and carrying capacity, 

respectively, and rnb and Knb are the non-breeding season maximum growth of rate and 

carrying capacity, respectively. We estimated ri and Ki (i ! {b, nb}) for both seasons with 

two input-output experiments. For the breeding season, flies between 1-6 days old from 

the stock population were sexed, counted and allowed to lay eggs for 24 hrs in a dead 

yeast-agar-sugar. Adults were then discarded and larvae were allowed to mature to adults. 

Adults were sexed and counted daily until all individuals emerged. For this experiment, 
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we used 7 different breeding densities (2, 10, 20, 40, 80, 160, and 320, 50:50 sex ratio), 

with 10 replicates for each density. For the non-breeding season, flies from the stock 

population were placed in vials with the water and sugar concentration for 4 days at 5 

different densities (20, 100, 180, 240, and 300). Number of replicates for the non-

breeding season was 80, 10, 24, 9, and 9, respectively. To estimate rb -Kb and rnb - Knb 

from our data, we fit a regression line to ln (Xt+1 / Yt) and ln (Yt+1 / Xt+1), respectively, as a 

function of population density in the previous season. The y-intercept is r and K is the 

intercept divided by the slope (Turchin 2003). 

To examine the influence of a COE linked to density in the previous season, we 

let the per capita breeding output be a function of density at the beginning of the previous 

non-breeding season, which was determined with our COE experiment in a similar way 

we estimated the parameters for equations 1 and 2; we fit a regression line to the 

relationship between per capita breeding output ln (Xt+1 / Yt) and density at beginning of 

the non-breeding season Xt only for flies that bred at density = 10 and spent the non-

breeding density at 3 different densities (low, medium, and high). We forced the intercept 

to be rb (as estimated above, Table 1), because we sought to isolate the effect of the COE. 

It is important to use density at the beginning of the non-breeding season to estimate the 

strength of COE because we hypothesized that high non-breeding densities would affect 

individual condition in the non-breeding season and carry-over to influence vital rates in 

the next season. We used breeding density = 10 to parameterize the COE because flies at 

this density were effectively released from density dependence effects. We then replaced 

rb in (1) with the COE regression function (see below).  

We used the sequential density dependence model (equations 1 and 2) to first 

examine the effects of seasonality on population dynamics in the absence of COEs. We 

projected the population to equilibrium over a range of rb values using bifurcation plots, 

which represent a classical way in non-linear analysis to investigate the emergence of 

cycles as a function of some parameter. We then used the COE function to understand if 

and how COE influenced the long-term population dynamics.  

(d) Statistical Analysis 

We investigated the effect of density during the breeding and non-breeding season on the 

per capita breeding output from each treatment with a factorial ANOVA with the density 
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during the breeding and non-breeding season, and their interaction, as explanatory 

variables. We then used a Tukey honest significance difference test to investigate the 

differences between treatment pairs. All analyses were conducted in R (R Development 

Core Team 2009).  

 

RESULTS 
(a) Carry-over effect experiment 

There was a significant interaction between non-breeding (which produced the non-lethal 

COE) and breeding density (F6,158 = 3.47, P  = 0.003, Fig. 2): non-breeding density 

caused a decrease in per capita breeding output at breeding density 2 (F2,53 = 6.81, P  = 

0.002), 10 (F2,47 = 22.18, P  < 0.001), 80 (F2,33 = 20.51, P  < 0.001), but not at 180 (F2,25 = 

2.37, P  = 0.11, Fig. 2). For flies that bred at breeding density 2, the decrease in 

reproductive output caused by the non-breeding density was 39% and 51% for medium 

and high non-breeding density, respectively (Fig. 2). For breeding density 10, the 

decrease was 29 and 77%, and for breeding density 80, it was 29 and 54% (Fig. 2).  

(b) Sequential density dependence and COE models 

As expected, our input-output experiment suggested that density in the breeding season 

decreased per capita breeding output (Table 1, Fig. 3a). In the non-breeding season, 

density significantly decreased survival (Table 1, Fig. 3b). Non-breeding density had a 

significant effect on per-capita breeding output when flies bred at density 10 (Table 1, 

Fig. 3c). Furthermore, because per capita reproductive success was a linear function of 

non-breeding density (Fig. 3c), the COE can be described by the following function: 

 

     !! − !!!                 (3) 

 

where a and rb are parameters to be estimated. aXt represents the magnitude of the COE 

and rb is as defined before. In principle, equation 3 can be negative for large values of Xt, 

but for our analysis parameter estimates were such that this did not occur. In other 

systems, it may be necessary for equation 3 to be non-linear, such that it asymptotes at a 

minimum growth rate for large values of Xt. Replacing rb in (1) for (3) introduces the 

COE into the Ricker model.  
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!!!!   =   !!  ! !!!  !!! [!! !! !! ]                     (4) 

 

Using this model, over one generation, the values predicted by equation 4 explained ~ 

83% of the variation of the observed values from the experiment (β = 0.82, SE = 0.11, t = 

7.45, df = 10, P < 0.001). To predict population dynamics under influence of COE, we 

replaced equation 1 for equation 4 and estimated the number of individuals at the end of 

the breeding season at generation t+1 (Xt+1) for several generations. The COE model 

qualitatively incorporates the interaction between non-breeding and breeding density, as 

observed in the experiment (Fig. 2), such that per capita rates converge across non-

breeding densities as the density in the breeding season increases.  

(c) Long-term effects of sequential density dependence and COE  

The bi-seasonal model with only sequential density dependence (equations 1 and 2) 

produced more stable dynamics than the simple Ricker model without seasonality by 

displacing to a larger value the intrinsic growth of rate (rb) at which unstable dynamics 

are observed (Fig. 4a,b). COEs (equations 4 and 2) further stabilized population dynamics 

(Fig. 4c) when compared to dynamics of a seasonal model without COEs (Fig. 4b).  

 

 

DISCUSSION 
Although previous studies have shown that COEs can influence reproductive success at 

the individual level (Bearhop et al. 2004, Norris et al. 2004, Gill et al. 2001, Pusey et al. 

1997), we provide the first empirical evidence that COEs can have a significant effect on 

the per capita rates of population. In a recent study (Legagneux et al. 2012), greater snow 

geese (Anser caerulescens atlanticus) kept in captivity during the migratory period 

experienced a decrease in reproductive success between 45 and 71 per cent the following 

season and that this was likely caused by stress. We found that COEs caused by medium 

and high non-breeding density treatments resulted in a decrease in per capita reproductive 

output between 29 and 77 per cent relative to the low non-breeding density treatment. 

However, we also found a significant interaction between non-breeding season density 

and breeding density, suggesting that, as density during the breeding season approached 
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carrying-capacity, decreases in per capita breeding output could be attributed almost 

exclusively to density dependence during the breeding season. Importantly, when a linear 

COE term was incorporated into a simple bi-seasonal Ricker model, we also observed 

this interaction between non-breeding and breeding density. Previous studies have 

proposed that COE and sequential density dependence are likely to interact to affect 

population dynamics (Harrison et al. 2011, Norris & Taylor 2006). How- ever, separating 

these phenomena in the field is extremely challenging. The model system we have 

developed here pro- vides a key link between theory and empirical data for understanding 

the dynamics of seasonal populations. 

 Previous studies have linked COEs with variation in social status (Pusey et al. 1997, 

Marra et al. 1998, Catry et al. 2004, Lu & Zheng 2007) and habitat quality (Norris et al. 

2004, Norris & Marra 2007). We provide the first empirical evidence that COEs can be 

driven by variation in conspecific density during the previous season. Variation in density 

could be a common mechanism driving COEs in wild populations given that several 

studies have shown that the condition of individuals within a season may be 

compromised at high densities (Sherry & Holmes 1996, Jenkins et al. 1999, Stewart et al. 

2005, Burton et al. 2006). 

 Flies that suffered strong COEs did not increase per capita breeding output at low 

breeding densities as expected under a pure sequential density-dependence model. 

Although density dependence is a fundamental concept in ecological theory, it is not clear 

why it is usually difficult to detect in natural populations (Brook & Bradshaw 2006, 

Knape & de Valpine 2012, Ziebarth et al. 2010). Our results suggest that COEs caused by 

density in one season could change the relationship between per capita breeding output 

and density in the following season, thus masking the positive effects of density 

dependence. Indeed, our COE model that incorporates the decrease in the maximum 

growth of rate caused by high non-breeding densities showed that cyclic and/or chaotic 

dynamics that are driven by high intrinsic growth rates are not likely to happen. This 

stabilizing effect of COE caused by density is expected to be stronger in populations that 

experience large differences in population size between seasons. Thus, it would be 

interesting to investigate how processes that enhance population size asymmetries 

between seasons (such as migratory mortality and hunting) affect the stability of 
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populations. 

 How can we reconcile our results that suggest stabilizing properties of COEs with 

the idea that delayed density- dependence mechanisms usually destabilize population 

dynamics (Hutchinson 1948, Turchin 1990, Ginzburg & Taneyhill 1994)? Theoretical 

studies on maternal effects have shown that when fecundity is negatively affected by past 

generations, extreme values of population size are not likely to happen, resulting in a 

more stable system (Cohen 1967). Similarly, we showed that COE caused by high density 

in the previous season results in low growth rates, which is likely to stabilize population 

dynamics. These results taken together suggest that even populations under strong effect 

of delayed density-dependence mechanism can be stable. It would be interesting to 

investigate if our results hold true for a wider range of situations, e.g. increasing model 

complexity and stochasticity (Åström et al. 1996, Ginzburg & Taneyhill 1994, Benton et 

al. 2001). Nevertheless, we provide evidence that COE can potentially change the long-

term dynamic of populations, and this result seems to be a common property of COEs. 

 Our simulations indicate that population equilibrium size decreased up to 30 per 

cent at low intrinsic growth rates compared with the value obtained for populations with 

only sequential density dependence, suggesting that COEs linked to density can 

potentially reduce population size. Previous studies have also found that COEs can 

decrease population equilibrium size (Ratikainen et al. 2011, Norris 2005), which support 

the idea that failing to incorporate COEs into population models could potentially 

overestimate population size. 

 If COEs are linked to density the previous season, then individuals colonizing new 

areas may not be ‘released’ from density-dependent effects, because individual condition 

could carry-over to compromise performance. This might be particularly important when 

trying to understand dynamics of metapopulations where dispersal to ‘sink’ areas can 

occur more frequently from high density at ‘source’ areas (Hanski 1999). Models that do 

not include COEs might overestimate colonization rates and lead to inaccurate 

predictions about the effects of dispersal on metapopulation dynamics. 

 COEs also have important implications for applied biological control. A common 

strategy to control pests or invasive species is to release potential predators in the field 

that were reared at high density in the laboratory (Chambers 1977). COEs might decrease 
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the probability of success of these programmes, because individuals reared at high 

densities could experience high levels of COEs and thus have lower breeding success 

even when density dependence is weak. We believe that rearing density should be 

included as a new variable in quality control of mass rearing. 

 The lack of positive density-dependent effects at low population size also has 

important implications for understanding the evolution of migration. Migratory species 

are generally thought of as arising from partially migratory populations, where migratory 

and resident individuals share a single site during one period of the annual cycle (Cohen 

1967). Models predict that the evolution of migration is primarily driven by a release 

from density dependence (Lundberg 1988, Griswold et al. 2010), but COEs linked to 

density may dampen these positive effects and lower the likelihood of the development of 

a completely migratory system. 

 Although we show how density in one season can have non-lethal effects on 

individuals the following season, the model developed here can also be modified to 

include COE caused by any other mechanism. For example, if COE is caused by 

variation in habitat quality during the non-breeding season, then the maximum growth 

rate could be a function of the habitat quality in the non-breeding season. The relation- 

ship between habitat quality in one season and per capita breeding in the following 

season that is needed to parametrize the model could be established experimentally 

(Harrison et al. 2011). Thus, our model can be generalized and used for any kind of 

situation where changes in the growth rate between seasons are expected, although COE 

caused by habitat quality might not have the same stabilizing force compared with COE 

caused by density in the previous season. 

 Previous studies have found that sequential density dependence can have an either 

stabilizing or destabilizing effect on population dynamics (Luckinbill & Fenton 1978, 

Stenseth et al. 2003, Dugaw et al. 2004), but our results suggest that sequential density 

dependence arising from seasonality will result in more stable dynamics compared with 

an aseasonal model. One possible reason for this might be the way seasonality has been 

simulated. Previous studies usually treated seasonality as a change in resource availability 

overtime (Holt 2008), with individuals having the opportunity to breed in all seasons. By 

contrast, our experimental system was designed to have two distinct periods, one where 
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individuals breed and the other when they can only die. Because mortality during the 

non-breeding period is density-dependent, the population by the end of each non-

breeding season tends to be more similar across generations. As a consequence, the 

population at the beginning of each breeding season will also be more similar across 

generations, creating a more stable system than a system governed exclusively by 

breeding density dependence, where strong density-dependence feedbacks might 

dominate. This scenario might be comparable with the results in (Stenseth et al. 2003) 

and (Kot & Schaffer 1984), where small amounts of seasonality in very productive 

environments stabilize dynamics. Nevertheless, distinct breeding and non- breeding 

periods are common in nature, particularly among vertebrates and in almost all temperate 

breeding species. 

Given the importance of density-dependent processes regulating populations 

(May 1974, Turchin 2003, Knape & de Valpine 2012) and the role of individual 

condition mediating fitness within seasons (Festa-Bianchet 1998), our results are 

applicable to a wide range of plants and animals. Our study suggests that it is critical to 

understand how events throughout the annual cycle interact to influence population 

dynamics, including how non-lethal, condition-mediated COEs that occur at the 

individual level affect population-level per capita rates. These results may help explain 

why density dependence is usually weak or difficult to detect in natural populations 

(Knape & de Valpine 2012), and provide a new mechanism to help explain why 

populations do not show unstable dynamics that are predicted by simpler population 

models (May 1974). 
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Table 1. Parameters values estimated with experiment results and used in the breeding, 

non-breeding, and the carry-over effect from the non-breeding season to the breeding 

season. Note that in the COE model the intercept was forced to be 2.24. SE represents 

standard errors and R2 is the adjusted R2. 

 

   

Model 

 

Estimate SE t P R2  

Breeding Intercept 2.24 0.11 21.19 < 0.001 0.76 

 

Slope -0.01 7.56 x 10-04 -14.78 < 0.001 

 Non-breeding  Intercept -5.68 x 10-02 1.19 x 10-02 -4.76 < 0.001 0.30 

 

Slope -6.72 x 10-04 9.17 x 10-05 -7.33 < 0.001 

 COE Slope -3.10 x 10-03 4.38 x 10-04 -7.07 < 0.001 0.50 

!
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Figure 1. Schematic diagram of the experimental setup to simulate seasonality in 

Drosophila melanogaster populations. Flies spent four days in the non-breeding season at 

low, medium, and high densities (20, 180, and 300 flies per vial, respectively) and those 

that survived where transferred to vials with protein-rich food to lay eggs for 24 hrs at 

low, medium, and high breeding densities (2, 10, and 80 flies per vial, respectively). 
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Figure 2. The effect of density during the non-breeding season on per capita breeding 

output (number of adults emerged) in adult Drosophila melanogaster that bred at 

different densities. The horizontal line within each box represents the median value, the 

edges are 25th and 75th percentiles, the whiskers extend to the most extreme data points, 

and points are potential outliers. Different letters indicate a significant difference between 

non-breeding densities treatments within a given breeding density according to Tukey 

HSD test (P < 0.01). 
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Figure 3. Per capita (a) breeding output (log-transformed) as a function of breeding 

density for Drosophila melanogaster that bred at 2, 10, 20, 40, 80, 180, and 320 densities 

(50:50 sex ratio), (b) survival (fraction of adults that survived the non-breeding season) as 

a function of non-breeding density, and (c) breeding output for flies that bred at density = 

10, and spent the non-breeding season at 20, 180, and 300 flies per vial. The solid line 

represents the least square regression that was used to parameterize the bi-seasonal model 

(equations 1 and 2 in the text) and the carry-over effect model (equation 3). Parameters 

are presented in Table 1.  
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Figure 4. Dynamics of the (a) aseasonal Ricker, and the (b) bi-seasonal and (c) bi-

seasonal with COE Ricker models for a range of rb values. All three models were 

parameterized with our experiment results. Bifurcation plots are shown on the left and the 

corresponding time series on the right, with rb values on the top left of each time-series. 

The blue and red trajectories on the bifurcation plots indicate population size during the 

breeding and non-breeding seasons, respectively. N = population size, K = carrying-

capacity. 

  



	  

 53 

Chapter 3: Density-mediated carry-over effects explain 

variation in breeding output across time in a seasonal 

population  
 

ABSTRACT 
In seasonal environments, where density dependence can operate throughout the annual 

cycle, vital rates are typically considered to be a function of the number of individuals at 

the beginning of each season. However, variation in density in the previous season could 

also cause surviving individuals to be in poor physiological condition, which could carry-

over to influence individual success the following season. We examine this hypothesis 

using replicated populations of Drosophila melanogaster, the common fruit fly, over 23 

non-overlapping generations with distinct breeding and non-breeding seasons. We found 

that density at the beginning of the non-breeding season negatively affected the fresh 

weight of individuals that survived the non-breeding season, and resulted in a 25% 

decrease in per capita breeding output among those that survived to the next season to 

breed. At the population level, per capita breeding output was best explained by a model 

that incorporated density at the beginning of the previous non-breeding season (carry-

over effect) and density at the beginning of the breeding season. Our results support the 

idea that density-mediated carry-over effects are critical for understanding population 

dynamics in seasonal environments.  
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INTRODUCTION 

Negative feedback caused by density is a key mechanism for understanding the dynamics 

of populations (Turchin 2003). In seasonal environments, where density dependence can 

operate in more than one season, it is typically assumed that vital rates within a season 

are determined by the number of individuals that survive the previous season (Fretwell 

1972, Ratikainen et al. 2008). However, variation in density in one season could also 

influence the physiological condition of surviving individuals, which could then carry-

over to influence individual success the following season (Norris 2005, Harrison et al. 

2011). Such delayed density dependence caused by density-mediated, non-lethal carry-

over effects (COEs) could play an important role in understanding the dynamics of 

populations in a seasonal environment (Ratikainen et al. 2008, Betini et al. 2013). For 

example, evidence from a model system using Drosophila showed that high density at the 

beginning of the non-breeding season caused lower per capita breeding output among the 

individuals that survived to breed (Betini et al. 2013), suggesting that variation in density 

in one season can have non-lethal effects on per capita rates the following season. These 

results also demonstrated a clear interaction between non-breeding and breeding density, 

such that per capita breeding output was most strongly influenced by non-breeding 

density only when breeding density was below carrying-capacity (Betini et al. 2013). 

Despite experimental evidence demonstrating that density-mediated COEs can influence 

per capita rates, there is no empirical evidence that COEs play an important role in the 

dynamics of seasonal populations over multiple generations.   

Here, we used 45 replicate populations of Drosophila melanogaster over 23 non-

overlapping generations with distinct breeding and non-breeding seasons to investigate 

whether COEs could influence individual condition and explain long-term variation in 

breeding output. If density at the beginning of the non-breeding season influences the 

physiological condition of surviving individuals, then high density at that time of the 

season should result in lower condition among those that survive, and reduce per capita 

breeding output in the following season (non-lethal COE, Fig. 1). Moreover, the decrease 

in breeding output should be stronger when breeding density is low, which would weaken 

the strength of density dependence in the breeding season. Thus, we predict that both 
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non-breeding density and an interaction between non-breeding density and breeding 

density should explain variation in per capita breeding output.  

 

METHODS 
(a) Experimental system 

To simulate seasonality in populations with non-overlapping generations, we used D. 

melanogaster and changed food composition to generate two distinct ‘seasons’ (Betini et 

al. 2013 and electronic supplementary material, ESM). During the ‘breeding season’, flies 

were allowed to lay eggs for 24 hrs (day 0) in a dead yeast-sugar medium, after which 

adults were discarded and larvae were allowed to mature to adults. On day 17, flies were 

lightly anesthetized with CO2, counted and placed into the non-breeding vials. The ‘non-

breeding season’ consisted of an empty vial the same size as the breeding vials and a 

pipette tip filled with 0.200 ml of 5% water-sugar solution per day. This medium 

provided food for the flies but prevented females from producing eggs (Betini et al. 

2013). After 4 days in the non-breeding season flies were counted and the cycle was 

repeated. We randomly removed 5% of the population each time they were moved 

between seasons to mimic migratory mortality and dispersal. This procedure was 

repeated for 23 generations in 45 populations (Fig. 2a).  

(b) Testing for density-mediated carry-over effects 

First, to test whether the condition of flies entering the breeding season was influenced by 

density at the start of the previous non-breeding season, we used a linear mixed model 

with fresh weight at the beginning of the breeding season as a response variable, density 

at the beginning of the non-breeding season as an explanatory variable and population as 

random variable. We also used natal breeding density as an explanatory variable in our 

model to control for body size, because size in flies is a function of parental density (Sang 

1949). Fresh weights were obtained from survivor females (n = 356) that were randomly 

selected at the end of the non-breeding season. We sampled females at generations 15, 

16, 21 and 22, from 16-25 replicates arbitrarily selected in each generation (ESM). A log-

likelihood ratio test (LRT) was used to assess whether density at the beginning of the 

non-breeding season improved the model compared to a model with only natal breeding 

density (ESM). 
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To test whether density at the beginning of the non-breeding season (COE) could 

affect per capita breeding output, we compared three linear mixed effect models with 

population as random variable in all models, using Akaike’s Information Criterion 

(Burnham et al. 2010). The null model represented the hypothesis that per capita breeding 

output was solely a function of variation in density at the beginning of the breeding 

season. The COE model also included density at the beginning of the previous non-

breeding season to explain per capita breeding output, and the interaction model included 

the interaction between breeding and non-breeding density (Fig. 1).  

To quantify the change in per capita breeding output caused by COE, we divided 

our data set into low (≤180) or high (>180) non-breeding density and used a Welch two 

sample t-test (t) to compare per capita breeding output for generations with ‘high’ and 

‘low’ non-breeding density. This cut-off value was used because previous experiment 

showed that COEs influenced per capita output when non-breeding density was higher 

than 180 (Betini et al. 2013).  

Per capita breeding output was defined as the ratio of the log of the number of 

individuals at the end of the breeding season to the number of individuals that started the 

breeding season (i.e. the number of survivors from the previous non-breeding season less 

5%). All variables were standardized before analysis (ESM) and all analyses were 

performed using R (R Core Team 2013). Data was deposited in the Dryad repository: 

http://dx.doi.org/10.5061/dryad.nh43g 

 

RESULTS 
At the individual level, fresh weight at the end of the non-breeding season was negatively 

influenced by density at the beginning of the non-breeding season after controlling for 

parental breeding density (LRT = 75.13, df = 1, P < 0.001, Fig. 2b, Table S1), suggesting 

that density affected body condition.  

At the population level, the most parsimonious model for explaining per capita 

breeding output included the interaction between density at the beginning of the breeding 

season and density at the beginning of the previous non-breeding season (AIC weight 1 

Table 1, Table S2), suggesting that high non-breeding density (i.e. high COE) caused a 

decrease in breeding output, but also interacted with breeding density to change the 
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strength of density dependence (Fig. 2c). When populations experienced high density at 

the beginning of the previous non-breeding, per capita breeding output was on average 

25% lower compared to the per capita breeding output for low density at the beginning of 

the previous non-breeding season (t = -6.28, df = 287.78, P < 0.001; 0.62 ± 0.35, mean ± 

standard deviation for high non-breeding density, and 0.83 ± 0.41 for low non-breeding 

density). 

 

DISCUSSION 
Our results provide direct evidence that non-lethal, individual-level effects that carry over 

across seasons affect long-term population dynamics. At the individual level, we show 

that density at the beginning of one season influences the condition of surviving 

individuals in the following season. At the population level, we show, for the first time, 

that a model including density-mediated COE improves the ability to explain long-term 

variation in per capita breeding output in a seasonal population, challenging the 

conventional view that vital rates are mainly a function of number of individuals moving 

between successive seasons. We also show that density-mediated COEs can weaken the 

strength of density dependence in the breeding season, suggesting that COEs can 

influence the long-term stability of populations (Betini et al. 2013) Although delayed 

density dependence has been traditionally investigated between generations (Turchin 

2003, Ratikainen et al. 2008), we showed that, in seasonal environments, density-

mediated COE could be a new mechanism that causes lags in population dynamics. 

 Although our model system is artificial, the results presented here provide 

important insights into how density-mediated COEs may affect natural populations. For 

example, lineages characterized by high fecundity and low survival, such as insects and 

fish, typically realize a high growth rate only at low abundance, resulting in a concave 

relationship between population growth rate and density. This might explain why density-

mediated COEs were strong only for low breeding densities in our experimental system. 

On the other hand, lineages characterized by low fecundity and high survival, such as in 

mammals and birds, typically maintain their growth rate for densities close to carrying 

capacity, resulting in a convex relationship between population growth and density 

(Fowler 1981). Thus, it is possible that density-mediated COEs might be strong in 
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mammals and birds for densities close to carrying capacity, and more common than in 

fish and insects.  

Our results also have important implications for management and conservation. 

Most harvesting programs are based on the idea of compensation, e.g. mortality during 

one season would be compensated by higher than usual breeding output the following 

season, so that the rate of increase would tend to zero (Sinclair et al. 2005). The 

compensation hypothesis has strong support from mathematical models (Boyce et al. 

1999, Abrams 2009), because one common feature of sequential density dependence 

models is (over) compensation. However, if density dependence operates in the non-

breeding season to affect individual condition, then density-mediated COE could act to 

decrease breeding output, challenging the compensation hypothesis. 

 A growing body of work has shown that COEs can be an important driver of 

fitness (Harrison et al. 2011), indirectly suggesting that COEs influence population 

abundance. But linking COEs to population dynamics has been difficult because 

estimates of the strength of COEs are few and challenging to obtain (Harrison et al. 

2011). Here, we provided a simple way to test for density-mediated COEs in a time 

series. Such a test only requires observations on seasonal abundance and information on 

breeding output and could be coupled with information on how density influences 

individual condition. As long other factors, such as competition and predation that are 

known to be influenced by density are also accounted for, this test could be applied to a 

wide range of field data.  

 

 

ACKNOWLEDGEMENTS 
We thank A. Pardy, J. Pakkala and S. Wood for help in the lab and T. Flockhart, J. 

Fryxell and A. McAdam for valuable comments. Research was supported by Discovery 

Grants from the Natural Sciences and Engineering Research Council of Canada (D.R.N., 

C.K.G.), an Early Researcher Award (D.R.N.), and an Ontario Graduate Scholarship 

(G.S.B.).  

 

 



	  

 59 

REFERENCES 

Turchin, P. 2003 Complex Population Dynamics: a theoretical/empirical synthesis. 

Princeton University Press, Princeton. 

Fretwell, S. D. 1972 Populations in a Seasonal Environment. Princeton University Press, 

Princeton. 

Ratikainen, I., Gill, J., Gunnarsson, T., Sutherland, W. J. & Kokko, H. 2008 When 

density dependence is not instantaneous: theoretical developments and 

management implications. Ecology Letters 11, 184-198. 

Norris, D. R. 2005 Carry-over effects and habitat quality in migratory populations.  

  Oikos 109, 178-186. 

Harrison, X. A., Blount, J. D., Inger, R., Norris, D. R. & Bearhop, S. 2011 Carry-over 

effects as drivers of fitness differences in animals. Journal of Animal Ecology 80, 

4-18. 

Betini, G. S., Griswold, K. C. & Norris, D. R. 2013 Carry-over effects, sequential 

density-dependence and the dynamics of populations in a seasonal environment.  

 Proceedings of the Royal Society B: Biological Sciences 280, doi: 

10.1098/rspb.2013.0110. 

Sang, J. H. 1949 The ecological determinants of population growth in a Drosophila  

culture III. Larval and pupal survival. Physiological Zoology 22, 183-202. 

Burnham, K. P., Anderson, D. R. & Huyvaert, K. P. 2010 AIC model selection and  

  multimodel inference in behavioral ecology: some background, observations, 

and comparisons. Behavoral Ecology and Sociobiology 65, 23-35. 

R Core Team 2013 R: A Language and Environment for Statistical Computing. R 

Foundation for Statistical Computing, Vienna, Austria.  

Fowler, C. W. 1981 Density dependence as related to life history strategy. Ecology, 

62, 602-610. 

Sinclair, A. R. E., Fryxell, J. M., Caughley, G. 2005 Wildlife ecology, conservation, and  

 management. Wiley-Blackwell, London. 

Boyce, M. S., Sinclair, A. R. E & White, G. C. 1999 Seasonal compensation of predation 

and harvesting. Oikos 87, 419-426. 

Abrams, P. A. 2009 When does greater mortality increase population size? The long  



	  

 60 

  history and diverse mechanisms underlying the hydra effect. Ecology  

  Letters 12, 462-474. 

  



	  

 61 

Table 1. Akaike’s Information Criterion model selection parameters and regression 

coefficients from competing models used to explain per capita breeding output in a 

seasonal population. The null model contained breeding density (B (t)), the COE model 

included breeding and non-breeding density in the previous season (NB (t-1)), and the 

interaction model contained the interaction between those two variables. 

 
LogLik: loglikelihood values for each mode; AICc: Akaike’s Information Criterion corrected for small 

samples; ΔAICc: difference for model relative to the smallest AICc in the model set; Wi: Akaike weight is  

the approximate probability in favour of the given model from the set of models considered. 

  

Model Intercept B (t) NB (t-1) B (t) * NB (t-1) LogLik AICc !AIC w 

1. Null model -1.690 x 10-17 -0.509 

  

-1283 2574 42 0 

2. COE model 2.475 x 10-17 -0.441 -0.151 

 

-1272 2555 23 0 

3. Interaction model -0.059 -0.451 -0.086 0.112 -1260 2532 0 1 

!
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Figure 1. Schematic diagram of the population with two distinct breeding and non-

breeding seasons. Nnb represents the number of individuals at the beginning of the non-

breeding season and Nb is the number of individuals at the beginning of the breeding 

season. Traditionally, breeding output is considered to be a function of the number of 

individuals that started the breeding season at time t (Nb (t)) (density dependence arrow). 

Density-mediated carry-over effects could also influence the number of individuals at 

time t by affecting the physiological conditions of individuals through variation in density 

during the non-breeding season at time t-1 (Nnb (t-1)) (carry-over effect arrow). 
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Figure 2. (a) Time series obtained from 23 generations of D. melanogaster in a seasonal 

environment. Solid line denotes mean population size for each generation from 45 

replicates. Dotted lines denote ± s.d. (b) Density at the beginning of the non-breeding 

season caused a significant decrease in adult fresh weight. (c) The significant interaction 

between density at the beginning of the breeding and the previous non-breeding seasons 

that predicted per capita breeding output (ln) from the time series. Points represent per 

capita breeding output for either low (≤180, solid circles) or high (>180, open circles) 

density at the beginning of the previous non-breeding season. The solid line represents 

the regression line for low non-breeding density and the dotted line is the regression line 

for the high non-breeding density.  
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Chapter 4: Variation in offspring size caused by parental 

breeding density carries over to influence survival during the 

non-breeding period: consequences for population dynamics   
 

ABSTRACT 
1. In seasonal populations, vital rates can not only be determined by the direct effects of 

density at the beginning of each season, but also by density at the beginning of past 

seasons. Such delayed density-dependence can arise via non-lethal effects on individuals 

that carry-over to influence per capita rates.  

2. In this study, we examine (a) whether parental breeding density influences offspring 

size, (b) how this could carry over to affect the survival of offspring during the 

subsequent non-breeding period, and (c) the population consequences of this relationship.  

3. Using Drosophila melanogaster, the common fruit fly, submitted to distinct breeding 

and non-breeding seasons, we first used a full factorial experiment to show that high 

parental breeding density leads to small offspring size, which then affects offspring 

survival during the non-breeding period but only at high non-breeding densities.  

4. Similar to our experimental results, we then show that a model with the interaction 

between parental breeding density and offspring density at the beginning of the non-

breeding season best explained offspring survival over 36 replicated generations.  

5. Finally, we developed a bi-seasonal model to show that the positive relationship 

between parental density and offspring survival dampened fluctuations in population size 

between breeding and non-breeding seasons.  

6. These results highlight how variation in parental density can lead to differences in 

offspring quality which result in important non-lethal effects that carry-over to influence 

per capita rates the following season, and demonstrate how this phenomenon can have 

important implications for the long-term dynamics of seasonal populations.  
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INTRODUCTION 
Almost all organisms live in seasonal environments but we still have limited knowledge 

of how vital rates in different periods of the annual cycle interact to influence fitness and 

population dynamics (Fretwell 1972, Holt 2008, Hastings 2012). In seasonal populations, 

vital rates are determined not only by the effects of density at the beginning of each 

season (Fretwell 1972, Boyce et al. 1999, Ratikainen et al. 2008), but also by densities at 

the beginning of past seasons (Hansen et a. 1999, Merritt et a. 2001). One way in which 

such delayed density dependence can arise is when variation in population size affects the 

state of an individual in a non-lethal manner, which can then carry over to influence 

individual performance in subsequent seasons (termed 'carry-over effects': Ratikainen et 

a. 2008, Harrison et al. 2011) 

An example of a seasonal carry-over effect caused by density-dependence was 

recently shown in an experimental seasonal population of Drosophila melanogaster 

(Betini et a. 2013a). Here, high density at the beginning of the non-breeding season 

negatively influenced breeding output of females that survived the following season, but 

only when breeding density was below carrying-capacity (Betini et a. 2013a). Additional 

evidence suggested that the mechanism driving this carry-over effect was through 

variation in physiological condition of surviving individuals and the interaction between 

density at the beginning of the previous non-breeding season and breeding density best 

explained breeding output over 23 generations of replicated seasonal Drosophila 

populations (Betini et a. 2013b).  

In a similar fashion, variation in density of adults during the breeding season 

could affect the survival of their offspring during the subsequent non-breeding season. 

Changes in environmental conditions during early development are known to have short 

and long-term effects on offspring survival (Lindström 1999, Lindström & Kokko 2002, 

Monaghan 2008), and there is evidence that parental breeding density can influence early 

development (Forchhammer et al. 2001). In addition, effects of breeding density on 

development can be either intensified or weaken depending on the subsequent density in 

which offspring experience (Clutton-Brock et al. 1987, Plaistow & Benton 2009). Despite 

evidence that parental breeding density could influence offspring performance and 

interact with offspring density to affect subsequent survival, it is not clear how these 



	  

 66 

processes operate in seasonal environments and there is no information on their potential 

impact on the long-term dynamics of seasonal populations. 

In this study, we experimentally induced seasonality in Drosophila to examine 

how parental breeding density and offspring non-breeding density could affect offspring 

survival in the non-breeding season. In flies, as in many other organisms (Kingsolver & 

Huey 2008), high parental density results in offspring with smaller body size compared to 

offspring coming from parents that reproduced at lower densities (Miller & Thomas 

1958, Mueller & Joshi 2000). Because small body size is typically associated with low 

survival (Peters 1986), we predicted that high parental breeding density would result in 

smaller offspring with lower survival in the following non-breeding season compared to 

offspring born from parents experiencing low breeding densities. In addition, because 

survival is density dependent in our lab system (Betini et al. 2013a), offspring survival 

should also be negatively related to the density they experience during the non-breeding 

period. We also examined the hypothesis that parental density and offspring density 

interact to influence survival. At low non-breeding density, offspring would not be food 

limited and, therefore, survival should be high regardless of parental breeding density, 

whereas high offspring non-breeding densities would lead to food limitation and a strong 

effect of parental breeding density on survival. Thus, the interaction between parental 

breeding density and offspring non-breeding density should best explain offspring 

survival.  

We first tested these predictions with a controlled lab experiment by breeding 

flies at four different densities and then, for each of these treatments, placing their 

offspring at three different densities during the subsequent non-breeding period (i.e. a full 

factorial design). We then tested these same predictions using replicated seasonal 

populations of Drosophila spanning 36 non-overlapping generations. In these 

populations, we examined whether variation in offspring survival in each generation 

could be best explained by parental breeding density, offspring non-breeding density or 

the interaction between the two. Finally, we developed a bi-seasonal model to investigate 

how the parental density-offspring survival relationship influenced size and stability 

under different values of maximum growth rate.   
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METHODS  
Parental density and offspring survival in a controlled experiment 

To simulate seasonality in populations with non-overlapping generations, we changed 

food composition to generate two distinct ‘seasons’. During the ‘breeding season’ we 

placed adults in vials with a dead sugar-yeast medium to lay for 24 hours (day 0), when 

adults were discarded and larvae were allowed to mature to adults. The ‘non-breeding 

season’ consisted of an empty vial of the same size as the breeding vials and a pipette tip 

filled with 0.200 ml of 5% water–sugar solution per day, which provided food for the 

flies but prevented females from producing eggs. To experimentally estimate the effects 

of parental density on offspring survival, we placed adults to lay eggs for 24 hrs in four 

different densities, 2, 10, 80 and 180 individuals, 50:50 sex ratio (Fig. S1). These 

offspring were moved from old to fresh vials every 2 days from day 10 to day 16, when 

they were lightly anesthetized with CO2 and counted. We then combined all offspring 

from our replicates (i.e. vials) from each parental breeding density into three different 

densities in the non-breeding season (20, 180 and 300 individuals per vial) so that 

offspring from low (2 and 10 individuals), medium (80) and high (180) parental breeding 

density were exposed to low (20 individuals), medium (180) and high (300) non-breeding 

density in a full factorial design (Fig. S1). The ‘non-breeding season’ lasted 4 days, when 

all the survivors from each of the non-breeding density were counted. More details about 

the system can be found elsewhere (Betini et al. 2013a; b).  

To examine if offspring survival at the end of the non-breeding season was 

affected by parental breeding density, we compared three models using Akaike’s 

information criterion (Burnham et al. 2010). The first model had only offspring density at 

the beginning of the non-breeding season as a predictor, representing the hypothesis that 

survival was only explained by direct density dependence (‘offspring model’). The 

second model had both parental density and offspring non-breeding density as predictors, 

which represented the hypothesis that parental density (i.e. delayed density dependence) 

could also affect offspring survival (‘parental model’). The third model had the 

interaction between offspring non-breeding density and parental density as a predictor, 

because we expected survival to be high at low non-breeding density regardless of 

parental breeding density (‘interaction model’).  
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To examine if parental density influenced offspring weight, we used an ANOVA 

with female dry weight as a response variable and parental breeding density as the 

predictor. To obtain dry weight we collected 2 females from 5 arbitrarily selected vials 

(replicates) from each parental breeding density (2, 10, 80, and 180) on day 16, just 

before offspring were moved to the non-breeding season. Individuals were placed in vials 

in a freezer at -20o C until they were dried in an oven at 60o C for 72 hrs and weighted in 

a microbalance. We measured females instead of males because population dynamics of 

fruit flies is largely influenced by female size (Mueller 1987; Mueller & Joshi 2000). An 

analysis of males with same sample size as the female analysis yielded similar results, 

although the effect of parental breeding density on male weight was less pronounced 

(Fig. S2). For both sexes, we used a Tukey honest significance difference (HSD) test to 

investigate the differences between breeding density treatment pairs. 

Parental density and offspring survival in long-term seasonal populations 

To assess whether parental breeding density had an effect on offspring survival in 

seasonal populations, we used 45 replicated populations of Drosophila submitted to two 

distinct seasons (Betini et al. 2013b). During the ‘breeding season’ adults were allowed 

to lay eggs for 24 h (day 0) in dead yeast-sugar medium, after which adults were 

discarded and larvae were allowed to mature to adults. On day 16 flies were marked with 

a fluorescent dust (as part of another experiment) and left overnight in large bottles with 

fresh food so that they could remove the excess of dust. On the morning of day 17, flies 

were lightly anesthetized with CO2, counted and placed into the ‘non-breeding season’ 

vials. After 4 days, flies were counted and the cycle was repeated for 36 generations. We 

randomly removed 5% of the population each time they were moved between seasons to 

mimic events such as migratory mortality and dispersal (Betini et al. 2013b).  

We examined the variation in offspring survival in the long-term seasonal 

populations with the same hypotheses considered in the controlled experiments: the 

‘offspring model, the ‘parental model’ and the ‘interaction model’. Because the time 

series had 45 replicates, all models had population as a random effect. We then compared 

these three mixed effect models using Akaike’s information criterion (Burnham et al. 

2010). 
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Similar to the experiment described above, we also investigated if parental density 

resulted in smaller offspring in our replicated long-term seasonal populations. To do this, 

we obtained dry weight from 5% of offspring before they went to the non-breeding 

season from an arbitrary number of populations in generations 15, 16, 21, 22, 25, 26, 28-

33 (we used flies from 16 to 25 different vials each generation). We then sexed and 

weighted the females (n = 1,374) and tested the correlation between parental breeding 

density with female dry weight with a Pearson's product-moment correlation test. 

Seasonal delayed density dependence and the long-term dynamics of populations 

To investigate if delayed, non-lethal effects on non-breeding survival caused by changes 

in parental density in the previous season could increase fluctuations in population size 

between seasons, we used a modified model with seasonal parameters specifically 

developed for this system (Betini et al. 2013a). In a population were abundance is only 

influenced by direct density dependence, population size at the end of the breeding 

season in generation t +1 can be expressed with the following Ricker model (!(!!!) =

  !(!)  !!!"#   !!!(!)  /  ! ): 

 

!!(!!!) =   !!"(!)  !!!  (!"#)   !!!!"(!)  /  !!               (1) 

 

and the population size at the end of the non-breeding season in generation t+1 can be 

expressed as: 

 

!!"(!!!) =   !!(!!!)  
!!!"(!"#)  (!!!!(!!!)  /  !!")   (2) 

 

where rb and rnb are the maximum rate of increase and survival and Kb and Knb are the 

carrying capacity in the breeding (b) and non-breeding (nb) seasons. Nb(t) is population 

size at the end of the breeding season at generation t and Nnb(t) is the population size at the 

end of the non-breeding season at generation t. Parameter values for equations [1] and [2] 

were obtained with an independent experiment (Betini et al. 2013a). 

Once the seasonal model was developed, we then integrated the effect of parental 

breeding density on survival of the offspring in the following non-breeding season based 
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on results from the experiment. To do this, we first had to identify which non-breeding 

season parameter to vary in the seasonal Ricker model. Based on the experimental results, 

survival of offspring by the end of the non-breeding period was high when non-breeding 

season density was low and this occurred regardless of parental density the previous 

breeding season (see results). In the context of the Ricker model, this meant that rnb (max) 

(the intercept of the density-dependent function) in the non-breeding season had to be 

similar among different parental densities. Since the strength of density dependence in the 

Ricker model is determined by the relationship between r  and K, the only way to change 

the strength of density dependence as a function of parental density in our system was by 

varying Knb.  

To estimate how Knb changed with variation in parental density we first fit a 

regression line to the relationship between survival and non-breeding density for each 

parental breeding density based on the experimental results. We then fit a non-linear 

relationship between the slope of the regressions obtained in the previous analysis and 

parental breeding density, so that we could predict changes in the slope as a function of 

parental breeding density. Because there was little variation in survival for low non-

breeding density (20 individuals), we fixed the intercept for all regressions based on the 

average intercept for all breeding densities when non-breeding density was 20. We used 

this intercept and the slope function described above to calculate changes in the Knb as a 

function of parental breeding density. Finally, we replaced Knb for this function in 

equation [2] above (shown below in results).  

Because the experimental results turned out to be the opposite from what we 

initially predicted, and our prediction was based on past work on wild systems, we felt it 

would be informative to develop another model that had the opposite effect of parental 

breeding density on offspring survival (i.e. higher parental density: lower survival). To do 

this, we simply inverted the relationship between parental breeding density and offspring 

survival. We then compared these two models with a bi-seasonal model that had only 

direct density-dependence in each season (outlined equations [1] and [2]). For all three of 

these models, we simulated breeding and non-breeding size over 100 generations and 

over a range of rb (max) values using bifurcation plots, which investigate the emergence of 

cycles, and in the case of seasons populations, also provide information on how 
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population fluctuates between seasons. All analyses were conducted in R (R Core Team 

2013).  

 

RESULTS 
Parental density affects offspring survival via changes in body size 

In our controlled experiment, the best model to explain variation in offspring survival 

included the interaction between parental density and density of offspring at the 

beginning of the non-breeding season (Table 1, Fig. 1a, Table S1). Although offspring 

survival during the non-breeding period decreased as the density of offspring at the 

beginning of the non-breeding season increased, at the lowest non-breeding density 

treatment, offspring survival was high, regardless of parental density during the breeding 

season. However, at high non-breeding densities, parental breeding density had a large 

impact on offspring survival (Fig. 1a). Thus, with the exception of lowest non-breeding 

density treatment, parental density actually had the opposite effect that we expected; high 

parental breeding density resulted in higher offspring survival (Fig. 1a).  

High parental breeding density resulted in female offspring with lower dry weight 

than females from parents that reproduced at low density (F3,36 = 27.79, P < 0.001, Fig. 

1b), although the post-hoc Tukey HSD test revealed that there was no significant 

difference in female weight if parents reproduced at low densities (parental breeding 

densities 2 and 10, P = 0.999, Fig. 1b).  

Parental density and offspring survival in long-term seasonal populations 

For the long-term seasonal populations (n = 45), as observed in the controlled 

experiments, the best model to explain offspring survival included the interaction 

between parental density and offspring non-breeding density (Table 1, Fig. 1c, Table S2). 

Also, high breeding density tended to result in offspring with lower than average weight 

(Pearson's product-moment correlation = - 0.30, df = 1,372, P < 0.001, Fig. 1d), 

suggesting that smaller offspring had higher survival in the non-breeding season after 

controlling for density at the beginning of the non-breeding season (Fig. 1d, Fig. S3, 

Table S3).  

Seasonal delayed density dependence and the long-term dynamics of populations 
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The strength of the relationship between offspring survival and non-breeding density (i.e. 

the slope) decreased with increasing parental density, but survival at low densities (i.e. 

the intercept) was similar to all parental densities (Fig. 1a), suggesting that high parental 

densities weakened the strength of density dependence survival. The relationship between 

slope and parental breeding density could be described as  

 

! ∗ !!" !
! + ! ∗   !!" ! + !       (4) 

 

where a, b and c are constant to be estimated from the data (a =	  -1.04 x 10 -7, b = 3.85 x 

10 -5, c = -4.37 x 10 -3, Fig. 2), and Nnb(t) is the population size at the end of the non-

breeding season at generation t, (i.e. parental breeding density). We assumed that our 

lowest breeding density (2) produced the largest flies possible in our system, therefore, 

causing the lowest offspring survival in the non-breeding season. Thus, to estimate a and 

b in [4] we fixed the intercept c at -4.37 x 10 -3 (the value for the slope of the relationship 

between survival and offspring non-breeding density when parental breeding density was 

2; Fig. 1a). 

Equation [4] could predict a stronger density dependence survival for densities 

higher than 180, i.e. smaller flies would have lower survival, which is opposite to what 

we observed in our lab system. To avoid this, we found the vertex of the quadratic 

function [4] by solving 2 ∗   ! ∗ !!" ! + ! = 0 for !!" !  (Nnb = 185) and found the slope 

for this value (-7.99 x 10 -4). Thus, in our simulations, parental density higher than 185 

always resulted in Knb = 3.92 10 -2 / -7.99 x 10 -4  = -41, meaning that the strength of 

density dependence survival did not get weaker for parental breeding density higher than 

185.  

At low levels of rb (max) (i.e. more stable dynamics), the positive relationship 

between parental density and offspring survival had almost no effect on population size 

compared to a model without the effects of parental density (Fig. 3 a-b). However, as rb 

(max) increased, the effects of parental density on offspring survival stabilized dynamics by 

decreasing the differences in population size between seasons (Fig. 3 a-b). This happened 

because the positive relationship between parental breeding density and offspring 

survival for densities higher than 185 was constant and stronger than the strength of 
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density dependence survival in the model without the effects of parental density (Knb = - 

41 and - 84, respectively). Strong density dependence survival results in high mortality 

during the non-breeding season, less individuals moving to the next breeding season, and 

less fluctuation in population size between seasons.  

We then inverted the relationship between parental breeding density and survival, 

so that low parental breeding density resulted in slopes values closer to 0 (Fig. 2). The 

relationship between the slope and parental breeding density when parental breeding 

density had a negative relationship with offspring survival could be described as  

 

!′ ∗ !!" !
! + !′ ∗   !!" ! + !′      (5) 

 

where a’, b’ and c’ are constant to be estimated from the data (a’ =	  -1.11 x 10 -7, b’ = 1.75 

x 10 -6, c’ = -7.99 x 10 -3, Fig. 2), and Nnb(t) is as described above. Similar to what we did 

for equation [4], we constrained the minimum and maximum values for the slope. Thus, 

in our simulations, the slope assumed the maximum value of 4.29 x 10 -3 (Knb = - 7.67) for 

parental breeding values (Nnb(t) ) > 185 and the minimum value of -7.99 x 10 -4 (Knb = - 

41) for densities lower than 2, which is the opposite to what we simulated with equation 

[4] (Fig. 2b).  

Our simulations showed that when rb (max) is low (< 2), the negative relationship 

between parental density and offspring survival caused populations to fluctuate more 

between breeding and non-breeding seasons, destabilizing dynamics (Fig. 3c), but the 

second bifurcation and more complex dynamics only happened at higher levels of rb (max), 

which has a stabilizing effect. 

 

DISCUSSION 
Using both a controlled experiment and observations from a replicated seasonal 

population, our results provide evidence that variation in density during the breeding 

season influenced offspring state, which carry-over to influence offspring survival and 

that this has long-term consequences for population dynamics in seasonal environments. 

Offspring originating from high parental densities were smaller and, contrary to our 

expectations, had higher survival during the non-breeding season. Although the survival 



	  

 74 

benefits of large body size have been widely recognized (Peters 1986, Kingsolver & 

Huey 2008), there is evidence that, in some cases, it can be costly to produce and 

maintain a large body (Stockhoff 1991, Roff 1992; Reznick et al. 2000, Blanckenhorn 

2000; Munch et a. 2003, Gotthard et a. 2007, Monaghan 2008). For example, large 

individuals grow slowly, which is usually negatively related to survival (Kingsolver & 

Huey 2008). They also require more resources for maintenance, which might be cost if 

large body does not equal large fat reserves (Munch et a. 2003). Finally, for small-bodied 

organisms, fat reserves might not be large enough during periods of long physiological 

stress (i.e. long winters). Indeed, in our system, larger flies tended to have lower survival 

and consume more food than smaller flies after controlling for non-breeding density (Fig. 

S4). Thus, in seasonal environments, smaller individuals might have an advantage over 

large individuals, especially for small-bodied species and/or when seasonality is strong 

and the non-breeding season cause great physiological stress to individuals. 

Our results suggest that the effects of delayed density dependence on population 

dynamics in seasonal environments might be related to life history. When there was a 

positive relationship between parental breeding density and offspring survival, population 

fluctuation between breeding and non-breeding seasons was dampened at high values of 

intrinsic growth rate (rb (max) > 2.5). High fecundity is expected for small-bodied 

organisms (Sæther & Engen 2002, Herrando-Pérez et al. 2012), and our results suggest 

that for such life history, smaller individuals might have an advantage during the non-

breeding season. In contrast, a model that incorporated the negative relationship between 

parental breeding density and offspring survival destabilized dynamics at low levels of 

intrinsic growth rate by increasing fluctuations between seasons. Large-bodied organisms 

are expect to have low fecundity (Sæther & Engen 2002, Herrando-Pérez et al. 2012), and 

empirical evidence suggest that for such life history, larger individuals have an advantage 

during the non-breeding season (Clutton-Brock et al. 1987, Forchhammer et al. 2001). 

Thus, we expect delayed density dependence to stabilize dynamics for fast-life history 

species and destabilize dynamics for slow-life history compared to dynamics without 

such delays  

Although our results show that size is inversely related to survival during the non-

breeding season, it is usually positively related to fecundity (Miller & Thomas 1958, 
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Mueller & Joshi 2000). This has important evolutionary consequences, because it 

suggests that two distinct selective pressures could be operating on the same individual. 

In seasonal environments, an individual cannot specialize in only one season, and a 

intermediate phenotype that do moderately well in both seasons could be favoured 

(Levins 1968). However, natural fluctuations in density could prevent an intermediate 

phenotype from become frequent in the population and, instead, result in fluctuating 

selection over time. We have shown that, the frequency of small flies increases with 

population size. Thus, fecundity will also decrease, which would result in lower 

population size. This could, in turn, release the selective pressure for smaller individuals 

in the non-breeding season, and larger individuals would be favoured because of the 

selective pressure for high fecundity. As the frequency of large individuals increases, 

population size should also increase, causing a new, strong selective pressure for small 

individuals in the non-breeding season. This feedback loop between ecological and 

evolutionary processes is now believed to be widespread in nature (Yoshida et al. 2003; 

Schoener 2011, Smallegange & Coulson 2013), and our results suggest that they could 

occur in seasonal environments through the interplay between fluctuations in density and 

life-history trade-offs between seasons. 

We have previously shown that variation in density during the non-breeding 

season causes individuals to be in poor physiological condition, which influenced their 

performance the following breeding season (Betini et a. 2013a; b). Here, we have shown 

that variation in density during the breeding season affects the subsequent survival of 

offspring. Thus, there is a potential for these two mechanisms to interact. For example, if 

density in the non-breeding season was high, then individuals would be in poor 

physiological condition and have relatively low breeding output in the following breeding 

season. Despite high parental density, low physiological condition would result in fewer 

eggs, larger flies and hence, low offspring survival. Thus, carry-over effects caused by 

variation in non-breeding density could buffer the effects of parental density on offspring 

survival. On the other hand, females under stress might decide to invest less in offspring 

quality to maintain quantity, compromising the ability of offspring to survive, which 

would intensify the effects of parental density on offspring survival. More interestingly, if 

mothers made different decisions about how to invest on their offspring, then carry-over 
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effects from the non-breeding to the breeding season could cause maternal effects, which 

could also intensify or weaken the effects of parental breeding density on offspring 

survival (Plaistow & Benton 2009). The potential for long lags have been documented in 

natural population subjected to strong seasonality (Merritt et al. 2001, Stenseth et al. 

2003), and could also be operating in our simple lab system.  

Negative feedback caused by delayed density dependence has been shown to be 

an important factor to explain dynamics of natural populations (Turchin 1990, Inchausti 

& Ginzburg 2009), specially the ones in seasonal environments (Lima 2001, Stenseth et 

al. 2003). However, little is known about the mechanisms involved, and the hypotheses 

proposed to explain the presence of such lags in response to density usually evoke 

interaction with other species, such as changes in food web structure, and response to 

predators (Hansen et al. 1999, Merritt et al. 2001, Stenseth et al. 2003). Under this 

context, delayed density dependence is believed to destabilize dynamics by creating 

cycles (Stenseth et al. 2003). Our model system provides evidence that variation in 

abundance in both the non-breeding (Betini 2013a; b) and breeding (this study) seasons 

can affect individual state, which can then carry-over to the next season to affect 

individual performance. Taken together, these results suggest that delayed density 

dependence can be caused by intrinsic dynamics of the system, resulting in a strong 

stabilizing effect by damping cycles that would otherwise happen under direct density 

dependence, although fluctuations between breeding and non-breeding seasons could be 

higher under certain conditions. We believe that a phenomenological approach based 

only on the analysis of variation in density between seasons could be misleading in 

understanding why populations fluctuate, and advocate a more mechanistic approach, 

based on the causes of such changes in density when trying to understand the dynamics of 

natural populations in seasonal environments.  
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Table 1. Akaike’s information criterion model selection parameters and regression 

coefficients from competing models used to explain offspring survival in both controlled 

experiments (Experiment) and long-term seasonal populations (Time series). The 

‘offspring model’ contained offspring non-breeding density (Nnb(t)) as a predictor, the 

‘parental model’ included offspring non-breeding density and parental breeding density 

(Nb(t-1)) and the ‘interaction model’ contained the interaction between those two variables 

(Nnb(t) * Nb(t-1)). LogLik, log-likelihood values for each mode; AICc, Akaike’s information 

criterion corrected for small samples; ΔAICc, difference for model relative to the smallest 

AICc in the model set; Wj, Akaike weight is the approximate probability in favour of the 

given model from the set of models considered. 

 

 

Model Intercept Nnb(t) Nb(t-1) Nnb(t) * Nb(t-1) df LogLik AICc !AICc Wj 

Experiment 

Offspring model 0.99 -1.77 x 10 -3 - - 3 50.54 -94.9 150.5 0 

Parental model 0.91 -1.89 x 10 -3 1.52 x 10 -3 - 4 85.9 -163.5 81.9 0 

Interaction model 1.00 -2.54 x 10 -3 -1.05 x 10 -4 1.05 x 10 -5 5 127.9 -254.4 0.0 1 

Time series          

Offspring model 1.04 -1.52 x 10 -3 - - 4 439.3 -870.6 157.2 0 

Parental model 0.91 -1.87 x 10 -3 -1.45 x 10 -3 - 5 512.6 -1015.1 12.65 0 

Interaction model 1.04 -2.47 x 10 -3 -4.31 x 10 -4 4.71 x 10 -6 6 519.9 -1027.7 0 1 

!
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Figure 1. The effect of parental breeding density on offspring survival and female dry 

weight. Top panels (a and b) represent results from a controlled experiment and bottom 

panels (c and d) represent results from a 45 replicates populations of D. melanogaster 

kept for 36 generations in a seasonal environment. (a) The relationship between offspring 

survival and offspring non-breeding density for different parental breeding densities (2, 

10, 80 and 180). The horizontal line within each box in panels a and b represents the 

median value, the edges are 25th and 75th percentiles, the whiskers extend to the most 

extreme data points, and points are potential outliers. (c) The lines represents the 

regression line between offspring survival and offspring non-breeding density when 

parental breeding density was < 70 (dotted line), between 71 and 180 (dashed line), and > 

181 (solid line). Offspring that came from high parental density tended to have high 

survival in both controlled (a) and long-term seasonal populations (c), and high parental 

density resulted in smaller flies (b and d).  
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Figure 2. (a) The relationship between offspring survival (ln) and offspring non-breeding 

density for different parental breeding densities (2, 10, 80 and 180). The lines represent 

the regression line between survival and offspring non-breeding density when parental 

breeding density was 2 (β = - 4.37 x 10 -3, SE = 1.25 x 10 -3, t = - 34.88, p < 0.001, R2 = 

0.98), 10 (β = - 3.87 x 10 -3, SE = 1.19 x 10 -3, t = - 32.33, p < 0.001, R2 = 0.96), 80 (β = - 

1.97 x 10 -3, SE = 1.91 x 10 -3, t = - 10.31, p < 0.001, R2 = 0.78) and 180 (β = - 7.98 x 10 -

3, SE = 1.14 x 10 -3 , t = - 7.02, p < 0.001, R2 = 0.62). Intercept was held constant in all 

regressions (- 3.29 x 10 -2), and was calculated from our controlled experiments as the 

average of survival for all parental breeding density when offspring non-breeding density 

= 20. (b) Changes in slope of the relationship between offspring survival and offspring 

non-breeding density as influenced by parental breeding density. The solid line represents 

the predicted values based on equation [4], where high parental density resulted in 

weaker density dependence survival (i.e. high offspring survival), and the dotted line 

represents the predicted values for equation [5], where high parental density resulted in 

stronger density dependence survival (i.e. low offspring survival). 
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Figure 3. Dynamics of the (a) bi-seasonal model (b) bi-seasonal model when offspring 

survival is positively correlated with parental breeding density (as in experimental 

results) and (c) bi-seasonal model when offspring survival is negatively correlated with 

parental breeding density (as shown in other studies). Bifurcation plots are shown on the 

left, and the corresponding time series on the right, with rb (max) values on the top left of 

each time series. The blue and red trajectories on the bifurcation plots indicate population 

size at the end of the breeding and non-breeding seasons, respectively. n, population size; 

K, carrying capacity. Parameters used in the models: rb = 2.24, Kb = 200 and rnb = -3.29 x 

10 -2 for all models; (a): Knb = - 41; (b): a =	  - 1.04 x 10 -7, b = - 3.85 x 10 -2, c = 4.37 x 10 
-3; (c): a’ =	  - 1.11 x 10 -7, b’ = 1.75 x 10 -6, c’ = - 7.99 x 10 -3. 
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EPILOGUE 
Seasonality matters 

 At the beginning of my thesis I asked if seasonality was important for 

understanding how population size changes over time. I argued that although density-

independent is a well-recognized factor that changes population size in seasonal 

environments, seasonality can also affect direct and delayed density-dependent processes 

in breeding and survival, and this has important consequences for understanding 

population dynamics. Especially important to understand the effects of seasonality on 

population dynamics are non-lethal effects in one season that can potentially carry-over 

to the following season to influence individual’s performance. I investigated these ideas 

in four independent studies. 

 

Direct density dependence 

In Chapter 1, I derived a bi-seasonal model with seasonal specific parameters to 

simulate population size and fluctuations for species with different life histories. I then 

compared the results of these simulations to a priori expectations about how life history 

variation affects equilibrium population sizes and stability (Sæther et al. 2002, Brown et 

al. 2004, Herrando-Pérez et al. 2012) and made predictions about where populations with 

different life histories are expected to be regulated, be it the breeding, non-breeding or in 

both seasons. I showed that (1) populations of species with slow life histories are most 

likely to be regulated in both seasons or in the breeding season; (2) populations of species 

with fast life histories are most likely to be regulated in the breeding season; (3) strong 

regulation in the non-breeding season tends to result in populations with low fecundity 

and high survival to have much higher equilibrium population size than species with high 

fecundity and low survival strategy, which is the opposite to how life history should 

determine demography.  

Although these results can only be used to make broad-scale predictions, I believe 

they reveal important fundamental properties of populations in seasonal environments. 

For example, it has been claimed that seasonality results in overcompensation (Boyce et 

al. 1999, Abrams 2009), or that the length of the winter causes populations to cycle 

(Stenseth et al. 2003). To answer these questions it is necessary to know what determines 
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vital rates in each season and, as I argued in Chapter 1, life history variation is the most 

fundamental aspect that can change expectations about how populations will growth or 

shrink when resources change seasonally. Thus, whether seasonality will result in 

compensation, or cause populations to cycle depends largely on the kind of the life 

history strategy of the organism. Interestingly, this simple aspect of population dynamics 

in seasonal environment has been largely ignored (but see Fretwell 1972 and Payne & 

Wilson 1999).  

 

Delayed density dependence and the role of non-lethal, carry-over effects in seasonal 

environments 

Although direct density dependence is a key concept in population ecology, 

delayed density dependence is also an important mechanism to understand changes in 

population size over time (Turchin 1990, Inchausti & Ginzburg 2009), specially in 

seasonal environments (Merritt et al. 2001, Stenseth et al. 2003) In Chapter 2, I 

combined empirical and theoretical tools to show how an individual, non-lethal carry-

over effect could be considered a mechanism for such delayed responses in density. I 

showed that high density in the previous non-breeding season density caused a decrease 

in per capita breeding output between 29 and 77%, and that this decrease in per capita 

breeding can stabilize long-term population dynamics and reduce population size at low 

intrinsic rates of growth. I also showed that both seasonal density dependence and 

density-mediated carry-over effects can potentially stabilize long-term population 

dynamics.  

Such density-mediated, non-lethal carry-over effects caused by changes in 

physiological condition of individuals in the previous season have a number of important 

implications. For example, in seasonal environments, one might overestimate breeding 

output if carry-over effects were not considered, which would lead to an overestimation 

of the abilities of populations to grow. Thus, it is important to consider carry-over effects 

in a system where differences in densities between seasons are naturally high, or when 

factors that enhanced such demographic asymmetries are in place. Examples of these 

systems are metapopulations, where dispersal to ‘sink’ areas can occur more frequently 

from high density at ‘source’ areas, and migratory species that spend the winter in high 
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densities but move to breed at low densities (Hanski 1998, Milner-Gulland et al. 2011). 

Factors that enhance demographic asymmetries are stochasticity, such as population 

heterogeneity (Lindström & Kokko 2002), or random changes in environmental 

conditions causing events of mass mortality, as expected to be more common in 

temperate areas than in tropical areas (Griffen & Drake 2008, Garrabou et al. 2009). 

Thus, it would be important to extend my work to investigate how carry-over effects can 

negatively impact dispersal/migration and occupation rates in a metapopulation and 

migratory systems, and how my predictions change when both environmental and 

demographic stochasticity is strong.  

With these potential implications in mind, I am informally co-supervising an 

undergraduate student with Prof. Ryan Norris with the goal of investigating how such 

carry-over effects from the breeding to the non-breeding season could affect both 

dispersal rates and breeding output in a seasonal metapopulation. The preliminary results 

show that when variation in density carries over to influence the breeding output of 

surviving individuals, it decreases the probability of dispersal, as well as increases both 

fluctuations between breeding and non-breeding season and average populations size. 

This happens because when carry-over effect acts on dispersal, fewer individual reach the 

breeding sites, releasing individuals from density dependence, and allowing populations 

to grow more than they would have if density dependence were stronger. We are 

currently developing a metapopulation model to investigate how carry-over effects could 

influence colonization and extinction rates.  

Although Chapter 2 made clear predictions that can be tested in lab and field 

conditions, it was conducted under very restrictive conditions and did not provide 

empirical support to the mechanism causing under which individuals have low per capita 

breeding output after experiencing high densities in the non-breeding season. Thus, it 

would be important to test if such seasonal, density-mediated carry-over effects could be 

observed in system where densities were allowed to vary naturally. In Chapter 3, I tested 

the prediction that carry-over effects was expected to decrease per capita breeding output 

and weaken the strength of breeding density dependence in a long-term seasonal 

population where densities in both breeding and non-breeding season where not 

controlled. I also investigated the mechanism behind such density-mediated carry-over 
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effects. Using 45 replicated populations of Drosophila melanogaster over 23 non-

overlapping generations with distinct breeding and non-breeding seasons, I found that the 

density at the beginning of the non-breeding season caused a decreased in fresh weight of 

survivors of the non-breeding season, which resulted, on average, in a decrease of 25% in 

per capita breeding output. At the population level, I found that a model that incorporated 

both carry-over effect and density at the beginning of the breeding season best explained 

variation in per capita breeding output.  

I believe that the most important contribution of Chapter 3 is the simple way by 

which carry-over effects can be tested under field conditions. Although carry-over effects 

have been shown to be an important driver of fitness (Ratikainen et al. 2008, Harrison et 

al. 2011), assessing the population consequences of such individual effects has been 

difficult because the lack of information about both carry-over effects and population 

dynamics in the same system (Norris & Taylor 2006). In Chapter 3, I provided a simple 

way to test for density-mediated carry-over effects in a time series, which requires only 

observations on seasonal abundance and information on breeding output.  

In seasonal environments, delayed density dependence could also be caused by 

variation in breeding density resulting in changes in the state of the individual, which 

could carry-over to affect offspring survival in the following non-breeding season. 

Indeed, early development is a key aspect that influences individual fitness (Lindström 

1999, Lindström & Kokko 2002, Monaghan 2008), and there is some evidence that 

parental density can be an important cause of changes in early development (Clutton-

Brock et al. 1987, Forchhammer et al. 2001, Plaistow & Benton 2009). In Chapter 4, I 

combined the three tools I developed in my thesis, i.e. mathematical framework, 

controlled experiments and long-term lab seasonal populations to investigate how 

changes in parental breeding density could affect offspring survival, and how such no-

lethal, delayed density dependence could affect long-term dynamics of seasonal 

populations. I found that high parental breeding density caused offspring to be small, as 

expected, but small offspring had higher survival then large offspring. My theoretical 

investigations, with a model developed to include such non-lethal, delayed effects, 

showed that this positive relationship between parental density and offspring survival 
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could stabilize fluctuations in population size between breeding and non-breeding 

seasons. 

Chapter 4 raised two important aspects of seasonal populations. First, the 

common belief that big is better (Peters 1986, Kingsolver & Huey 2008) might not be 

always the case in seasonal environments, because a large body might be costly to 

produce and maintain (Stockhoff 1991, Roff 1992, Blanckenhorn 2000, Reznick et al. 

2000, Munch et al. 2003, Gotthard et al. 2007, Monaghan 2008). For example, during 

periods of stress, large body might be disadvantageous if size does not equate to large fat 

reserves, as might be the case in small-bodied organisms. Thus, in seasonal 

environments, smaller individuals might have an advantage over large individuals, 

especially for small-bodied species and/or when seasonality is strong and the non-

breeding season causes great physiological stress to the individual. In addition, size is 

usually positively related to fecundity (Miller & Thomas 1958, Mueller & Joshi 2000), 

which suggests that two distinct selective pressures could be operating on the same 

individual. If this were the case, then an individual would not be able to specialize in only 

one season. Instead, an intermediate phenotype that do moderately well in both seasons 

could be favoured (Levins 1968), which would results in an individuals with intermediate 

body size compared to an individual that could specialize only in the breeding season.  

Second, although delayed density dependence is an important factor to explain 

dynamics of natural populations (Turchin 1990, Lima 2001, Stenseth et al. 2003), the 

hypotheses proposed to explain the presence of such lags in response to density usually 

evoke extrinsic factors such as changes in food web structure or response to predators 

(Hansen et al. 1999, Merritt et al. 2001, Stenseth et al. 2003), but are rarely tested. Under 

this context, delayed density dependence is believed to destabilize dynamics by creating 

cycles (Stenseth et al. 2003). In Chapter 2, 3 and 4 I provide evidence for individual, 

non-lethal mechanisms for delayed density dependence in seasonal environments, and 

suggest that delayed density dependence can be caused by intrinsic dynamics of the 

system, with strong stabilizing effect.  

 

Toward a more complete understanding of populations in seasonal environments 
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As I mentioned in the prologue, this thesis is my first attempt to understand how 

seasonality affects ecological and evolutionary processes, which, in turn, will determine 

abundance of populations (Kokko & López-Sepulcre 2007). For my future research, my 

goal is to understand if and how the ecological processes I studied in this thesis interact 

with evolutionary processes, and how this potential interaction can influence variation in 

population size in a seasonal environment. This section is dedicated to highlight some of 

the main aspects of this research project. 

 

Long cycles in seasonal populations 

The 45 long-term seasonal populations I started for my thesis are now on their 38th 

generation (Fig. 1). The time series suggest that these populations undergo regular cycles 

of ~ 10 generations, which cannot be reproduced by either of the models I used in my 

thesis (i.e. Chapter 2 and 4; Fig. 2a-c). One explanation for such cycles is that in the 

long-term seasonal populations both kinds of non-lethal delayed effects are acting at the 

same time. Thus, if breeding is affected by density at the previous non-breeding season 

(Chapters 2 and 3) and survival is affected by parental breeding density (Chapter 4), then 

a model with both delayed effects should be better able to simulate such long cycles 

observed in the experimental seasonal populations compared to the models I have 

considered so far, where only one kind of delayed density dependence was considered at 

a time.  

I have combined both kinds of delayed effects into a single model (the ‘COE + 

parental model’; appendix) and simulated population at the end of the breeding and non-

breeding seasons for 38 generations (Fig. 2a-d). The ‘COE + parental model’ had the 

worst performance to predict population variation compared to the other models (Fig. 

3d), and all of the models failed to reproduce the 10-generation cycles I observed in the 

lab populations. What have I left out from these models that could improve my ability to 

predict seasonal population in such a simple system? To answer this question, I have 

developed two hypotheses. 

 

The ‘long lag hypothesis’ 
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It is clear from Fig. 2 that, so far, the best model to explain population dynamics of my 

experimental seasonal populations was the ‘parental model’, which incorporates only the 

effects of parental breeding density on offspring survival into a bi-seasonal model (Fig. 

2c, Chapter 4 and appendix). However, the ‘parental model’ did not explain the 10-

generation cycle. Thus, it is possible that the effect of parental breeding density on 

offspring survival is interacting with carry-over effects to cause such long cycles. For 

example, if small flies survive better in the non-breeding season, they might not 

experience a strong decrease in physiological condition and experience weak carry-over 

effects from the non-breeding to the breeding season. Because there should be a selective 

pressure in the non-breeding season for small flies, it is possible that such carry-over 

effects become weaker over time. On the other hand, even weak, density-mediated carry-

over effects could still be operating via changes in parental investment. For example, 

females under stress caused by poor physiological condition (carry-over effect) might 

decide to invest less in offspring quality to maintain quantity, compromising the ability of 

offspring to survive. Under this scenario, a carry-over effect would intensify the effects of 

parental breeding density on offspring survival. The potential for long lags have been 

documented in natural population subjected to strong seasonality (third and fourth order 

feedback, Merritt et al. 2001, Stenseth et al. 2003), and could also be operating in our 

simple lab system. The ‘long lag hypothesis’ states that vital rates (breeding output and 

survival) of populations in seasonal environments are determined by the interaction 

between direct density dependence and non-lethal, carry-over effects caused by variation 

in past density (i.e. third order feedback). 

If long lags influenced both breeding and survival, than the experiments I 

developed in Chapter 2 and 4 cannot be used to parameterize a model with both delayed 

effects. This is because in my controlled experiments, I did not include the effects of past 

generations to estimate vital rates. Thus, the right experiment to parameterize a model 

with such long lags would be as follow: first, I would place flies at different non-breeding 

densities, move them to breed at different densities (as I did in Chapter 2), and then move 

the offspring to spend the non-breeding density at different densities (as I did in Chapter 

4). My plan is to develop such experiment and to develop a model that incorporates such 

long lags as part of my post-doctoral research.  
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The eco-evolutionary hypothesis 

A second possible explanation for why populations of flies in a seasonal environment 

experience such long cycles involves a feedback loop between ecological and 

evolutionary processes. In my fourth chapter, I found that a small body is advantageous 

during the non-breeding season, but a large body should result in individuals with high 

fecundity (Miller & Thomas 1958). Thus, there is an opportunity for two opposite 

selective pressures to operate in the same individual. Classically, this is believed to lead 

to either directional selection (individuals would adapt to one of the seasons and do 

poorly in the other) or stabilizing selection (the development of intermediate phenotype 

that does poorly in both seasons; Levins 1968). However, body size is a function of 

population density, and if survival is high in the non-breeding season when non-breeding 

density is low, than it is likely that density dependent selection will cause changes in 

selective pressure. Indeed, I have empirical evidence suggesting that this is the case. I 

have measured fresh and dry weight of ~ 15,000 individuals (males and females) over 

several generations in my long-term seasonal population, and found that body size 

follows the opposite pattern of population size: as population increases, body size tended 

to decrease and vice-versa (results not shown). This feedback loop between ecological 

and evolutionary processes is now believed to be widespread in nature (Schoener 2011, 

Smallegange & Coulson 2013), and has been shown to produce long cycles in simple 

predator-prey systems (Yoshida et al. 2003). Our results suggest that this eco-

evolutionary loop could also occur in seasonal environments.   

To test this hypothesis, my plan is to incorporate into the models I have 

considered so far changes in fecundity (rb (max)) and survival (rnb (max)) as a function of 

body size. Body size will be determined by population density, so that when population 

size is high, individuals will have small body size. This will cause fecundity to be low, 

but survival high. As the frequency of small flies increases in the population, fecundity 

will decrease, which would bring population size to low levels. This could, in turn, 

release the selective pressure for smaller individuals in the non-breeding season, and 

larger individuals would be favoured because of the selective pressure for high fecundity. 
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As the frequency of large individuals increases, population size should also increase, 

causing a new, strong selective pressure for small individuals in the non-breeding season.  

In the paragraph above I suggested that density dependent selection is interacting 

with changes in body size to cause a so-called eco-evolutionary feedback loop, which 

could explain long cycles observed in seasonal populations of Drosophila. However, I 

have not shown evidence of changes in the gene frequency of the seasonal populations, 

which would characterize the evolutionary process in the eco-evo loop. Although size in 

flies is highly heritable, it is also determined by conditions during larval stage, which 

positively correlates with parental breeding density (Miller & Thomas 1958, Chapter 4). 

Thus, it is possible that changes in body size are all due to plasticity and not evolutionary 

changes. To have a better understand about the mechanisms causing changes in body 

size, I have kept all individual flies from which I obtained weight (over 10,000 

individuals) and plan to look for changes in the gene frequency of this individuals as part 

of my post-doctoral research. This might be possible by using a full genome SNP (single-

nucleotide polymorphism) scan to look for replicated changes in SNP frequencies across 

generations, which would indicate selection. For example, I could test if the SNP sites 

that undergo replicated changes are associated with body size variation. 
 

Final remarks 

Populations live in seasonal environments (Fretwell 1972), and that matters to 

understand why populations experience temporal fluctuations in abundance. In my thesis, 

not only did I show how both direct and delayed density dependence caused by non-

lethal, carry-over effects can interact to influence vital rates and determine dynamics of 

seasonal populations, I also developed a combination of mathematical and empirical tools 

to study seasonality. With these tools, I was able to answer questions about why 

populations behave as they do, but more importantly, I generated hypotheses that can 

point to a rich future research program. Such a program addresses the long-standing 

claim that both ecological and evolutionary processes are involved to affect the 

abundance of natural organisms and should be studied together if we want to understand 

why population size changes over time.  
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Figure 1. Time series obtained from 38 generations of D. melanogaster in a seasonal 

environment. Solid line denotes mean population size for each generation from 45 

replicates. Dotted lines denote ± s.d. 
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Figure 2. Time series generated by 4 different models to explain changes in population 

size over time in a seasonal environment. Solid lines denote population size for each 

generation at the end of the breeding and non-breeding season. Dotted lines denote mean 

population size at the end of the breeding and non-breeding season over 38 generations as 

estimated with the seasonal lab population (see Fig. 1). Parameters used in the models: rb 

= 2.24, Kb = 200 and rnb = -5.61 x 10 -2, for all models; (a) Knb = - 84 for the ‘bi-seasonal 

model’; (b) a = 3.10 x 10-3 for the ‘COE model’; (c) a =	  - 1.04 x 10 -7, b = - 3.85 x 10 -2, c 

= 4.37 x 10 -3, for the ‘parental model’. 
 

Appendix. 
1. The ‘bi-seasonal model’  

In a population were abundance is only influence by direct density dependence, 

population size at the end of the breeding season in generation t +1 can be expressed with 

the following Ricker model (!(!!!) =   !(!)  !!!"#   !!!(!)  /  ! ): 
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!!(!!!) =   !!"(!)  !!!  (!"#)   !!!!"(!)  /  !!             (1) 

 

and the population size at the end of the non-breeding season in generation t+1 can be 

expressed as: 

 

!!"(!!!) =   !!(!!!)  
!!!"(!"#)  (!!!!(!!!)  /  !!")  (2) 

 

where rb and rnb are the maximum rate of increase and survival and Kb and Knb are the 

carrying capacity in the breeding (b) and non-breeding (nb) seasons. Nb(t) is population 

size at the end of the breeding season at generation t and Nnb(t) is the population size at the 

end of the non-breeding season at generation t. The parameters used in equation [1] and 

[2] were estimated with controlled experiments and are presented in chapter 2: rb = 2.24, 

Kb = 200, Knb = -84 and rnb = -5.61 x 10 -2 

 

2. The ‘COE model’ 

Population size at the end of the breeding season in generation t +1 is estimated including 

the carry-over effect in the ‘COE model’, and can be expressed as 

 

!!(!!!) =   !!"(!)  !(!!  (!"#)!!!!(!))   !!!!"(!)  /  !!   (3) 

 

where a is a parameter to be estimated. aNb(t) represents the magnitude of the COE. 

Population size at the end of the non-breeding season in generation t+1 is the 

same as in the bi-seasonal model, equation [2]. The parameters used in equation [3] were 

estimated with controlled experiments presented in chapter 2: a = 3.10 x 10-3 and all other 

parameters as in the bi-seasonal model. 

 

3. The ‘parental model’ 

In the parental model, population size at the end of the breeding season in 

generation t+1 is the same as in the bi-seasonal model, equation [1]. However, population 

size at the end of the non-breeding season is estimated including the effect of parental 
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density on offspring survival via changes in carrying capacity. Thus we replaced Knb in 

equation [2] by the following equation 

 

  !!"  (!"#)  /  (! ∗ !!" !
! + ! ∗   !!" ! + !)  (4) 

 

where a, b and c are constant to be estimated from the data and were presented in chapter 

4 (a =	  - 1.04 x 10 -7, b = - 3.85 x 10 -2, c = 4.37 x 10 -3). 

 

4. The ‘COE + parental model’ 

In this model, both kinds of delayed density dependence where included. Thus, 

population size at the end of the breeding season in generation t +1 is estimated with 

equation [3] and population size at the end of the non-breeding season in generation t+1 

is estimated by replacing Knb in equation [2] by equation [4]. 
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SUPPLEMENTARY MATERIAL 

 

Chapter 1: Population regulation in seasonal environments: a life 

histories perspective 
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Figure S1. Bifurcation plots for population size divided by carrying-capacity as a 

function of maximum per capita breeding output (rb (max)) and for low (a-c), medium (d-f), 

and high (g-i) maximum per capita survival (rnb (max); -0.1, -0.7, -2.3, respectively). For 

breeding regulation and regulation in both seasons, rb (max) represents both the maximum 

per capita breeding and the strength of density dependence (high rb (max): high breeding 

output and strong breeding density-dependent). For non-breeding regulation, rb (max) 

represents only the maximum breeding output. Likewise, for breeding regulation, rnb (max) 

represents only the maximum per capita survival. For regulation in both seasons and non-

breeding regulation, rnb (max) represents both the maximum per capita survival and the 

strength of density dependence (high rnb (max): high survival and strong density-dependent 

survival). Blue and red lines represent population size by the end of the breeding season 

and non-breeding season, respectively.   
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Figure S2. Population size (± SD) by the end of the breeding (blue bars) and non-

breeding seasons (red bars) divided by carrying capacity (100) over a range of maximum 

per capita survival (rnb (max)) when density-dependent breeding was high (rb (max) = 4). Bars 

without SD were stable, i.e. over generations, population sizes varied between the same 

values in the breeding and in the non-breeding seasons. 
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Chapter 2: Carry-over effects, sequential density-dependence and the 

dynamics of populations in a seasonal environment  
 

 

 

 

 

Table S1. Number of adults emerged from individuals that bred at different densities 

after surviving the non-breeding season (Fig. 2 in the main text). Data were used to 

parameterize the carry-over effect model. 

 

Non-breeding density Breeding density Replicate Number of adults 
20 2 1 16 
20 2 2 15 
20 2 3 8 
20 2 4 4 
20 2 5 29 
20 2 6 35 
20 2 7 22 
20 2 8 35 
20 2 9 13 
20 2 10 5 
20 2 11 35 
20 2 12 0 
20 2 13 25 
20 2 14 15 
20 2 15 3 
20 2 16 21 
20 2 17 39 
20 2 18 10 
20 2 19 17 
20 2 20 20 
20 10 1 120 
20 10 2 113 
20 10 3 111 
20 10 4 92 
20 10 5 99 
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Non-breeding density Breeding density Replicate Number of adults 
20 10 6 154 
20 10 7 127 
20 10 8 128 
20 10 9 51 
20 10 10 78 
20 10 11 142 
20 10 12 101 
20 10 13 145 
20 10 14 149 
20 10 15 170 
20 10 16 192 
20 10 17 103 
20 10 18 113 
20 10 19 26 
20 10 20 76 
20 80 1 253 
20 80 2 661 
20 80 3 567 
20 80 4 450 
20 80 5 376 
20 80 6 440 
20 80 7 397 
20 80 8 439 
20 80 9 363 
20 80 10 272 
20 180 1 378 
20 180 2 524 
20 180 3 495 
20 180 4 305 
20 180 5 562 
20 180 6 529 
20 180 7 464 
20 180 8 335 
180 2 1 17 
180 2 2 35 
180 2 3 9 
180 2 4 21 
180 2 5 21 
180 2 6 0 
180 2 7 0 
180 2 8 10 
180 2 10 15 
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Non-breeding density Breeding density Replicate Number of adults 
180 2 12 17 
180 2 13 12 
180 2 14 0 
180 2 15 1 
180 2 16 17 
180 2 17 2 
180 2 18 10 
180 2 19 15 
180 2 20 0 
180 2 21 16 
180 2 22 9 
180 2 23 4 
180 2 24 18 
180 2 25 1 
180 2 26 16 
180 10 1 120 
180 10 2 77 
180 10 3 94 
180 10 4 36 
180 10 5 40 
180 10 6 69 
180 10 7 43 
180 10 8 64 
180 10 9 60 
180 10 10 45 
180 10 11 129 
180 10 12 147 
180 10 13 143 
180 10 14 102 
180 10 15 72 
180 10 16 126 
180 10 17 54 
180 10 18 96 
180 10 19 55 
180 10 20 88 
180 80 1 321 
180 80 2 344 
180 80 3 262 
180 80 4 340 
180 80 5 293 
180 80 6 329 
180 80 7 334 
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Non-breeding density Breeding density Replicate Number of adults 
180 80 9 348 
180 80 10 326 
180 80 11 262 
180 80 12 233 
180 80 13 225 
180 80 14 336 
180 80 15 286 
180 80 16 359 
180 80 17 288 
180 80 18 232 
180 180 1 512 
180 180 2 505 
180 180 3 549 
180 180 4 528 
180 180 5 491 
180 180 6 472 
180 180 7 532 
180 180 8 418 
180 180 9 337 
180 180 10 270 
300 2 1 8 
300 2 2 2 
300 2 3 8 
300 2 4 2 
300 2 5 9 
300 2 6 0 
300 2 7 17 
300 2 8 1 
300 2 9 7 
300 2 10 1 
300 10 1 29 
300 10 2 9 
300 10 3 30 
300 10 4 33 
300 10 5 23 
300 10 6 19 
300 10 7 26 
300 10 8 15 
300 10 9 56 
300 10 10 25 
300 80 1 175 
300 80 2 212 
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Non-breeding density Breeding density Replicate Number of adults 
300 80 4 260 
300 80 5 200 
300 80 6 236 
300 80 7 183 
300 80 8 200 
300 180 1 438 
300 180 2 399 
300 180 3 376 
300 180 4 480 
300 180 5 541 
300 180 6 284 
300 180 7 368 
300 180 8 305 
300 180 9 302 
300 180 10 276 
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Table ESM 2. Number of adults emerged as a function of breeding density (Figure 3a in 
the main text). Data were used to parameterize the sequential density dependence model.  
 
 

Breeding density Replicate Number of adults 
2 1 27 
2 2 20 
2 3 22 
2 4 17 
2 5 5 
2 6 3 
2 7 8 
2 8 41 
2 9 0 
2 10 1 
10 1 146 
10 2 125 
10 3 181 
10 4 116 
10 5 162 
10 6 94 
10 7 189 
10 8 151 
10 9 220 
10 10 154 
20 1 302 
20 2 274 
20 3 318 
20 4 273 
20 5 233 
20 6 249 
20 7 224 
20 8 279 
20 9 190 
20 10 234 
40 1 330 
40 2 305 
40 3 155 
40 4 180 
40 5 185 
40 6 263 
40 7 277 
40 8 271 
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Breeding density Replicate Number of adults 
40 10 178 
80 1 290 
80 2 313 
80 3 335 
80 4 304 
80 5 314 
80 6 257 
80 7 293 
80 8 242 
80 9 279 
80 10 250 
160 1 229 
160 2 148 
160 3 132 
160 4 151 
160 5 225 
160 6 125 
160 7 180 
160 8 105 
160 9 224 
160 10 180 
320 1 126 
320 2 141 
320 3 93 
320 4 80 
320 5 75 
320 6 107 
320 7 109 
320 8 127 
320 9 72 
320 10 105 
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Table ESM 3. Mortality as a function of non-breeding density (Figure 3b in the main 
text). Data were used to parameterize the sequential density dependence model.  
 

Non-breeding density Replicate Mortality 
20 1 2 
20 2 1 
20 3 0 
20 4 3 
20 5 1 
20 6 1 
20 7 0 
20 8 1 
20 9 3 
20 10 1 
20 11 3 
20 12 4 
20 13 1 
20 14 1 
20 15 3 
20 16 1 
20 17 0 
20 18 3 
20 19 1 
20 20 0 
20 21 2 
20 22 1 
20 23 1 
20 24 1 
20 25 0 
20 26 0 
20 27 0 
20 28 0 
20 29 3 
20 30 4 
20 32 0 
20 33 3 
20 34 0 
20 35 1 
20 36 2 
20 37 0 
20 38 0 
20 39 0 
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Non-breeding density Replicate Mortality 
20 41 2 
20 42 0 
20 43 1 
20 44 1 
20 45 1 
20 46 2 
20 47 0 
20 48 2 
20 49 0 
20 50 2 
20 51 1 
20 52 1 
20 53 3 
20 54 2 
20 55 0 
20 56 4 
20 57 2 
20 58 0 
20 59 3 
20 60 0 
20 61 1 
20 62 8 
20 63 1 
20 64 0 
20 65 2 
20 66 2 
20 67 2 
20 68 2 
20 69 0 
20 70 1 
20 71 2 
20 72 1 
20 73 2 
20 75 1 
20 76 1 
20 77 1 
20 78 2 
20 79 1 
20 80 2 
100 1 8 
100 2 7 
100 3 3 
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Non-breeding density Replicate Mortality 
100 4 9 
100 5 7 
100 6 9 
100 7 5 
100 8 13 
100 9 14 
100 10 12 
180 1 21 
180 2 22 
180 3 28 
180 4 30 
180 5 25 
180 6 20 
180 7 16 
180 8 19 
180 9 20 
180 10 20 
180 11 16 
180 12 20 
180 13 9 
180 14 9 
180 15 8 
180 16 10 
180 17 76 
180 18 81 
180 19 12 
180 20 15 
180 21 23 
180 22 51 
180 23 29 
180 24 5 
240 1 31 
240 2 24 
240 4 23 
240 5 24 
240 6 72 
240 7 85 
240 8 48 
240 9 57 
300 1 78 
300 2 117 
300 3 95 
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Non-breeding density Replicate Mortality 
300 4 59 
300 5 27 
300 6 61 
300 7 89 
300 8 116 
300 9 53 
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Chapter 3: Density-mediated carry-over effects explain variation in 

breeding output across time in a seasonal population 
 

Methods 
Additional details on experimental system 

During the breeding season, flies were moved from old to new vials containing fresh food 

on days 10, 12 and 14. On day 16, flies were marked with a fluorescent dust (as part of 

the protocol of another experiment) and let them rest overnight in larger bottles (177.4ml) 

with 20 ml of food so that they could easily remove the excess of dust. Next morning 

(day 17), flies were lightly anesthetized with CO2, counted and placed into the non-

breeding vials. During all experiments, flies were kept at 25oC, 12hrs light/dark cycles 

and humidity was between 30 to 50%.  

Female collection 

To investigate whether density at the beginning of the non-breeding season could have an 

effect on individual condition (i.e. carry-over effect), we sampled individuals from 16 to 

25 populations arbitrarily selected in generations 15, 16, 21, and 22. We first randomly 

selected 5% of the total population without distinction between sexes. We then separated 

sampled females from males, put females in the freezer for 10 min, and then weighted all 

females in a microbalance. 

Statistical analysis 

The analysis with fresh weight was conducted with females sampled before they were 

moved to the breeding season (see details above). Thus, only the density of those sampled 

populations in generations 15, 16, 21, and 22 were used in the linear mixed models to 

explain if the condition of flies entering the breeding season was influence by density at 

the start of the previous non-breeding season. However, to explain per capita breeding 

output the full dataset was used (i.e. the density of flies in each season, in all 43 

populations, from 23 generations). 

 All linear mixed effect models had Gaussian response and an identity link and were 

fit with the lmer function from the lme4 package (Bates & Maechler 2010). The marginal 

variance explained by the linear mixed models (R2
LMM(m)) used to explain fresh weight 

and per capita breeding output was calculated according to Nakagawa & Schielzeth  
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2013). We standardized all variables before analysis by subtracting the sample mean from 

each observation and dividing each value by the sample standard deviation (Schielzeth 

2010). 

 

Results 

Table S1. Parameters values obtained from a linear mixed model to explain variation in 

fresh body weight of surviving females at the end of the non-breeding season. Including 

non-breeding density (t-1) as an explanatory factor significantly improved the fit of the 

model (Loglikelihood ratio test = 75.13, df = 1, P < 0.001, R2
LMM(m) = 0.22). SE 

represents standard error and SD standard deviation.  

 	  

Parameters 

  

 

Random effect variance SD 

Population 0.091 0.302 

Residuals 0.707 0.841 

 

Fixed effects estimates SE 

Intercept 0.029 0.073 

Parental density (t) 0.085 0.054 

Non-breeding density (t-1) -0.500 0.054 

!
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Table S2. Parameters values obtained from three models to explain variation in per capita 

breeding output at time t in experimental seasonal populations. The interaction model was 

the most parsimonious model (AIC weight 1; Table 1 in the main text, R2
LMM(m) = 0.30). 

SE represents standard error and SD standard deviation. 

 
 

 

 

Parameters 

  1. Null model 

  

 

Random effect variance SD 

Population 1.675 x 10-10 1.294 x 10-05 

Residuals 0.747 0.864 

 

Fixed effects estimates SE 

Intercept 8.567 x 10-17 0.027 

Breeding density (t) -0.503 0.027 

   2. Carry-over effect model 

  

 

Random effect variance SD 

Population 0.018 0.137 

Residuals 0.709 0.842 

 

Fixed effects estimates SE 

Intercept 1.557 x 10-16 0.033 

Breeding density (t) -0.431 0.032 

Non-breeding density (t-1) -0.156 0.031 

   3. Interaction model 

  

 

Random effect variance SD 

Population 0.014 0.121 

Residuals 0.704 0.839 

 

Fixed effects estimates SE 

Intercept -0.057 0.034 

Breeding density (t) -0.439 0.031 

Non-breeding density (t-1) -0.092 0.033 

Breeding (t) * non-breeding density (t-1) 0.109 0.022 

!
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Chapter 4: Variation in offspring size caused by parental 

breeding density carries over to influence survival during the 

non-breeding period: consequences for population dynamics  
 

Experimental setup 
 

 

 
 

 

Figure S1. Schematic of the experimental setup. Flies were placed in vials for 24 h to 

breed at different densities (2, 10, 80 and 180 flies per vial). Adults were discarded and 

eggs were allowed to mature to adults, when they were then transferred to spend 4 days in 

the non-breeding season at different densities (20, 180 and 300 flies per vial, 

respectively). 
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Offspring dry weight (males) 

 
Figure S2. Offspring dry weight (male) was negatively related to parental breeding 

density in both the (a) controlled experiments (F3,36 = 16.73, P < 0.001) and (b) long-term 

seasonal populations (Pearson's product-moment correlation = - 0.15, df = 1,309, P < 

0.001). In (a) the horizontal line within each box represents the median value, the edges 

are 25th and 75th percentiles, the whiskers extend to the most extreme data points, and 

points are potential outliers (n = 1,311 males). Different letters indicate a significant 

difference in offspring weight caused by different parental breeding densities according 

to Tukey HSD test (P < 0.01). 
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Offspring survival  

 
Table S1. Parameter estimates of three competing models to investigate variation in 

offspring survival during the non-breeding season in controlled lab experiments (Table 1 

and Fig. 1a in the main text). R2 for the best model (the ‘interaction model’) = 0.88. 

 
 

 

 

 

 

 

 

Parameter Estimate SE t p 

Offspring model 

    Intercept 0.99 -2.33 x 10-2 42.65 < 0.001 

Non-breeding density -1.77 x 10-3 -1.77 x 10-3 -14.33 < 0.001 

     Parental model 

    Intercept 0.91 1.96 x 10-2 46.64 < 0.001 

Non-breeding density -1.89 x 10-3 9.51 x 10-5 -19.88 < 0.001 

Parental density 1.52 x 10-3 1.58 x 10-4 9.6 < 0.001 

     Interaction model 

    Intercept 1.00 1.65 x 10-2 60.87 < 0.001 

Non-breeding density -2.55 x 10-3 9.22 x 10-5 -27.63 < 0.001 

Parental density -1.05 x 10-4 1.90 x 10-4 -0.55 0.583 

Non-breeding * parental density 1.05 x 10-5 9.83 x 10-7 10.71 < 0.001 

!
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Table S2. Parameter estimates for three competing models to investigate variation in 

offspring survival during the non-breeding season in long-term seasonal populations of 

Drosophila melanogaster submitted to two distinct breeding and non-breeding seasons 

(Table 1 and Fig. 1c in the main text).  

 
 

Parameters 

  
1. Offspring model 

  

 

Random effect variance SD 

Population 2.36 x 10-3 0.05 

Residuals 0.22 0.15 

 

Fixed effects estimates SE 

Intercept 1.04 -1.99 x 10-2 

Non-breeding density (t) -1.52 x 10-3 7.25 x 10-5 

   2. Parental model 

  

 

Random effect variance SD 

Population 7.41 x 10-5 0.02 

Residuals 0.02 0.14 

 

Fixed effects estimates SE 

Intercept 0.91 1.97 x 10-2 

Non-breeding density (t) -1.87 x 10-3 7.27 x 10-5 

Parental breeding density (t-1) 1.45 x 10-3 1.12 x 10-4 

   3. Interaction model 

  

 

Random effect variance SD 

Population 7.01 x 10-5 0.02 

Residuals 0.01 0.13 

 

Fixed effects estimates SE 

Intercept 1.04 0.04 

Non-breeding density (t) -2.47 x 10-3 1.74 x 10-4 

Parental breeding density (t-1) 4.27 x 10-4 2.89 x 10-4 

Non-breeding density (t) * Parental breeding density (t-1) 4.70 x 10-6 1.22 x 10-6 

!
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Offspring survival and offspring dry weight  

 
 

Figure S3. Offspring dry weight negatively affected offspring survival after controlling 

for density at the beginning of the non-breeding season. (a) females, (b) males. Residual 

plots were obtained from mixed models with parental non-breeding density and dry 

weight as explanatory variables and population as random effect (see Table S3).    
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Table S3. Parameter estimates for two mixed effect models two investigate the effects of 

offspring dry weight on offspring survival during the non-breeding season.  

 
 

 

 

Parameters 

  1. Female 

  

 

Random effect variance SD 

Population 5.75 x 10-3 0.76 

Residuals 0.02 0.14 

 

Fixed effects estimates SE 

Intercept 1.26 3.65 x 10-2 

Non-breeding density -1.62 x 10-3 8.00 x 10-5 

Dry weight -0.45 5.83 x 10-2 

   2. Male 

  

 

Random effect variance SD 

Population 7.97 x 10-3 0.09 

Residuals 0.01 0.13 

 

Fixed effects estimates SE 

Intercept 1.21 3.65 x 10-2 

Non-breeding density  -1.41 x 10-3 7.71 x 10-5 

Dry weight -0.71 0.10 

!
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Food consumption experiment 
To measure food consumption in fruit flies we placed adults to breed for 24 hrs (day 0) at 

densities 2, 10, 80, and 180 (50:50 sex ratio) in a regular yeast-medium-sugar diet (see 

main text for details). We then removed adults and let eggs mature to new adults 

(offspring). Offspring were moved from old to fresh vials on days 10, 12, 14, and 16. On 

day 16, we combined offspring from each breeding density treatment and placed them 

into the ‘non-breeding season’ (100 individuals in each vial), which consisted of an 

empty vial of the same size as the breeding vials and a pipette tip filled with 0.200 ml of 

5% water–sugar solution per day. We divided this amount by 2 and fed flies twice a day, 

at 9 am and 4 pm. For parental breeding density 2, we had 7 ‘non-breeding vials’ 

(replicates) with 100 offspring in each, for parental breeding density 10, we had 13 

replicates, for parental density 80, 8 and for parental density 180, 4. 

To measure food consumption, we weighted the water/sugar solution that was left 

in the pipette tip before we fed the flies, and subtracted that number by the weight of the 

food that was given to the flies twice a day (0.100 ml of water-sugar concentration). We 

counted dead flies before feeding periods so that we could divide the food consumption 

by the number of individuals in the vial (100 – mortality for the period between feedings) 

to obtain per capita consumption per day. We then used an ANOVA with breeding 

density as the predictor and per capita food consumption as a response variable to 

investigate if high parental density caused flies to consume more than flies from low 

parental density (Fig. S4). 
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Figure S4. High parental density caused per capita offspring food consumption to 

decrease, after controlling for density at the beginning of the non-breeding season (F3,28 = 

21.04, P < 0.001). The horizontal line within each box represents the median value, the 

edges are 25th and 75th percentiles, the whiskers extend to the most extreme data points, 

and points are potential outliers. Different letters indicate a significant difference in food 

consumption caused by different parental breeding densities according to Tukey HSD test 

(P < 0.01).  
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