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ABSTRACT 

ON THE BRINK: PREDICTING POPULATION COLLAPSE IN  

SEASONAL ENVIRONMENTS 

Joseph B. Burant 

University of Guelph, 2020

Advisor: 

Dr. D. Ryan Norris 

 

Efforts to conserve threatened species are often limited by a lack of information, including 

knowledge about when and where within the annual cycle threats to population persistence 

occur. Understanding how the timing of environmental stressors influences population dynamics 

is a key challenge in the conservation of species threatened by global change. Recent evidence 

has demonstrated how conditions in part of the annual cycle can scale up to influence the overall 

dynamics of seasonal populations and, ultimately, how population declines can be attributed to 

these season-specific effects. Despite this, it remains unclear whether these season-specific 

drivers of decline can be detected in times series of population abundance. In this thesis, I 

combine experimental and theoretical approaches, to investigate how season-specific habitat loss 

influences the dynamics, detection, and predictability of population collapse. In the first chapter, 

I used a long-term, multi-generation habitat loss experiment in populations of fruit flies 

(Drosophila melanogaster) with distinct breeding and non-breeding periods to investigate how 

season-specific habitat loss influences patterns of population collapse and changes in seasonal 

vital rates (reproduction and survival). This revealed that populations losing breeding versus 

non-breeding habitat decline in fundamentally different ways, and that the season of habitat loss 
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can be determined using these simple demographic rates. In the second chapter, I extended a bi-

seasonal Ricker model to evaluate whether season-specific signals of decline occur under a 

broader range of demographic conditions and rates of habitat loss. I showed that, when non-

breeding habitat was lost, the strength of density dependence negatively affected time to 

extinction, but not when breeding habitat was lost. In the third chapter, I combined abundance 

time series with measurements of fitness-related traits to explore how the timing of habitat loss 

influenced the production of early warning indicators preceding population collapse. My analysis 

showed that, relative to breeding habitat loss, the predictive capacity of these indicators was 

greatly reduced when non-breeding habitat was lost. Collectively, my thesis research contributes 

to our broader understanding of where and when populations are driven to decline, and identifies 

simple tools aimed at addressing limitations to their conservation. 
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1 — Prologue 

A central focus in the fields of population ecology and conservation biology is understanding 

which species are vulnerable to decline and eventual extirpation (Collen et al. 2011; Di Fonzo et 

al. 2013). Doing so necessitates the development of tools to identify which populations are 

threatened, including when and where within the context of the full annual cycle those threats 

arise, as well as effective intervention strategies to prevent population collapses before they 

occur (Drake and Griffen 2010; Keith et al. 2015). Species conservation is of paramount 

importance to the preservation of functioning ecosystems (Schwartz et al. 2000) and requires not 

only strong legal safeguards directed at protecting vulnerable populations from the perils of 

habitat loss and global change (Hunter et al. 2011), but also detailed knowledge on the ecology 

of the focal species, including aspects of life history, movement ecology, behaviour, social 

interactions, and short- and long-term population dynamics. Acquiring such knowledge for any 

population of concern, let alone the estimated one million species threatened with extinction by 

the end of this century (Intergovernmental Science-Policy Platform on Biodiversity and 

Ecosystem Services 2019), is undoubtedly complicated by the cyclical shifts in resource quality 

and abundance, population- and community-level interactions, and environmental conditions that 

are commonly associated with populations that live in seasonal environments. 

 In its simplest sense, population dynamics refers to change in the number of individuals 

in a population through time (Fretwell 1972; Łomnicki 1988; Turchin 2003). These dynamics, 

whether they are subject to seasonal regimes or not, can generally be characterized by assessing 

four vital rates: fecundity (the number of offspring produced by a single individual) or 

recruitment (the number of new reproductive individuals added to a population between two 

successive time steps, t and t+1), survival (the number of individuals that are able to persist from 

t to t+1), and immigration and emigration (the number of individuals that move in and out of the 

population, respectively; Fretwell 1972; Nelson and Peek 1982). In closed systems, which are 

atypical in nature but can easily be generated in an experimental setting, these vital rates can be 

reduced to survival and fecundity (or recruitment) alone. In aseasonal populations, such as those 

that breed year-round or occupy relatively stable environments, short- and long-term fluctuations 
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in abundance are often measured by monitoring the population at a particular time within the 

annual cycle. 

Despite the fact that the bulk of theoretical and experimental work to date has generally 

focused on such hypothetical aseasonal systems (but see, e.g., Kot and Schaffer 1984; Liz 2017, 

2019), and that most wildlife monitoring efforts occur during only part of the year (Marra et al. 

2015a), the majority of wild populations should be expected to undergo seasonal shifts that 

directly affect population trends (Taylor et al. 2013). Seasonality –that is, the occurrence of 

distinct breeding and non-breeding periods– has important consequences for the action of natural 

selection on vital rates (Betini et al. 2017). During the breeding period, both fecundity and 

survival are under selection. In contrast, in the non-breeding season, where, by definition, 

reproduction stops and so is not a target of selection, survival becomes the sole vital rate of 

interest. As a result of differences in the modes of selection between seasons, the way in which 

populations respond to limitation may largely be the product of the season in which said 

limitation occurs (Fretwell 1972; Betini et al. 2017). 

At a coarse level, the annual cycle of most organisms can be subdivided into two major 

components —the breeding period and the non-breeding period— which are themselves a 

product of hormonal and physiological changes induced by seasonal shifts in environmental 

conditions (Walton et al. 2011; Shinomiya et al. 2014). Such a view may be particularly 

appropriate for longer-lived species in which individuals may experience multiple alternating 

bouts of breeding and non-breeding. However, similar distinctions might also be drawn for taxa 

with relatively abbreviated life cycles (Dunham and Overall 1994; Eccard and Herde 2013; 

Behrman et al. 2015; Williams et al. 2017). Strict breeding and non-breeding periods are 

commonly observed in migratory species, such as populations of migratory birds that breed at 

higher latitudes before migrating to more southerly locales, where they overwinter before 

returning to the breeding grounds the following season (Runge and Marra 2006). That said, 

similar seasonal regimes are also observed in non-migratory species, such as the northern 

resident Canada jay (Perisoreus canadensis; Strickland et al. 2011), the seasonally territorial 

black-capped chickadee (Poecile atricapillus; Desrochers et al. 1988), and partially migratory 

species like song sparrows (Melospiza melodia; Danner et al. 2016) and northern lapwings 
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(Vanellus vanellus; Eichhorn et al. 2017). Across these different life history strategies, breeding 

and non-breeding seasons are distinguished by changes in resource quality and abundance, as 

well as alterations in population and community structure (Thompson and Townsend 1999). 

Although the consideration of such seasonality in addressing population cycling introduces a 

substantial degree of complexity, it also offers exciting new avenues to advance our 

understanding of the factors driving population dynamics in seasonal environments (Barraquand 

et al. 2017). Indeed, many studies have demonstrated the valuable insight gained from 

integrating information across the annual cycle to understand how seasonal changes in the 

environment drive population dynamics, with examples from theory (Dunham and Overall 1994; 

Norris 2005; Liz 2017; Wieser et al. 2019), wild populations (Ferreira et al. 2016; Luis et al. 

2010; Norris and Marra 2006; Woodworth et al. 2017), and experimental systems (Betini et al. 

2013a, 2014, 2017). 

 The study of the effects of seasonality on population dynamics in the wild is complicated 

by the fact that seasonal populations often occupy discontinuous breeding and non-breeding 

areas separated by vast geographic distances, with distinct population structures and potentially 

dissimilar selection pressures and limitations (Bowlin et al. 2010; Rushing et al. 2014). For 

example, while breeding ranges and dynamics are generally well-described for most species of 

long-distance migratory birds that breed at northern latitudes, comparatively little is known about 

where these population spend the non-breeding period, as well as the movements and 

environments that link these two phases of the annual cycle (i.e., the degree of ‘migratory 

connectivity’; Webster et al. 2002; Boulet and Norris 2006; Rushing et al. 2014, 2016). This 

relative paucity of information on the wintering distributions and population dynamics of 

northern-breeding taxa presents a major constraint on efforts directed at understanding their 

seasonal population dynamics and conserving migratory populations currently under threat from 

global change (Bowlin et al. 2010; Marra et al. 2015a). Likewise, because these populations are 

typically censused during the breeding period, our ability to assess how the non-breeding season 

drives within- and between-season population dynamics in the wild remains limited. 

 Despite the fact that most wild populations are only monitored in part of the year, there 

are clearly valuable insights associated with studying populations at multiple times throughout 
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the annual cycle. Using experimental, laboratory populations of Drosophila melanogaster with 

distinct breeding and non-breeding periods in each generation, Betini et al. (2013a, 2013b) 

demonstrated that season-specific densities generate carry-over effects that drive population 

dynamics via shifts in individual reproduction and survival during the breeding and non-breeding 

seasons, respectively. In addition, breeding and non-breeding densities have been shown to affect 

cross-generational shifts in offspring survival and body size (Betini et al. 2014), such that short-

term changes in environmental conditions can generate longer-term alterations in population 

dynamics. Similar multigenerational changes in the population distribution of body size in 

response to within-season environmental heterogeneity have also being observed in natural 

populations of Drosophila sp. (Behrman et al. 2015). This same experimental system has also 

been used to investigate how migratory connectivity (Webster et al. 2002) influences the 

capacity of populations to respond to habitat loss, and revealed that local habitat loss enhances 

connectivity and indirectly impacts population dynamics elsewhere in the network (Betini et al. 

2015a). 

 Theoretical and experimental work in aseasonal systems has shown that the generic 

statistical information underlying population counts, and other demographic data, can be used to 

evaluate when a population is threatened or nearing a tipping point to population extinction 

(Brock and Carpenter 2010; Carpenter et al. 2011; Dakos et al. 2011; Dai et al. 2012). These so-

called ‘early warning signals’ are simple statistical properties that can be directly measured by 

monitoring the state variables of a system (e.g., population size, nutrient concentration, body size 

distributions, vegetation cover) and behave in predictable ways as the system approaches a 

critical transition (Scheffer et al. 2009; Boettiger et al. 2013; van Nes and Scheffer 2007). Early 

warning signals have been observed in a variety of systems, both ecological and not, ranging 

from electrical grid surges (Ren and Watts 2015) and stock market collapses (Hong and Stein 

2003), to the desertification of vegetated environments (Dakos et al. 2011), alterations in climate 

regimes (Dakos et al. 2008), and shifts in the age of maturity in Pacific salmon (Oncorhynchus 

spp.; Krkošek and Drake 2014). Moreover, similar approaches have been applied to predict the 

future collapse of the Barents Sea cod stock (Gadus morhua; Vasilakopoulos and Marshall 2015) 

and a population of bobwhite quail (Colinus virginianus; Hefley et al. 2013).  
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Early warning signals are also expected to exist in annual counts from seasonal 

populations and could be used to elucidate whether events in the breeding or non-breeding period 

most influence the dynamics of a declining population. That said, while virtually all species 

occupy seasonal environments, seasonality has yet to be fully considered in the context of theory 

on early warning signals. In addition to population dynamics, shifts in seasonal regimes should 

be expected to affect other characteristics of a population. Recent theoretical (Burthe et al. 

2016), experimental (Clements and Ozgul 2016a), and observational (Clements et al. 2017) 

results suggest that the inclusion of trait-based data (e.g., morphology, behaviour) along with 

population counts can be used to strengthen our understanding of how populations are changing 

in response to stress and may improve the predictability of population collapse. Because changes 

in the distributions of phenotypic traits are often associated with corresponding changes in 

population dynamics (Ozgul et al. 2015), these additional data may provide valuable insights on 

the effects of seasonal habitat loss. 

Recent experimental and observational advances in our understanding of how seasonal 

regimes drive population dynamics notwithstanding, the detection of impending population 

declines remains one of the central challenges in the management of species threatened by global 

change (Biggs et al. 2009; Hefley et al. 2016). This may be especially relevant for the 

conservation of populations subject to seasonal regimes, as these populations often experience 

dramatic changes in resource conditions and community interactions between seasons. For 

example, determining which period of the annual cycle is driving population declines in 

migratory species has important implications for the targeting of conservations efforts and 

funding (Sheehy et al. 2011). Herein, I use a novel approach, including both experimental 

population biology and theoretical modelling, to explore how seasonal changes in environmental 

quality influence patterns of population decline and the detectability of signals preceding 

population collapse. 

 The experimental portion of my thesis makes use of the ubiquitous model species, the 

common fruit fly (D. melanogaster). Beginning more than a century ago with F.W. Carpenter 

(1905) and W.E. Castle (1906), fruit flies have been used as a model system to study a host of 

fundamental questions in nearly every sub-discipline of biology. Today, while it is still 
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principally used in the field of genetics, adoption of the fruit fly spans a wide spectrum from 

virology and immunology, to experimental psychology and behavioural sciences, to evolutionary 

biology and ecology, with some 30,000 publications on Drosophila indexed by Web of Science® 

in the last five years alone. Indeed, some of the most significant scientific breakthroughs of the 

20th century were the product of research conducted using Drosophila as a model system, 

including (among many others): genes as units of chromosomes (Morgan 1910); the nature of 

genetic mutations (Müller 1927); the genetic basis for embryonic development (Nüsslein-

Volhard and Wieschauss 1980); and the adaptive capacity of the immune system (Lemaitre et al. 

1996). Beyond their obvious significance to our modern understanding of genetics, Drosophila 

have also been used as a model system in ecology to test a number of foundational theoretical 

concepts, such as the logistic model of population growth and limitation (Pearl 1927). 

 In my thesis, I investigate how seasonal changes in environmental quality and, more 

specifically, season-specific habitat loss influences the dynamics, detection, and predictability of 

population collapse. Understanding the consequences of seasonal habitat loss for population size 

and stability is critical for identifying populations that are threatened or nearing collapse, and has 

important implications for our ability to develop suitable management strategies for their 

conservation. I combine a number of different approaches to address this central challenge. In 

Chapter 1, I present a long-term, multi-generation habitat loss experiment in which replicate 

seasonal populations of Drosophila were subjected to habitat loss in either the breeding or non-

breeding period. Following this, I investigate how this season-specific habitat loss influences 

patterns of population collapse and changes in seasonal vital rates (namely, reproductive output 

during the breeding season and non-breeding survival). In Chapter 2, I use a bi-seasonal 

phenomenological model to assess the generality and robustness of these experimentally-derived 

signals of population decline under a wider range of environmental and demographic conditions. 

Finally, in Chapter 3, I incorporate individual measurements of fitness-related traits like body 

size and activity levels with time series of population abundance to explore how the timing of 

season-specific habitat loss influences the production of trait-based early warning indicators 

preceding population collapse. 
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 Taken together, my thesis research will hopefully provide powerful insights into how the 

timing of environmental stressors like chronic habitat loss influences the way in which 

populations decline, and the detectability of simple signals that can be used not only to identify 

threatened populations but also where within the annual cycle those threats occur. Whereas a 

number of recent examples have demonstrated the capacity of early warning signals to identify 

critical transitions in ecological systems (Biggs et al. 2009; Dakos et al. 2011; Dai et al. 2012; 

Hefley et al. 2013), the integration of seasonal dynamics has thus far been lacking. My thesis 

goes some way to resolving this gap in our understanding and identifies simple, broadly-

applicable signals of impending population declines in seasonal environments. 
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2 — Chapter 1: Simple signals indicate which period of the annual 

cycle drives declines in seasonal populations 

Abstract 

For declining animal populations, a critical aspect of effective conservation is understanding 

when and where the causes of decline occur. The primary drivers of decline in migratory and 

seasonal populations can often be attributed to a specific period of the year. However, generic, 

broadly applicable indicators of these season-specific drivers of population decline remain 

elusive. We used a multi-generation experiment to investigate whether habitat loss in either the 

breeding or non-breeding period generated distinct signatures of population decline. When 

breeding habitat was reduced, population size remained relatively stable for several generations, 

before declining precipitously. When non-breeding habitat was reduced, between-season 

variation in population counts increased relative to control populations, and non-breeding 

population size declined steadily. Changes in seasonal vital rates and other indicators were 

predicted by the season in which habitat loss treatment occurred. Per capita reproductive output 

increased when non-breeding habitat was reduced and decreased with breeding habitat reduction, 

whereas per capita non-breeding survival showed the opposite trends. Our results reveal how 

simple signals inherent in counts and demographics of declining populations can indicate which 

period of the annual cycle is driving declines. 

Introduction 

A diverse array of taxa around the globe have shown rapid and steep population declines in 

recent years (Barnosky et al. 2011; Dirzo et al. 2014; Ceballos et al. 2015; Young et al. 2016). 

These declines have been attributed to a variety of factors, including habitat loss and degradation 

(Flockhart et al. 2015; Haddad et al. 2015), climate change (Pacifici et al. 2015), shifting 

phenology (Both et al. 2006; Møller et al. 2008), and the introduction of invasive species (Green 

et al. 2012). However, identifying a specific cause or major driver of decline for any given 

species can be extremely challenging (Hefley et al. 2016). One important intermediate step 
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towards identifying population- or species-specific drivers of decline may be to understand 

which period of the annual cycle is being most affected.  

Virtually all animal populations live in seasonal environments, where the breeding season 

typically coincides with periods of high resource availability and the non-breeding period with 

limited resources. Under such regimes, the relative importance of demographic attributes differs 

between seasons, with the breeding period principally characterized by renewal (reproduction) 

and the non-breeding period dominated by mortality (Fretwell 1972). These distinct seasonal 

dynamics might, in turn, produce unique signatures that identify which period of the annual cycle 

is most likely driving population declines.  

The need to identify the period of the annual cycle that is driving population declines is 

particularly pertinent to migratory species whose seasonal habitats are often separated by vast 

geographic distances and whose populations have experienced ongoing global declines (Wilcove 

and Wikelski 2008; Ceballos et al. 2017; Young et al. 2016). Several recent examples have 

demonstrated the insights gained from integrating information across the annual cycle to 

understand how changes in the environment drive population dynamics, both in the wild (Norris 

and Marra 2006; Luis et al. 2010; Ferreira et al. 2016; Woodworth et al. 2017; Sutton et al. 

2019) and in experimental populations (Betini et al. 2013a, 2014, 2017). Knowledge of when 

and where populations are limited has important implications for the targeting of conservation 

efforts and funding (Sheehy et al. 2011). And yet, our understanding of how changes in part of 

the annual cycle influence overall population trajectories remains limited, and generic indicators 

of season-specific drivers of decline are not well-established. 

In this study, we use a multi-generation seasonal habitat loss experiment to examine 

whether populations exhibit unique, season-specific signatures of decline when subject to habitat 

loss in a single part of the annual cycle. We hypothesized that there would be season-specific 

signatures because, as habitat deteriorates in the non-breeding season, survival will decline 

during this period due to resource limitation, but population size will rebound as fewer 

individuals will move to the subsequent breeding period. With increased per capita resource 

availability and reduced competition in the breeding season, individuals will be released from 
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density dependence and per capita reproductive output will increase. Conversely, when breeding 

habitat is lost, per capita non-breeding survival should improve because fewer individuals will 

compete for non-breeding resources, but populations will not grow via renewal because 

competition during the breeding season will increase and cause per capita reproduction to 

decline. In addition to examining the response of population vital rates to habitat loss, we also 

investigate whether there are unique, season-specific characteristics inherent in breeding 

population time series that reflect the season in which habitat is lost. 

Methods 

Experimental system: seasonalized Drosophila melanogaster 

Following previous research (Betini et al. 2013a, 2013b, 2014, 2015a, 2017), we established 

experimental, seasonal populations with distinct breeding and non-breeding periods. Naturally 

occurring Drosophila populations are not ‘seasonal’ in the sense used here (i.e., mature 

individuals do not have distinct breeding and non-breeding periods within a single generation; 

see, e.g., Behrman et al. 2015 for a description of seasonality in wild Drosophila). However, we 

established populations of D. melanogaster in the laboratory in which individuals experienced 

bouts of breeding and non-breeding by manipulating the quality of food provided (e.g., Betini et 

al. 2015a; Kilgour et al. 2018). Prior to initiating the experiment, flies were maintained in an 

outbred, aseasonal population with a two-week generation time at 25 ºC, 40% RH, and a 12:12 h 

light-dark cycle. 

Replicate populations were housed in single-use polypropylene vials (28.5 mm x 95 mm 

(60.6 cm3); VWR International™, product no. 75813-156). To simulate the breeding period, 

populations of flies were provided a yeast-agar medium (composition: 100 mL H2O, 100 g 

C12H22O11, 50 g Fleischmann’s dry active yeast, 16 g agar, 8 g C4H4KNaO6·4H2O, 1 g KH2PO4, 

0.5 g NaCl, 0.5 g MgCl2, 0.5 g CaCl2, 0.5 g Fe2(SO4)3·xH2O; Betini et al. 2013a), which acted 

not only as a food source for mating adults, but also as a substrate on which females oviposited 

and larvae foraged during development. To induce a distinct non-breeding season, mature adults 

were transferred from their natal (breeding) vial to a second empty vial, where they were 
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provisioned with 5% (w/v) sugar water (Fig. 1.1). The sugar water provided sufficient energy 

and hydration for survival at low densities but did not allow the production of eggs by females 

nor did it provide a suitable egg-laying substrate (Bownes and Blair 1986; Betini et al. 2015a).  

In each generation (21 d), adults were allowed to breed for 24 h, after which the flies 

were removed and their eggs were allowed to mature for 16 d. During the maturation period, in 

order to avoid unintended mortality resulting from breeding medium deterioration (Dey and 

Joshi 2006), newly emerged adults were collected from the breeding vials on days 12, 14, and 

16, and housed in separate holding vials with 5 mL of fresh medium. On day 17, adults were 

transferred to non-breeding vials where they were provisioned with sugar water twice daily for 

four days. After the non-breeding period, surviving adults were transferred to new breeding vials 

to produce the next generation (Fig. 1.1). Under control conditions, populations were provisioned 

with 10 mL of yeast-agar medium (breeding) and 0.20 mL ∙ d-1 of 5% (w/v) sugar water (non-

breeding).  

 

 

Figure 1.1 – Diagram of the experimental seasonal population set up. Replicate populations 

of Drosophila melanogaster were maintained under seasonal conditions with non-overlapping 

generations, where Fn is the current generation (offspring) and Fn-1 is the prior generation 

(parents). Adults were allowed to breed for 24 h and then removed from the breeding vials, 

where their eggs were left to mature for 16 d. Newly emerged adults were transferred to holding 

vials on days 12, 14, and 16. After maturation, populations were transferred to the non-breeding 

season for 4 d, and the survivors were transferred to new breeding vials to produce the next 

generation.  
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Season-specific habitat loss experiment 

Chronic habitat loss was simulated by systematically reducing the volume of yeast-agar medium 

(breeding treatments) or sugar water (non-breeding treatments) provided in each subsequent 

generation. Replicate populations were subjected to habitat reductions in either the breeding or 

the non-breeding period, but not both. Within each season, populations were exposed to one of 

two rates of habitat reduction: 10% and 20% loss per generation. Habitat loss treatments 

followed an exponential decay, with the volume of food provided in a given generation 𝐻𝑡 

prescribed as 𝐻𝑡 = 𝐻𝑜(1 − 𝑣)𝑡, where 𝐻𝑜 is the initial volume of food provided (i.e., 10 mL 

yeast-agar medium in the breeding season and 0.20 mL sugar water per day in the non-breeding 

season; see above), v is the rate of decay (i.e., 10% or 20%), and t is the number of generations 

since treatment commenced (Fig. S1.1). A similar experimental setup was used by Clements and 

Ozgul (2016a) to investigate the effects of resource (prey) declines on predator population 

dynamics. 

The experiment consisted of four treatment groups (season of treatment x habitat loss 

rate), plus controls, with 20 replicates per group (N = 100 replicates). Replicates were evenly 

divided over a five-day period, with each day comprised of a tray with four replicates per 

treatment (ntray = 20 replicates). Populations were initiated using 10 males and 10 females from 

the stock population (see above). After filtering to exclude replicates that collapsed and were 

reinitiated during the pre-treatment period (one each from the control and 10% breeding 

treatments), the dataset includes time series from a total of 98 replicate populations (ntreatment = 19 

– 20 replicates). The experiment was initiated in January 2017, with treatments beginning in July 

2017 after seven filial generations of control conditions. Habitat reduction treatments were 

applied over 15 successive generations, with the experiment ending April 2018 (total duration = 

486 d). 

We estimated changes in population size by counting the number of adult individuals at 

two stages of the annual cycle: (1) Non-breeding population size, which was the number of 

newly emerged adults as they moved from the breeding to the non-breeding season and 

represented the maximum population size for a given generation; (2) Breeding population size, 
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which was the number of adults after they were removed from the 24 h breeding period and 

reflected the number of potentially breeding adults (i.e., the number of individuals that survived 

through the previous non-breeding season). 

Metrics to characterize population declines 

Beyond describing patterns of population decline, we also sought to characterize patterns of 

population collapse using a number of metrics. First, we derived two common, season-specific 

vital rates: (1) log per capita reproductive output (i.e., the relative change in population size 

between the breeding (𝑁𝑡−1) and non-breeding (𝑁𝑡) population size) was calculated as  

𝑟 = ln(𝑁𝑡/𝑁𝑡−1); (2) log per capita non-breeding survival (i.e., the relative change in non-

breeding (𝑁𝑡−1) and breeding (𝑁𝑡) population sizes) was calculated as 𝑠 = ln(𝑁𝑡/𝑁𝑡−1). These 

vital rates are themselves fundamental to estimates of population growth (i.e., the change in 

breeding population size across successive generations) but may reveal season-specific responses 

even in the absence of concomitant changes in growth (Kolb et al. 2010; Bellier et al. 2018). 

In additional to vital rates, we used three metrics commonly used as early warning signals 

of impending transitions in biological systems (i.e., transitions from population stability to 

collapse or whole-ecosystem regime shifts; see, e.g., Scheffer et al. 2009; Dai et al. 2012; 

Clements and Ozgul 2018). While changes in these metrics are commonly used to identify 

‘tipping points’ preceding population collapse, we use them here to characterize population 

dynamics and do not treat them as early warning indicators. For each time series, we examined 

(changes in) the coefficient of variation (cv; the degree of dispersion between the data points), 

skewness (a measure of asymmetry), and autocorrelation (lag-1) of subsequent breeding values. 

The first two metrics (cv and skewness) are the second and third statistical moments that describe 

the shape of a curve or function (the first being the mean), whereas autocorrelation is a measure 

of the similarity between subsequent observations (Scheffer et al. 2009). To calculate these 

metrics, we used only breeding population sizes as these are the data most commonly available 

for wild populations, whereas non-breeding population sizes are often unavailable or are more 

difficult to estimate. See the Supplementary Material for a summary of the complementary 

results from the non-breeding population sizes (Fig. S1.2). In all cases, these values were first 
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calculated separately for each replicate time series using a sliding window approach (window 

size = 3) and were then averaged across replicates for each treatment (Burthe et al. 2016). The 

values reported below indicate the mean ± standard error (SE) for each treatment. Since standard 

error incorporates sample size, its use allows us to account for the fact that sample sizes decrease 

through time as replicate populations begin to collapse with the reduction of habitat. 

Principal component analysis 

We used a principal component analysis (PCA) to account for correlations amongst the seasonal 

metrics (per capita reproduction, per capita non-breeding survival, autocorrelation, coefficient 

of variation), and to develop a ‘composite’ of all metrics of interest. Skewness was excluded 

from the PCA because it did not show distinct patterns contingent on the season in which habitat 

was reduced. Because a sliding window was required to calculate autocorrelation and cv, the 

moving averages of the season-specific vital rates (reproduction and survival) were first re-

calculated using a similar approach (window size = 3 generations). Prior to performing the PCA, 

all variables were scaled and centred within generation to account for the expected divergence of 

metrics through time.  

Statistical analysis 

To test predictions related to the season-specific signals hypothesis, we used four separate 

univariate generalized linear mixed-effects models (GLMMs) in a Bayesian framework (Ellison 

2004; Bolker et al. 2009): two for survival and two for reproduction, with separate models for 

each rate of habitat loss (10% and 20%). In each model, we included a two-way interaction term 

between the season of treatment (two-level factor: breeding, non-breeding) and generation 

(integer). Replicate ID was fitted as a random effect. In order to avoid modelling the transitory 

dynamics of the pre-treatment period (Drake and Griffen 2010), only data from generations in 

which treatments were applied (generations 8-22) were analyzed. 

Two univariate GLMMs were performed to examine how habitat reduction treatments 

affected the behaviour of the first principal component (PC1; see Principal component analysis 

above). These models were similarly parameterized with a two-way interaction between season 
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of habitat reduction and generation and a random effect for replicate ID, and included only data 

from the treatment period. 

We specified the models using uninformed priors and each model consisted of four 

chains of 104,000 iterations, with a burn-in of 4,000 iterations per chain and thinning to every 

400th run (nchain = 250; nmodel = 1,000). To confirm model convergence, we consulted R2 values 

(equal to 1 at convergence) and visually assessed posterior distributions of fitted estimates and 

caterpillar plots (Bürkner 2017). Effect size estimates were taken from the posterior distribution 

of model parameters, and 95 percent credible intervals (CI) around the means () were made 

based on the 1,000 samples from the model simulations (Cumming and Finch 2005). We used 

these credible intervals to evaluate the strength of support for an effect of each parameter (Cohen 

1990). We classify estimates for which the 95% CI do not overlap zero as showing ‘strong 

support’ for an effect; estimates biased away from zero, but for which the 95% CI overlaps zero 

by up to 15%, as showing ‘moderate support’; and estimates centred about zero as showing ‘no 

support’ for an effect (see, e.g., Mathot et al. 2017). Model fit was estimated with R2 as the 

proportion of variance explained (Gelman et al. 2018). 

All data manipulation and statistical analyses were conducted in the R statistical 

environment (v. 3.5.0; R Core Team 2018). Skewness was calculated using the skewness 

function from the package e1071 (Meyer et al. 2018). Bayesian GLMMs were run using the 

package brms (Bürkner 2017). The data and code used for the analyses have been made publicly 

available on the Figshare Repository: <http://doi.org/10.6084/m9.figshare.9779177.v1> (Burant 

et al. 2019b). 

Results 

Bi-seasonal population dynamics with habitat loss 

The bi-seasonal time series, which consisted of two counts per generation (non-breeding and 

breeding population sizes), revealed distinct patterns of population decline with season-specific 

habitat loss (Fig. 1.2a, d, g). After an initial period of increase, control population size in both 

seasons where stable from generation 5 to 22 (breeding population size = 186  3.48 ( SE); 
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non-breeding population size = 243  5.15; Fig. 1.2a). In contrast, populations in the habitat 

reduction treatments declined steadily until all of them went extinct. As expected, populations in 

the 20% habitat reduction treatments went extinct faster than in the 10% treatments (mean time 

to extinction for 20%: generation 15 and 16 for breeding and non-breeding habitat loss, 

respectively; for 10%: generation 22 for both breeding and non-breeding loss; Fig. 1.2d, g).  

 

 

Figure 1.2 – Response of experimental population to season-specific habitat loss. (a, d, g) 

Bi-seasonal population dynamics. Each generation consists of two population counts: non-

breeding population size (i.e., the number of individuals at the start of the non-breeding period; 

peaks) and breeding population size (i.e., the number of individuals at the start of the breeding 

season; valleys). (b, e, h) Breeding population size. (c, f, i) Non-breeding population size. 

Populations were run under control conditions for seven filial generations (shaded grey region) 

prior to the application of habitat reduction treatments. For all figures, thick solid lines indicate 

the mean time series for each treatment, with the standard errors indicated with dashed lines, and 

thin lines indicate individual replicate time series. Sample size ntreatment = 19-20 (N = 98). 
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Table 1.1 - Effect size estimate from models of season-specific vital rates. Four separate 

univariate generalized linear mixed-effects models were run to investigate the effect of the 

season of habitat loss (breeding = B; non-breeding = NB) on changes in (log) per capita 

reproductive output and (log) per capita non-breeding survival through time. For each vital rate, 

separate models were run for the 10% and 20% habitat reduction treatments (see Statistical 

analysis). Effect size estimates were taken from the posterior distributions of model parameters, 

with uncertainty around the means () estimated with 95%credible intervals (CIs). 

Reproductive output models 

Fixed effects 

10% habitat loss treatment 20% habitat loss treatment 

Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Estimate 

() 

95% CI 

lower 

95% CI 

upper 

(Intercept) 1.437 1.002 1.874 1.828 1.169 2.413 

Season (NB) -2.02 -2.603 -1.428 -3.884 -4.814 -2.982 

Generation -0.108 -0.14 -0.075 -0.174 -0.225 -0.117 

Season (NB): 

Generation 

0.207 0.165 0.250 0.462 0.376 0.545 

Random effects Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Vial ID 0.051 0.002 0.144 0.040 0.002 0.112 

Family-specific Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Residual 0.787 0.738 0.840 0.652 0.598 0.713 

Non-breeding survival models 

Fixed effects 

10% habitat loss treatment 20% habitat loss treatment 

Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Estimate 

() 

95% CI 

lower 

95% CI 

upper 

(Intercept) -0.451 -0.688 -0.183 -0.633 -0.933 -0.337 

Season (NB) 1.185 0.843 1.527 3.800 3.298 4.296 

Generation 0.009 -0.009 0.026 0.035 0.011 0.062 

Season (NB): 

Generation 

-0.124 -0.147 -0.100 -0.442 -0.486 -0.396 

Random effects Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Vial ID 0.066 0.004 0.139 0.034 0.001 0.092 

Family-specific Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Residual 0.476 0.447 0.507 0.387 0.354 0.422 
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With the reduction of breeding habitat, breeding population size remained relatively 

stable through time before declining precipitously around generation 12 for 20% habitat loss and 

generation 14 for 10% habitat loss (Fig. 1.2b, e, h). In contrast, when non-breeding habitat was 

reduced, breeding population size began to decline immediately with the onset of habitat 

reduction and the steepness of the decline increased with the rate of loss (Fig. 1.2b, e, h). 

Likewise, the trajectories of initial non-breeding population size were dependent on the season of 

habitat loss (Fig. 1.2c, f, i). When breeding habitat was reduced, the non-breeding population 

size at first increased before declining sharply prior to collapse, while non-breeding habitat loss 

resulted in relatively limited change in the initial non-breeding population size (Fig. 1.2c, f, i). 

Season-specific signatures of decline 

There was strong support for an interactive effect of the season of treatment and generation on 

per capita reproductive output, such that as the proportion of habitat remaining continued to 

decline, per capita reproductive output of populations experiencing breeding and non-breeding 

habitat loss diverged. Consistent with the season-specific signals hypothesis, habitat reduction in 

the non-breeding season increased per capita reproductive output, whereas habitat loss during 

the breeding season had the opposite effect (Fig. 1.3a-c). These results were consistent across the 

two different rates of habitat loss, although the 20% treatment model better explained the 

variation in per capita reproductive output than the 10% model (𝑅𝑟𝑒𝑝𝑟20%
2  = 0.54, 95% credible 

interval = (0.48, 0.59) versus 𝑅𝑟𝑒𝑝𝑟10%
2  = 0.31, 95% CI = (0.24, 0.36)) and also had larger 

estimates for the interaction between generation and season of habitat reduction (Table 1.1).  

There was also strong support that per capita non-breeding survival was affected 

differently by the habitat reduction treatments (i.e., a two-way interaction between season and 

generation; Fig. 1.3j-l). This suggest that, consistent with our predictions, non-breeding habitat 

loss resulted in a decrease in per capita non-breeding survival and an increase in reproductive 

output. As in the per capita reproductive output models, effect size estimates and 𝑅2 values were 

larger for the 20% model (𝑅𝑠𝑢𝑟𝑣20%
2  = 0.76, 95% CI = (0.74, 0.78)) than for the 10% model 

(𝑅𝑠𝑢𝑟𝑣10%
2  = 0.41, 95% CI = (0.35, 0.46); Table 1.1). Together, models of the seasonal vital rates
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Figure 1.3 – Season-specific patterns in the response of population vital rates and intrinsic metrics. Populations were run under 

control conditions for seven filial generations (shaded grey region) prior to the application of treatment. Univariate models of vital 

rates included only data from the treatment period. We also used three intrinsic metrics in time series of breeding population size to 

characterize changes in population dynamics in response to habitat loss in either the breeding or non-breeding period: coefficient of 

variation (𝒄𝑽; the degree of dispersion between the data points); autocorrelation (lag-1; the level of similarity between subsequent 

observations in a time series); skewness (a measure of asymmetry). Values were calculated individually for each replicate population 

using a sliding window (size = 3 generations). Solid lines indicate the average time series for each treatment and dashed lines indicate 

the standard error. Vertical dashed lines indicate when the breeding population size began to decline with respect to treatment. Sample 

size ntreatment = 19 – 20 (N = 98). 
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indicate that non-breeding habitat loss resulted in a decrease in per capita non-breeding survival 

and a concomitant increase in per capita reproduction in the subsequent breeding period, while 

breeding habitat loss resulted in the opposite trends (Fig. 1.3a-c, j-l). 

The coefficient of variation (cv) was influenced by the season-specific habitat reduction 

and increased away from the average control value in the generations preceding populations 

collapse (Fig. 1.3d-f). Notably, across the two rates of non-breeding habitat reduction, 𝑐𝑉 began 

to increase only after (2-3 generations) the populations had started to decline (Fig. 1.3e, f). This 

indicates that the season in which habitat loss occurs may influence the timing and patterning of 

changes in 𝑐𝑉. 

For control replicates, the average lag-1 autocorrelation fluctuated around the global 

mean but was consistently negative throughout the treatment period (Fig. 1.3m). When habitat 

was reduced during the breeding period, the behaviour of the autocorrelation was largely similar 

to the control (i.e., non-directional, stochastic fluctuations; Fig. 1.3n, o). However, when non-

breeding habitat was reduced, autocorrelation increased away from the control mean, which 

suggests that the season of habitat loss influenced changes in intrinsic metrics (Fig. 1.3n, o). 

Finally, principal component analysis reduced the vital rates (survival and reproduction) 

and intrinsic metrics (autocorrelation and cv) into a composite variable (PC1; proportion of 

variance explained = 35.2%), on which the four metrics loaded relatively evenly (magnitude of 

loadings: range = 0.42 – 0.55; Table S1.1). There was strong support for a positive interactive 

effect of season of treatment and generation on PC1, such that as habitat loss proceeded the 

effect of treatment increased (𝑅𝑃𝐶120%
2  = 0.64, 95% CI = (0.59, 0.68); 𝑅𝑃𝐶110%

2  = 0.34,  

95% CI = (0.27, 0.40); Table 1.2). Effect size estimates from the models of PC1 were similar to 

those from the seasonal vital rate models (Table 1.1; Table1.2). Our analysis also revealed 

important differences in the behaviour of PC1 which were dependent on the season of habitat 

loss: when non-breeding habitat was reduced, PC1 increased away from the control mean, 

whereas breeding habitat reduction affected relatively little change in the behaviour of PC1 (Fig. 

1.3p-r). Although we here present results derived from breeding population sizes because these 
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are the data most commonly available from wild populations, similar analyses can be conducted 

using metrics derived from non-breeding counts (Fig. S1.2). 

 

Table 1.2 – Effect size estimates from principal component models. A principal component 

analysis was performed, which included data on four population metrics: per capita reproductive 

output, per capita non-breeding survival probability, coefficient of variation, and autocorrelation. 

The first principal component (PC1) was extracted and two univariate generalized linear mixed-

effects models were run to investigate the effect of the season of habitat loss (breeding = B; non-

breeding = NB) on changes in PC1 through time. Separate models were run for the 10% and 20% 

habitat reduction treatments (see Statistical analysis). Effect size estimates were taken from the 

posterior distributions of model parameters, with uncertainty around the means () estimated 

with 95 percent credible intervals (CI). 

Fixed effects 

10% habitat loss treatment 20% habitat loss treatment 

Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Estimate 

() 

95% CI 

lower 

95% CI 

upper 

(Intercept) -0.224 -0.772 0.320 -0.155 -1.074 0.769 

Season (NB) -1.497 -2.221 -0.781 -2.74 -4.176 -1.318 

Generation -0.014 -0.058 0.030 -0.036 -0.119 0.047 

Season (NB): 

Generation 

0.181 0.125 0.237 0.484 0.354 0.620 

Random effects Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Vial ID 0.152 0.012 0.302 0.139 0.006 0.332 

Family-specific Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Estimate 

() 

95% CI 

lower 

95% CI 

upper 

Residual 0.829 0.769 0.893 0.959 0.876 1.049 

 

Discussion 

Using a multi-generation experiment, we show that season-specific habitat loss influences the 

way populations decline and produces unique signals that are indicative of the season of loss. 

Consistent with our hypothesis, we demonstrate the season-specific habitat loss has unique 

effects on the behaviour of population vital rates. Reducing habitat availability during the 

breeding season resulted in a decrease in per capita reproductive output and an increase in the 
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per capita survival in the subsequent non-breeding season. In contrast, loss of non-breeding 

habitat led to a decline in per capita non-breeding survival and an increase in per capita 

reproductive output, likely a result of lower non-breeding densities. 

Previous work has shown that the dynamics of seasonal populations can be strongly 

driven by environmental conditions in a specific period of the annual cycle (Sæther et al. 2000; 

Sillett et al. 2000; Norris et al. 2004; Calvert et al. 2009; Marra et al. 2015b, Flockhart et al. 

2015; Gullett et al. 2015, Rushing et al. 2016). For example, Savannah sparrows (Passerculus 

sandwichensis) population growth during the breeding period has been shown to be limited by 

temperature effects on non-breeding survival (Woodworth et al. 2017). On the other hand, in 

wood thrush (Hylocichla mustelina), estimates of the effects of site-specific habitat loss reveal 

that the impact of breeding habitat loss on population declines is several times greater than the 

equivalent loss on the non-breeding grounds (Rushing et al. 2016, but see Taylor and Stutchbury 

2016). Here, we broaden our understanding of the consequence of season-specific effects on 

population dynamics. Our results demonstrate that, consistent with some of the findings of 

studies outlined above, as well as previous work in Drosophila (Betini et al. 2013a, 2013b), 

changes in environmental conditions in part of the annual cycle can carry over to affect 

population dynamics in subsequent periods. We further reveal how these carryover effects can 

generate unique patterns of population decline that are dependent on the season of change. 

While the demographic structure of a population is undoubtedly critical to understanding 

its long-term trajectory and stability, we argue that the season-specific signals presented here 

should occur irrespective of the specific context of the system. This is because density-dependent 

mortality in the different seasons drives our results, rather than changes in the age or stage 

structure of the populations. A large body of literature has focused on the value of considering 

the age- or stage-structured nature of populations (i.e., the distribution of individuals across 

different life-history stages within a population, such as the number of juveniles and adults) 

when investigating the mechanisms of population decline (Liu and Chen 2002; Kendall et al. 

2011; Fujiwara and Diaz-Lopez 2017). This stage structure is of particular relevance for 

populations with overlapping generations, where changes in conditions in one part of the annual 

cycle can differentially affect rates of mortality or reproduction in these different groups. In our 
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experimental system, generations are discrete and so differential survival and mortality between 

adults and their offspring does not occur. In our experimental system, only adults occur during 

the non-breeding period, so there is no stage structure to per capita non-breeding survival. 

Likewise, in the breeding season, we expect reductions in resource availability to only influence 

the rate at which larvae transition to adult offspring (i.e., larval mortality), and have minimal 

impact on either (a) egg production, since egg production is dependent on the apparent density of 

breeders rather than the amount of food available for developing larvae, or (b) adult offspring 

mortality prior to the non-breeding period, since these adults are housed in separate holding vials 

before being transferred to non-breeding vials (see Experimental system: seasonalized 

Drosophila melanogaster in Methods). 

Along with vital rates, we investigated whether statistical moments (coefficient of 

variation, autocorrelation, skewness) intrinsic to breeding population counts can be used as 

signatures of season-specific habitat loss and population declines. While a large body of 

literature has demonstrated that these moments may act as indicators of population instability 

and impending collapse (Biggs et al. 2009; Drake and Griffen 2010; Dai et al. 2012; Clements 

and Ozgul 2016a, 2016b), we show that their behaviour may be dependent, at least in part, on the 

timing of habitat loss. While theory on early warning signals holds that autocorrelation should 

increase as (or before) a population transitions away from stable population size toward collapse, 

we show that this characteristic increase occurs only with reductions in non-breeding habitat. 

Although our intention here was to use these metrics to characterize season-specific patterns of 

decline rather than as predictors of state transitions, these results are in keeping with a number of 

recent studies that show that the usefulness of EWS may be context-dependent (Hastings and 

Wysham 2010; Perretti and Munch 2012; Burthe et al. 2016). Consistent with previous work 

(Clements and Ozgul 2016a, 2016b), we also show that the strength of the stressor has important 

consequences for the way in which these putative indicators respond. 

Although the timing and strength of habitat loss had effects on both per capita 

reproductive output and per capita non-breeding survival, our statistical models explained only 

part of the variation in vital rates. In additional to changes in vital rates, chronic reductions in 

resource availability should also be expected to induce a response in other aspects of a 
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population, including the potential for behavioural, phenotypic or even evolutionary change. For 

example, given the well-characterized relationship between population density and body size in 

Drosophila (with denser populations favouring smaller-bodied individuals; Ashburner and 

Thompson 1978), we might also predict shifts in body size distribution in response to habitat 

loss. Perhaps more importantly, season-specific habitat loss is likely to have different 

consequences for body size. While larger individuals usually have higher fecundity, the 

increased metabolic demands of a large body may translate to decreased survival probability 

during the non-breeding season when resources are limited (Mueller and Joshi 2000; Munch et 

al. 2003; Betini et al. 2017; Bonnet et al. 2017). Likewise, behavioural adaptation is known to be 

an important mechanism by which individuals respond to environmental change (Wong and 

Candolin 2015). In Drosophila, population density has been shown to affect the frequency of 

different foraging strategies (rover versus sitter; Sokolowski et al. 1997), suggesting that as 

population size decreases with habitat loss, we might predict concomitant shifts in behaviour. 

Our results bring novel insight to the conservation of seasonal and migratory populations 

that have undergone dramatic declines in recent decades (Wilcove and Wikelski 2008; Young et 

al. 2016). In particular, current efforts to conserve migratory species are often hindered by an 

absence of complete information on the full annual cycle of these populations, with most taxa 

studied in only part of the year (typically the breeding period; Marra et al. 2015a but see, e.g., 

Marra et al. 2015b). The capacity to use simple signals inherent in the types of demographic data 

that are often collected to identify where and when populations are limited represents a 

fundamental advance in our ability to target scarce conservation efforts and funding. This is 

perhaps most salient for long-distance migratory populations, whose breeding and non-breeding 

grounds are separated by vast geographic distances. 

Taken together, our results demonstrate the importance of considering the timing (or 

location) of population limitation within the context of the full annual cycle. By experimentally 

manipulating the availability of either breeding or non-breeding habitat over multiple 

generations, we show that when and where habitat is lost has important consequences for the 

patterns of population decline. Although previous experimental and observational studies have 

explored how populations can be limited by conditions in only part of the annual cycle, we show 
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that, in the same system, breeding and non-breeding habitat loss induce distinct patterns of 

decline that are consistent across different rates of loss. These findings are especially pertinent 

given that the majority of populations exist under seasonal regimes and in light of the ongoing, 

widespread decline of species threatened by habitat loss and global change. 
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3 — Chapter 2: Season-specific signals of population decline and 

time to extinction across a broad range of conditions 

Abstract 

Nearly all wild populations live in seasonal environments in which they experience regular 

fluctuations in environmental conditions that drive population dynamics. Recent empirical 

evidence suggests that signals inherent in the counts and demography of seasonal populations, 

including reproduction and survival, can indicate when in the annual cycle habitat loss occurred. 

However, it remains unclear whether these signals of decline are detectable under a wider range 

of demographic conditions and rates of habitat loss. Here, we use a bi-seasonal Ricker model to 

examine season-specific signals of decline under different rates of breeding and non-breeding 

habitat loss and different strengths of density dependence. Mirroring empirical results, breeding 

habitat loss was accompanied by reduced reproductive output and a density-dependent increase 

in survival during the subsequent non-breeding period. In contrast, non-breeding habitat loss 

resulted in reduced non-breeding survival and a density-dependent increase in reproduction in 

the following breeding season. These season-specific signals of population decline were present 

under a wide range of habitat loss rates (2-25% lost per generation) and under different density-

dependent regimes (weak, moderate, and strong density dependence). Our results show that the 

strength of density dependence can negatively influence the time to extinction when non-

breeding habitat is lost, whereas the strength of density dependence does not influence time to 

extinction when breeding habitat is lost. Using a simple theoretical model, our results reinforce 

the importance of incorporating seasonality when examining population dynamics and support 

the broad utility of season-specific signals for identifying when threatened populations are being 

driven to decline. 

Introduction 

Habitat loss and fragmentation due to human land-use, have been identified as the leading causes 

of the dramatic declines in wild populations observed in recent decades (Pimm et al. 2014; Díaz 
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et al. 2019; but see Fahrig 2003, 2019). Habitat deterioration is the primary risk to approximately 

30 percent of threatened species and one of the major threats to 85 percent of all species 

identified on the IUCN’s Red List (World Wildlife Fund 2018; Intergovernmental Science-

Policy Platform on Biodiversity and Ecosystem Services 2019). An understanding of not only 

what environmental factors are driving these populations to extinction, but also when and where 

these forces play out within the annual cycle, is imperative to global conservation efforts. Simple 

demographic models provide a theoretical underpinning to our understanding of the dynamics of 

natural systems, and represent an important tool in our arsenal for characterizing, managing, and 

conserving threatened populations (Beissinger and Westphal 1998; Gimona 1999; Norris 2004; 

García-Díaz et al. 2019). 

There is a rich history of phenomenological modelling in studies of population growth, 

with classical equations including the logistic growth curve first proposed at the end of the 19th 

century (Verhulst 1845; Pearl and Reed 1920), and the Ricker model (Ricker 1954) developed in 

the context of fisheries harvesting. Despite their relative simplicity, these theoretical models, and 

their extensions, offer powerful insight into fundamental ecological processes that underlie the 

dynamics of a wide range of natural systems (Ricker 1963; Borlestean et al. 2015; Romero et al. 

2017; Bolser et al. 2018). However, such simple models often fail to fully realize the intricacies 

of natural populations, making their utility in conservation and management unclear. For 

example, whereas the vast majority of species and populations exist in seasonal environments, in 

which they are subject to regular fluctuations in resource availability and quality, theoretical 

work has primarily focused on modelling population dynamics in a stationary (or ‘aseasonal’) 

context (Ludwig 1996; Mueller and Joshi 2000; Lande et al. 2003; Turchin 2003; Otso and 

Meerson 2010; but see: Skellam 1967; Fretwell 1972; Kot and Schaffer 1984; Sutherland 1996; 

Norris 2005; Liz 2017). Incorporating the impacts of seasonality on the dynamics of populations 

may prove essential to our understanding of where and why threatened species are declining. 

The strength of simple demographic models like the logistic and Ricker models is that 

they capture the important role of density dependence in explaining fluctuations in abundance 

over time. Density-dependent mechanisms arise when the rate of population growth at any given 

time is, at least in part, contingent on the current population density (Hassell 1986). The strength 
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of density dependence is expected to modulate the effects of habitat loss and impact population 

responses to environmental change (Sutherland 1996; Agrawal et al. 2004; Norris 2005). 

Sequential density dependence, through which population abundance in one season influences 

population vital rates in the next (Norris 2005; Ratikainen et al. 2007; Betini et al. 2013a), may 

affect the capacity for populations to respond to environmental change, and may also result in 

different system dynamics in those losing breeding or non-breeding habitat. In a series of studies, 

Betini et al. (2013a, 2013b, 2014) demonstrated how density dependence acts to regulate 

seasonal population dynamics in an experimental population of Drosophila melanogaster with 

distinct breeding and non-breeding periods.  

In a recent experimental study, we investigated how seasonal changes in habitat 

availability influenced the dynamics of the same seasonal Drosophila populations, and found 

that populations losing breeding versus non-breeding habitat responded in the following ways 

(Burant et al. 2019a). When habitat loss occurred during the breeding period, per capita 

reproduction declined and, as a consequence of fewer individuals entering the subsequent non-

breeding period, non-breeding survival increased via a density-dependent response. Conversely, 

non-breeding habitat loss had the opposite effects: non-breeding survival declined due to 

resource limitation, while per capita reproduction showed a density-dependent increase in the 

subsequent breeding period (Burant et al. 2019a). Moreover, we demonstrated that simple 

signals derived from population counts and demographic rates, including non-breeding survival 

and reproduction and other statistical indicators inherent in time series of population abundance, 

can be used to identify the season in which habitat loss is occurred (Burant et al. 2019a). 

However, the experiment only considered two different rates of breeding or non-breeding habitat 

loss (10% and 20% per generation) and was conducted under levels of breeding and non-

breeding density dependence inherent in a specific, lab-evolved strain of Drosophila. Thus, the 

extent to which these empirical results are relevant for other populations under a broader range 

of strengths of density dependence and rates of habitat loss remains unclear.  

 In this study, we use a bi-seasonal Ricker model to explore how different rates of habitat 

loss in either the breeding or non-breeding period and the strength density dependence influence 

the production of simple, season-specific signals and time to extinction in in silico populations. 
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We incorporate the effects of season-specific habitat loss on carrying capacity and growth in 

each period, and use simulations to explore how habitat loss operates under a range of initial 

parameter values, strengths of density dependence, and rates of seasonal habitat loss. 

Methods 

Bi-seasonal Ricker model with season-specific habitat loss 

The Ricker model (eq. 1) was first introduced by W.E. Ricker (1954) in the context of fisheries 

management, following his observation that the convex relationship between net reproduction 

and population density resulted in oscillations in population abundance. Since then, the Ricker 

model has become one of the classical theoretic models to describe density-dependent dynamics 

in populations with discrete time intervals (Fretwell 1972; Kot and Schaffer 1984; Turchin 2003; 

Geritz and Kisdi 2004; Wysham and Hastings 2008). The Ricker model can be expressed as: 

 
𝑁(𝑡+1) =  𝑁(𝑡)𝑒

𝑟(1−
𝑁(𝑡)

𝐾 )
 

(eq. 1) 

where N represents the number of individuals in the population at a given time t, r is the intrinsic 

growth rate (‘Malthusian parameter’; Fisher 1930), and K indicates a population’s carrying 

capacity (Pearl and Reed 1920). The simple Ricker model has been used previously to model the 

population dynamics of Drosophila (Mueller and Joshi 2000; Dey and Joshi 2006). This 

aseasonal model results in stable population cycles for a range of r and K, which can be either 

arbitrary or empirically defined, but generates chaotic dynamics when r is large (r > ~ 2.7; May 

and Oster 1976; May 1987). Griffen and Drake (2008) showed that reductions in habitat quality 

produced reductions in both r and K, as modelled for experimental populations of the water flea 

Daphnia magna.  

 To investigate the dynamics of D. melanogaster with distinct breeding and non-breeding 

periods, Betini et al. (2013a) extended the Ricker model to include season-specific parameters 

for population growth and carry capacity. For this ‘seasonal’ Ricker model, temporal changes in 

breeding (Nb) and non-breeding (Nnb) population abundance can be modelled using a set of two 



 

 

31 

 

interacting equations (eq. 2.1, 2.2). For each generation, population size at the beginning of the 

non-breeding period (i.e., the number of offspring produced; maximum population size in a 

given generation) can be written as the difference equation: 

 
𝑁𝑛𝑏(𝑡+1) =  𝑁𝑏(𝑡)𝑒

𝑟𝑏(1−
𝑁𝑏(𝑡)

𝐾𝑏
)
 

(eq. 2.1) 

where rb and Kb are the maximum growth rate (reproduction) and carrying capacity for the 

breeding period, b, respectively. In this way, nonbreeding, nb, population size (Nnb) is a product 

of the number of breeders (Nb) and density-dependent interactions between them (Betini et al. 

2013a, 2013b). Population size at the beginning of the breeding period (i.e., the number of 

potentially breeding adults that survived the previous non-breeding period) can be described as: 

 
𝑁𝑏(𝑡+1) =  𝑁𝑛𝑏(𝑡+1)𝑒

𝑟𝑛𝑏(1−
𝑁𝑛𝑏(𝑡+1)

𝐾𝑛𝑏
)
 

(eq. 2.2) 

where rnb and Knb are the maximum growth rate (mortality) and carrying capacity for the non-

breeding period, respectively. 

 In this study, we were interested in modelling the impacts of chronic, season-specific 

habitat loss on the predicted changes in breeding and non-breeding population size under a range 

of conditions. In a previous experiment (Burant et al. 2019a), we systemically reduced the 

amount of food provided to replicate populations of Drosophila in either the breeding or non-

breeding period over multiple generations, until the populations went extinct. In our experiment, 

and in the theoretical model presented here, season-specific habitat loss followed an exponential 

decay, with the proportion of food provisioned in the season of habitat loss in a particular 

generation H(t) prescribed as:  

 𝐻(𝑡) = (1 − 𝑣)𝑡 (eq. 3) 

𝑤here 𝑣 is the rate of habitat loss and t is the number of generations since habitat loss treatment 

commenced. 
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In an attempt to replicate the experimental reductions in habitat loss, we represented 

habitat loss by altering season-specific r and K parameters. Given that both population growth 

rate and carrying capacity have been shown to be dependent on the quantity of food provisioned 

(Griffen and Drake 2008), we scaled both parameter values proportionally with the rate of 

habitat loss. For populations losing breeding habitat, our model assumed that both rb and Kb 

would decrease proportionally with the rate of habitat loss (eq. 4.1), such that the total number of 

offspring produced by the previous generation Nnb(t+1) would also decrease. Changes in 

population growth rates and carrying capacities with breeding habitat loss can be summarized as: 

 𝐾𝑏(𝑡) = 𝐾𝑏
∗𝐻𝑏(𝑡) 

𝑟𝑏(𝑡) = 𝑟𝑏
∗ − 𝑟𝑏

∗(1 − 𝐻𝑏(𝑡)) = 𝑟𝑏
∗𝐻𝑏(𝑡) 

𝐾𝑛𝑏(𝑡) = 𝐾𝑛𝑏
∗  

𝑟𝑛𝑏(𝑡) = 𝑟𝑛𝑏
∗  

(eq. 4.1) 

where Kb
* and rb

* are the estimated carrying capacity and intrinsic growth rate during the 

breeding period under control (no habitat loss) conditions, respectively, Knb
* and rnb

* are the 

corresponding non-breeding values, and Hb(t) is the proportion of breeding habitat remaining. 

For populations losing non-breeding habitat, we expected the opposite effects on season-

specific growth rates and carrying capacities. We predicted that Knb would decrease 

proportionally to the rate of habitat loss and rnb becoming more negative (increasing mortality) as 

the proportion of habitat remaining continued to decline (eq. 4.2). Changes in population growth 

rates and carrying capacities with non-breeding habitat loss can be summarized as: 

 𝐾𝑏(𝑡) = 𝐾𝑏
∗ 

𝑟𝑏(𝑡) = 𝑟𝑏
∗ 

𝐾𝑛𝑏(𝑡) = 𝐾𝑛𝑏
∗ 𝐻𝑛𝑏(𝑡) 

𝑟𝑛𝑏(𝑡) = 𝑟𝑛𝑏
∗ − |𝑟𝑛𝑏

∗ |(1 − 𝐻𝑛𝑏(𝑡)) = |𝑟𝑛𝑏
∗ |𝐻𝑛𝑏(𝑡) 

(eq. 4.2) 
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where Hnb(t) is the proportion of non-breeding habitat remaining. Scaling the season-specific 

growth rates and carrying capacities in this way had the effect of holding the strength of density 

dependence (see below) constant in the season of habitat loss. 

Theoretical model simulations 

To explore the dynamics of our bi-seasonal Ricker model with season-specific habitat loss, we 

first parameterized the model using estimates derived from a set of input-output experiments in 

seasonal populations of Drosophila (Betini et al. 2013a). In these trials, populations of breeding 

and non-breeding fruit flies were initiated at a range of densities, and their subsequent 

reproductive output (breeding) and survival (non-breeding) were measured. The experimental 

density dependence reference parameters from Betini et al. (2013a) were: rb = 2.24, αb = 9.86 x 

10-3, rnb = -0.0568, and αnb = 6.72 x 10-4, where α describes the strength of density dependence in 

an alternative form of the Ricker model and can be calculated as αi = ri / Ki (see Supplementary 

Material for results of model parameterization with empirical values; Fig. S2.3). 

 To investigate how the strength of density dependence influenced the trajectories of 

populations and the production of seasonal signals of decline, we further explored three other 

parameterizations in which the strength of density dependence was manipulated by changing the 

value of r (in the same direction) in both seasons: (1) weak density dependence (rb = 1.3, rnb = -

0.033); moderate density dependence (rb = 2, rnb = -0.051); strong density dependence (rb = 2.65, 

rnb = -0.069). This manipulation of r is consistent with previous experimental work, which has 

shown that, intuitively, maximum growth rates may be useful as a predictor of the strength of 

density dependence (Agrawal et al. 2004). Because carrying capacity is largely a function of the 

volume of food provided (e.g., Griffen and Blake 2018; Burant et al. 2020), and not the strength 

of density dependence, the season-specific carrying capacities (Kb = 227, Knb = -84.5) were the 

same for all three theoretical scenarios and the initial empirical parameterization. 

 To simulate some degree of variability in the baseline parameters, which should be 

expected for real world replicate populations, we treated these parameters as normal distributions 

N(μ, σ2) from which the initial values Kb
*, rb

*, Knb
*, and rnb

* could be sampled. For the season-
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specific carrying capacities, the standard deviation of Ki was set as √|𝐾𝑖|. Since the square-root 

of a value < 1 is larger than the initial value, the standard deviation for the season-specific 

growth rates ri was set as ri /10. 

 We simulated a range of rates of season-specific habitat loss, with populations losing 

habitat at a rate of 2%, 5%, 10%, 20%, or 25% per generation in either the breeding or the non-

breeding period. We also included control simulations, in which habitat availability was constant 

in both seasons. As with our experiment, which included 10% and 20% rates of habitat loss 

(Burant et al. 2019a), replicate simulations were initiated with a non-breeding population size of 

20 individuals and were simulated for 20 generations of ‘pre-treatment’ population growth in 

which the proportion of habitat provisioned in the treatment period remained at 100%. Starting in 

generation 21, the simulated proportion of habitat provisioned in the treatment period 

corresponded to the rate of loss following eq. 3. We ran each model simulation for 50 

generations (including the pre-treatment period), or until the population went extinct. 

 For each strength of density dependence scenario, we performed 1,000 model simulations 

for different rate of loss and season of loss combinations (e.g., 2% breeding, 2% non-breeding, 

5% breeding, etc.), with 10 rate-by-season treatment combinations plus controls. In order to 

avoid overfitting our statistical models (see below), and to introduce a degree of randomness in 

the initial parameter values that were used to specify each run, we randomly sampled 25 of the 

1,000 simulations for each treatment. 

From each replicate, we derived time series of the following metrics: (1) breeding 

abundance (i.e., the number of potential breeders, the number of individuals at the end of the 

non-breeding period); (2) non-breeding abundance (i.e., the number of offspring produced, the 

number of individuals at the start of the non-breeding period); (3) per capita reproduction (i.e., 

the relative change in abundance between the beginning and end of the breeding period, breeding 

abundance / non-breeding abundance); and (4) non-breeding survival (i.e., the relative change in 

abundance between the beginning and end of the non-breeding period, non-breeding abundance / 

breeding abundance). Time to extinction was calculated as the number of generations from the 
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initiation of habitat loss (i.e., generation – 20) until abundance ≤ 2 individuals in the breeding 

period. 

Relative strength of density dependence 

To explore the density-dependent nature of time to extinction that we identified in our model 

simulations of non-breeding habitat loss, we systemically varied the strength of density 

dependence in either the breeding or non-breeding period independently while holding density 

dependence constant (moderate) in the other season. As with all parameterizations, the relative 

strength of density dependence was always higher in the breeding period (αweak = 5.73 x 10-3, 

αmoderate = 8.81 x 10-3, αstrong = 1.17 x 10-2) than that in non-breeding period (αweak = 3.91 x 10-4, 

αmoderate = 6.00 x 10-4, αstrong = 8.11 x 10-4; see Theoretical model simulations). Extinction time 

was determined by performing a single iteration of the non-breeding habitat loss model with each 

combination of breeding and non-breeding strengths of density dependence. 

The theoretical model was constructed in the R statistical environment (v. 4.0.2; R Core Team 

2020). The code for the bi-seasonal Ricker model is provided in the Supplementary Material 

(Method S2.1). The Data and code used in the analysis will be made available with publication. 

Results 

Bi-seasonal population dynamics with habitat loss 

Simulations of a bi-seasonal Ricker model with season-specific habitat loss (see Theoretical 

model simulations in Methods) produced two counts in each generation (breeding abundance and 

non-breeding abundance), with distinct dynamics that varied with the season and rate of habitat 

loss (Fig. 2.1). In the initial pre-treatment generations, during which all replicate populations 

were allowed to grow from an initial non-breeding population size of 20 individuals, all 

treatment scenarios showed a rapid increase towards carrying capacity and stable seasonal 

oscillations in the generations preceding the introduction of treatment. For control replicates, in 

which habitat availability remained constant in both the breeding and non-breeding period, 

population abundances in both seasons were stable throughout the treatment period. Control 
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Figure 2.1 – Population dynamics generated from a bi-seasonal Ricker model with season-

specific habitat loss. Each generation is comprised of two counts: non-breeding population 

abundance (i.e., the number of individuals at the start of the non-breeding period; peaks), and 

breeding population abundance (i.e., the number of potential breeders at the start of the breeding 

period; troughs). Replicate populations were simulated under control (no habitat loss conditions) 

for 20 generations while they grew toward carrying capacity (shaded grey region). In subsequent 

generations, season-specific habitat loss was simulated at 2%, 5%, 10%, 20%, or 25% per 

generation (see Theoretical model simulations in Methods). Sample size = 25 replicates per 

treatment.  
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breeding abundance was largely similar across the different strengths of density dependence 

(mean breeding abundance: weak DD = 206 ± 2.48 (mean ± SE); moderate DD = 200 ± 3.89; 

strong DD = 199 ± 2.51; Fig 2.1a; Fig. S2.1). In contrast, control non-breeding abundance 

increased with the strength of density dependence (mean non-breeding abundance: weak DD = 

233 ± 3.20; moderate DD = 247 ± 5.54; strong DD = 276 ± 26.5; Fig. 2.1a; Fig. S2.2). Between-

season variability in abundances increased with stronger density dependence (Fig. 2.1). 

With reductions in breeding habitat, there were similar patterns of decline in both 

breeding and non-breeding abundance, with declines in both seasons beginning within 1-2 

generations of the onset of treatment (Fig. 2.1b; Fig. S2.1; Fig. S2.2). In contrast, when non-

breeding habitat was lost, breeding and non-breeding population abundance appeared to diverge 

in simulations (Fig. 2.1c; Fig. S2.1; Fig. S2.2). Breeding population abundance declined steadily 

as non-breeding habitat was lost, whereas non-breeding population abundance remained 

relatively stable for several generations before declining rapidly. At lower rates of non-breeding 

habitat loss (2% and 5% per generation), non-breeding abundance actually increased slightly for 

several generations preceding the rapid decline (Fig. 2.1b; Fig. S2.2). The tipping point from 

high, stable non-breeding abundance to rapid decline occurs around generation 21, 16, 14, 12, 

and 11 for non-breeding habitat loss treatments of 2%, 5%, 10%, 20%, and 25% habitat loss per 

generation (Fig. S2.3). Notably, these overall patterns are in contrast to the results from the 

chronic habitat loss experiment (Burant et al. 2019a; see Discussion).  

Response of vital rates to season-specific habitat loss 

As expected, breeding and non-breeding habitat loss generated distinct changes in population 

vital rates (Figs. 2.2 and 2.3; Supplementary Material). For control replicates, per capita 

reproduction declined rapidly as populations grew towards carrying capacity in the pre-treatment 

period, and remained stable during the treatment generations (mean per capita reproduction = 

1.13 ± 0.004, 1.28 ± 0.04, and 2.07 ± 0.40 offspring/breeder with weak, moderate, and strong 

density dependence, respectively; Fig. 2.2a). When breeding habitat was lost, per capita 

reproduction dropped and remained below one (i.e., the replacement value) as the amount of 

breeding habitat available in each generation continued to decline. Per capita reproduction   
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Figure 2.2 – Response of per capita reproduction to season-specific habitat loss with varying 

strengths of density dependence. In each generation, per capita reproduction was calculated as 

the number of offspring divided by the number of breeders. All replicates were simulated under 

control (no habitat loss conditions) for 20 generations while they grew toward carrying capacity 

(shaded grey region). In subsequent generations, season-specific habitat loss was simulated at 

2%, 5%, 10%, 20%, or 25% per generation (see Theoretical model simulations in Methods). 

Sample size = 25 simulations per treatment. 
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shifted from being relatively stable in the generations preceding population collapse to zero 

within a single generation (Fig. 2.2b). In contrast, non-breeding habitat loss generated a steady 

increase in per capita reproduction, with values exceeding those observed for control 

simulations, as one might expect given the assumed pattern of compensatory density dependence 

(Fig. 2.2c). As the rate of non-breeding habitat loss increased, the relative increase in per capita 

reproduction decreased, likely as a result of reduced time available for simulations to respond to 

shifting conditions. 

Non-breeding survival remained relatively high throughout the treatment period for 

control simulations (mean non-breeding survival = 88.4 ± 0.003%, 79.1 ± 0.006%, and 75.7 ± 

0.02% for weak, moderate, and strong density dependence, respectively), and was as high as 

100% in the initial generations of the pre-treatment period (Fig. 2.3a). When breeding habitat 

was lost, the proportion of individuals that survived the non-breeding period increased to one as 

the number of individuals entering the non-breeding period decreased (Fig. 2.3b). With non-

breeding habitat loss, non-breeding survival decreased proportionally with the rate of habitat loss 

(Fig. 2.3c). Interestingly, all non-breeding habitat loss treatments reached a plateau around 20-

25% non-breeding survival in later generations (i.e., when the volume of non-breeding habitat 

provisioned was low), with non-breeding survival actually increasing in the generation preceding 

population collapse, before declining to zero as the populations went extinct. This result provides 

some evidence for an Allee effect on survival with non-breeding habitat loss, likely because 

relatively few offspring are produced by breeders at very low densities. 

Time to extinction  

Season-specific habitat loss resulted in rapid changes in bi-seasonal population dynamics, with 

breeding and non-breeding habitat loss generating different patterns of population decline and 

timing of population collapse (Fig. 2.1b, c). As expected, the pace at which populations declined 

towards extinction increased with the rate of habitat loss. However, there was a notable 

difference between simulations of breeding and non-breeding habitat loss in the effect of the 

strength of density dependence on the timing of population collapse (Fig. 2.4). When breeding  



 

 

40 

 

 

Figure 2.3 – Response of non-breeding survival to season-specific habitat with varying 

strengths of density dependence. In each generation, non-breeding survival was calculated as 

the number of individuals at the end of the non-breeding period divided by the number initial 

non-breeding abundance (i.e., the proportion of individuals who survived through the non-

breeding period). All replicates were simulated under control (no habitat loss conditions) for 20 

generations while they grew toward carrying capacity (shaded grey region). In subsequent 

generations, season-specific habitat loss was simulated at 2%, 5%, 10%, 20%, or 25% per 

generation (see Theoretical model simulations in Methods). Sample size = 25 simulations per 

treatment. 
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Figure 2.4 – Rate of habitat loss, strength of density dependence, and the timing of 

population collapse with season-specific habitat loss. To explore how the strength of density 

dependence influences the timing of population collapse, we parameterized our bi-seasonal 

Ricker model under three different theoretical scenarios of density dependence. The time to 

extinction was calculated as the number of generations of season-specific habitat loss at a 

particular rate before the populations collapsed, excluding the 20 generations of ‘pre-treatment’ 

in which populations were simulated under control conditions. 

 

habitat was lost, the timing of population collapse appeared to be almost entirely dependent on 

the rate of habitat loss, with relatively little impact of the strength of density dependence 

imposed on the population (Fig. 2.4a). With breeding habitat loss, all replicate populations went 

extinct within 19, 11, 7, 4, and 3 generations with the onset of habitat loss treatments of 2%, 5%, 

10%, 20%, and 25% loss per generation, respectively. In contrast, when non-breeding habitat 

was lost, the time to extinction was negatively related to the strength of density dependence (Fig. 

2.4b), such that populations subjected to weak density dependence collapsed later than those 

subjected to strong density dependence. Across all scenarios, populations losing non-breeding 

habitat went extinct earlier than those losing breeding habitat (Fig. 2.1; Fig. 2.4; Fig. S2.3). 
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Figure 2.5 – Effect of changing the strength of (a) non-breeding and (b) breeding density 

dependence for simulations of 10% non-breeding habitat loss. To explore the effect of 

density-dependence on time to extinction with non-breeding habitat loss, we systemically varied 

the strength of density dependence in either the breeding or non-breeding period, while holding 

density dependence constant in the other period (see Relative strength of density dependence in 

Methods). Single, deterministic model runs were conducted for each pairwise combination of 

strengths of breeding and non-breeding density dependence. Extinction time was determined by 

performing a single iteration of the non-breeding habitat loss model with each combination of 

breeding and non-breeding strengths of density dependence. 

 

Relative strength of density dependence 

Because we varied the strength of density dependence simultaneously in both seasons, we 

were also interested in examining whether season-specific variation in density dependence could 

be driving the negative relationship between density-dependence and time to extinction when 

non-breeding habitat was lost. To do this, in the non-breeding habitat loss treatments, we varied 

the strength of density dependence in one period while holding the other at a moderate level, and 

then examined the time to extinction. When the strength of non-breeding density dependence 

was held at a moderate level and non-breeding habitat was lost, stronger breeding density 
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dependence resulted in earlier population extinction (Fig. 2.5a), similar to the results reported 

above. In contrast, when breeding density dependence was held at a moderate level and non-

breeding habitat was lost, variation in the strength of non-breeding density dependence had no 

impact on the timing of population collapse (Fig. 2.5b). 

Discussion 

Using a theoretical model modified to incorporate seasonal differences in growth and carrying 

capacity, we show that previously-detected, experimental signals of population decline occur 

under a wide range of environmental and demographic scenarios, and indicate the season in 

which habitat loss occurred. When breeding habitat was lost, decreased reproduction during the 

breeding period was accompanied by improved non-breeding survival. As a result of sequential 

density dependence, breeding habitat loss produced a positive relationship between breeding 

abundance and per capita reproduction, and a negative relationship between non-breeding 

abundance and survival (see Supplementary Material). In contrast, non-breeding habitat loss was 

characterized by decreased non-breeding survival, followed by increased reproductive output in 

the subsequent breeding period. We show how sequential density dependence with non-breeding 

habitat loss generated a negative relationship between breeding abundance and per capita 

reproduction, and a positive relationship between non-breeding abundance and non-breeding 

survival. When the strength of density dependence changed, there was no impact on the timing 

of population extinction with breeding habitat loss. However, when non-breeding habitat was 

lost, stronger density dependence in both seasons resulted in earlier population declines.  

 We were interested in exploring whether a simple phenomenological model could be 

used to capture and extend the dynamics observed in experimental populations exposed to 

chronic habitat loss. In our previous experiment, we showed that when and where habitat was 

lost had important consequences for the way in which populations decline, and had unique 

effects on seasonal vital rates (Burant et al. 2019a). A number of interesting similarities in the 

overall patterns of decline from our experiment and theoretical model suggest that the latter does 

a reasonable job of approximating the former. First, while mean extinction times estimated from 

the model (see Bi-seasonal population dynamics with habitat loss in Results) were earlier than 
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experimentally-induced collapses (average times to extinction with 10% and 20% habitat loss per 

generation were 14 and 7 generations for breeding treatments, and 14 and 8 generations for non-

breeding treatments; Burant et al. 2019a), the relative order in extinction of populations losing 

breeding and non-breeding habitat was consistent with experimental observations. Likewise, in 

both the experiment and the model presented here, non-breeding habitat loss produced large 

fluctuations between breeding and non-breeding population abundance (as a result of density-

dependent reproduction), while breeding habitat loss resulted in consistent, directional decline 

(compare Fig. 2.1 herein with Fig. 1.2 in Chapter 1).  

 Our theoretical results demonstrate the important role that the strength of density 

dependence plays in determining how populations decline with seasonal habitat loss. Based on 

our simulations, the timing of population collapse with habitat deterioration during the breeding 

period was almost entirely dependent on the rate at which habitat was lost, with no impact of 

changes in the strength of density dependence. In contrast, strong density dependence amplified 

the impacts of non-breeding habitat loss, such that increased density dependence resulted in 

steeper population declines and earlier extinctions. The difference in the influence of density 

dependence with season-specific habitat loss is consistent with our predictions, and is ultimately 

a reflection of differences in the capacity of populations to respond to habitat loss in either the 

breeding or non-breeding period. With non-breeding habitat loss, populations may experience a 

'seasonal compensation effect’ (Norris 2005) that results in increased reproduction in the 

subsequent breeding period. A similar compensatory effect should not necessarily be expected 

with breeding habitat loss, since, by definition, populations cannot grow during the subsequent 

non-breeding period. Moreover, any seasonal compensation effect with breeding habitat loss is 

constrained by ceiling effects, since the proportion of individuals that survive the non-breeding 

period cannot exceed 100 percent. This conclusion was supported by an exploratory analysis in 

which we manipulated the strength of density dependence separately in each period, which 

showed that changing non-breeding density dependence did not affect time to extinction when 

breeding density dependence was moderate.  

 Inspection of the breeding and non-breeding population abundance time series revealed a 

number of important differences between our theoretical and experimental results (see 
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Supplementary Material). Although experimental populations did not appear to respond 

immediately to breeding habitat loss, with population size remaining relatively stable for several 

generations before declining precipitously (Burant et al. 2019a), our theoretical model generated 

steady declines in abundance in both seasons with the onset of breeding habitat loss. Despite the 

fact that the control conditions in the experimental seasonal Drosophila system were empirically 

derived (G.S. Betini and D.R. Norris, unpublished data), it is possible that initial breeding food 

availability in our experiments was in excess of what was required to maintain stable bi-seasonal 

dynamics. This could have resulted in a delayed population response to reductions in breeding 

habitat. Moreover, carrying capacity in either season is not just a function of the volume of food 

provided, since there is only so much space the flies can occupy in a closed system, and so there 

is the potential for overcrowding (rather than absolute food availability) to limit food access and 

ultimately affect differences in survival and reproduction (Burant et al. 2020; Kilgour et al. 

2020). The potential for overcrowding was not accounted for in our theoretical models, and so 

changes in carrying capacity were assumed to be simply a function of food availability (see Bi-

seasonal Ricker model with season-specific habitat loss in Methods). As a consequence of these 

intricacies, relative to our experiment (Burant et al. 2019a), the simple theoretical model 

generally underestimated breeding and non-breeding population abundance with breeding habitat 

loss, and overestimated breeding abundance when non-breeding habitat was lost. 

 There are a number of other potential explanations for discrepancies between our 

previous observational results and theoretical outcomes. Betini et al. (2013a) showed that 

sequential density dependence and carry-over effects between seasons can influence reproductive 

output and regulate population abundance. However, fluctuations in population density and food 

availability between seasons are also expected to influence other aspects of individual and 

population performance, which may help to buffer populations against deteriorating 

environmental conditions. For example, reproductive output is known to be influenced by 

individual body condition, such that individuals who enter the breeding period in poor condition 

produce fewer offspring (Betini et al. 2014), and non-breeding food availability carries over to 

indirectly influence reproductive performance (Burant et al. 2020). These phenotypic traits, and 

their changes in response to seasonal variation, effectively link environmental conditions in one 
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season with individual performance in the next (O’Connor et al. 2014). Similarly, intraspecific 

interactions among individuals in a population can be density-mediated, with individual 

behavioural expression modulated by the social context (Sokolowski et al. 1997; Kilgour et al. 

2018; Leatherbury and Travis 2019). Importantly, the impacts of density-dependent changes on 

population growth and individual traits are not necessarily immediately observable (Ratikainen 

et al. 2007). These are but a few examples of the mechanisms through which individuals and 

populations can respond to changing environmental conditions (Colchero et al. 2018). Although 

the purpose of simple demographic models is not necessarily to reproduce all possible 

mechanisms of change, discrepancies between our theoretical and empirical results demonstrate 

the importance of considering carry-over effects and other non-abundance traits that are expected 

to shift as the environment deteriorates. Indeed, recent theoretical work has demonstrated the 

importance of considering the impacts of seasonal carry-over effects on individual performance 

and, ultimately, how these effects scale up to influence population vital rates (e.g., Liz and Ruiz-

Herrera 2016). Failure to fully consider carry-over effects is likely to limit our understanding of 

the dynamics of declining populations, and so also limit efforts to conserve them (O’Connor and 

Cooke 2015). 

 Along with understanding the demographic mechanisms underlying patterns of 

population decline, it is relevant to consider whether the predictability of collapse differs 

between populations losing breeding and non-breeding habitat. In our chronic habitat loss 

experiment, we showed that whether a set of indicators derived from time series of population 

abundance (e.g., coefficient of variation, lag-1 autocorrelation) and fitness-related traits (e.g., 

body size, activity) served as early warning signals of population collapse was dependent on the 

season of habitat loss (Burant et al., in review; Chapter 3). Moreover, in a similar theoretical 

approach to the one presented here, Bury (2020) showed that the nature of early warning signal 

production differed between simulations of breeding and non-breeding habitat degradation. This 

theoretical work also suggests the potential for using early warning indicators to identify the 

season in which populations are being driving to decline, which we also previously demonstrated 

in our experimental system (Burant et al. 2019a). These results suggest that simple demographic 

signals like survival and reproduction, as well as early warning indicators, may be useful for 
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detecting and predicting season-specific drivers of population decline across a wide range of 

density-dependent systems. 

In summary, the results from our theoretical model of the impacts of season-specific 

habitat loss on population dynamics through changes in growth and carrying capacity bolster our 

understanding of how populations decline in seasonal environments. By comparing our 

theoretical simulations to results from an earlier chronic habitat loss experiment, we are able to 

identify some of the ways in which simple demographic models can elegantly capture real world 

phenomena. Along with experiments and observational studies, theoretical models represent an 

important tool, not only for understanding how the natural world works but particularly for 

efforts aimed at conserving threatened species in an era of rapid environmental change.
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4 — Chapter 3: Early warning indicators of population collapse in a 

seasonal environment  

Abstract 

Recent studies have demonstrated that generic statistical signals derived from time series of 

population abundance and fitness-related traits of individuals can provide reliable indicators of 

impending shifts in population dynamics. However, how the seasonal timing of environmental 

stressors influences these early warning indicators is not well understood. The goal of this study 

was to experimentally assess whether the timing of stressors impacts the production, detection, 

and reliability of abundance- and trait-based early warning indicators derived from declining 

populations. In a multi-generation, season-specific habitat loss experiment, we exposed replicate 

populations of Drosophila melanogaster to one of two rates of chronic habitat loss (10% or 20% 

per generation) in either the breeding or the non-breeding period. We counted population 

abundance at the beginning of each season, and measured body mass and activity levels in a 

sample of individuals at the end of each generation. When habitat was lost during the breeding 

period, declining populations produced signals consistent with those documented in previous 

studies. Inclusion of trait-based indicators generally improved the detection of impending 

population collapse. However, when habitat was lost during the non-breeding period, the 

predictive capacity of these indicators was comparatively diminished. Our results have important 

implications for interpreting signals in the wild because they suggest that the production and 

detection of early warning signals depends on the season in which stressors occur, and that this is 

likely related to the capacity of populations to respond numerically the following season. 

Introduction 

Wildlife populations have declined dramatically in recent decades (World Wildlife Fund 2018), 

with as many as one million species threatened with extinction by the end of the 21st century 

(Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services 2019). 

Major anthropogenic drivers of declines in wild populations include habitat loss and degradation 

(Iwamura et al. 2013; Flockhart et al. 2015; Haddad et al. 2015), urbanisation (Sol et al. 2014; 
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Piano et al. 2016; Schmidt et al. 2020), climate change (Møller et al. 2008; Moritz and Agudo 

2013), pollution (McCune et al. 2019; Sánchez-Bayo and Wyckhuys 2019), and invasive species 

introduction (Green et al. 2012). As a consequence of these ongoing environmental changes and 

their impacts on natural populations, rapid change in or destabilisation of population dynamics 

can lead to population collapse, local extirpation, or even global extinction of threatened species. 

In response to these threats, much research effort has been directed towards understanding how 

populations decline (e.g., Burant et al. 2019a), and whether these declines are preceded by 

reliable indicators of impending population collapse (Biggs et al. 2009; Clements et al. 2016; 

Hefley et al. 2016). One avenue of inquiry that has shown promise for detecting and predicting 

when a population is approaching such a critical transition comes from theory on early warning 

signals (van Nes and Scheffer 2007; Scheffer et al. 2009). 

 Recent work has shown that generic statistical information inherent in times series can be 

used to evaluate when a population (or ecosystem) is threatened or nearing a tipping point 

towards extinction (Brock and Carpenter 2010; Carpenter et al. 2011; Dakos et al. 2011; Dai et 

al. 2012). These statistical signals, or ‘leading indicators’, are embedded in times series of 

population abundance and are expected to behave in predictable ways near a tipping point, and, 

when this is the case, may provide advanced warning of an impending critical transition between 

alternate states a number of time steps before the transition occurs (hence, early warning signals; 

Scheffer et al. 2009). There exists strong theoretical (Biggs et al. 2009; Boettiger and Hastings 

2012; Kéfi et al. 2013) and empirical evidence (Drake and Griffen 2010; Carpenter et al. 2011; 

Dai et al. 2012) to support the predictive capacity of metrics such as the coefficient of variation 

(cv; i.e., a metric of the change in variability observed in a system through time), autocorrelation 

at the first lag (lag-1 acf; i.e., a measure of the similarity of observations at successive time 

steps), and other related indices (e.g., first autoregressive coefficient, density ratio; Scheffer et al. 

2009). The regular behaviour of these leading indicators are a product of the phenomenon of 

critical slowing down, which indicates a loss of system resiliency (Holling 1973) in response to 

external forcing by, for example, changes in environmental conditions. 

In addition to indicators intrinsic to times series of population abundance, changes in trait 

dynamics can act as early warning signals of a critical transitions (Spanbauer et al. 2016; 
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Clements and Ozgul 2016a; Clements et al. 2017; Baruah et al. 2019). Environmental change is 

known to influence the distribution of traits within a population (van Gils et al. 2016; van der 

Vinne et al. 2019; Weeks et al. 2020), either as a result of rapid evolution, plasticity, or both. 

Since phenotypic traits, such as morphology and behaviour, and the match between these traits 

and an organism’s environment, are ultimately related to individual survival and reproduction 

(McNamara and Houston 2008), a shift in these traits may stabilise or further destabilise 

population dynamics (Ozgul et al. 2010) and can influence the timing of critical transitions 

(Baruah et al. 2020). Moreover, phenotypic traits may also be density-dependent, and therefore 

any change in abundance may be accompanied by concomitant changes in the distribution of 

traits (Burant et al. 2020). In particular, body size has been identified as a key trait related to the 

long-term viability and resilience of populations (Olden et al. 2007).  

Despite the potential of early warning signals to serve as a tool for understanding and 

predicting the dynamics of declining populations, how seasonality influences the detectability 

and reliability of these signals is unknown. Nearly all wild populations persist in seasonal 

environments, wherein the annual cycle can be broadly divided into two main components: the 

breeding and non-breeding periods. In this seasonal context, environmental stressors driving 

populations to decline can vary between seasons or be localised to only part of the annual cycle 

(e.g., a population may experience chronic environmental degradation during the breeding period 

that is not mirrored by similar change during the non-breeding period, or vice versa; Calvert et 

al. 2009; Rushing et al. 2016; Marra et al. 2015b). Such seasonality in environmental stressors 

can make it difficult to identify when and where populations are being driven to decline, 

although recent evidence suggests that simple demographic signals may reflect the season in 

which the stressor occurs (Burant et al. 2019a). Whether the response of these leading indicators 

differs depending on the period of the annual cycle in which the stressor occurs remains to be 

investigated.  

In this study, we used a multi-generation seasonal habitat loss experiment in Drosophila 

melanogaster to examine whether leading indicators derived from population counts, as well as 

traits like body mass and locomotor activity, show unique responses to habitat loss in a single 

part of the annual cycle. In addition, we evaluated whether the season or rate of habitat loss 
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influenced the utility of these leading indicators, as well as composite indicators derived from 

multiple abundance- and trait-based metrics (see, e.g., Clements and Ozgul 2016a). In a previous 

paper, Burant et al. (2019a) showed that the pattern of population decline and change in 

demographic vital rates were predicted by the season in which habitat loss, suggesting that vital 

rates themselves may be useful in identifying the season driving a population to decline. Here, 

we hypothesised that whether or not a suite of indicators acted as early warning signals of an 

impending population collapse would be dependent on the season of habitat loss because the 

capacity of populations to respond to environmental change and the way in which populations 

decline differs depending on the season in which habitat is lost (see Burant et al. 2019a; Chapter 

1). When non-breeding habitat is lost, we hypothesised that populations would rebound the 

following breeding period as a result of density-dependent reproduction, and that this rebound 

would dampen the production of signals in breeding time series. In contrast, when breeding 

habitat is lost, there is no similar compensatory mechanism by which populations can rebound 

since no reproduction occurs during the non-breeding period. Following this rationale, we 

predicted that, when habitat was lost during the non-breeding period, the abundance and trait 

time series would produce fewer and less reliable early warning signals compared to when 

habitat was lost during the breeding period. Previous work has also demonstrated how the rate or 

strength of forcing can influence the production and detection of early warning signals, with 

faster rates of environmental change resulting in signal production only after the system has 

passed its tipping point (Clements and Ozgul 2016a, 2016b). Based on this, we predicted that as 

the strength of habitat loss increased, the detectability of early warning signals would decrease, 

irrespective of the season of loss. 

Methods 

Experimental system: seasonal populations of Drosophila 

Data were collected as part of the same experiment described in Burant et al. (2019a), in which 

replicate populations of Drosophila melanogaster were established with distinct breeding and 

non-breeding periods. Seasonal populations were generated from an outbred, aseasonal stock 

populations maintained at 25 ºC, 40% RH, and a 12:12 h light-dark cycle, with a two-week 
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generation time. In these populations, which were housed in polypropylene vials (28.5 x 95 mm; 

60.6 cm3; VWR International™, catalog no. 75813-156), sequential bouts of breeding and non-

breeding were enforced by manipulating the quality of food provisioned (Betini et al. 2013a, 

2013b). 

 During the experiment, seasonal populations had a 21-d generation (‘annual cycle’), in 

which parental and offspring generations did not overlap. At the beginning of each generation, 

adult flies were allowed to breed for 24 h before they were removed, and their offspring were left 

to develop for 16 d. As offspring eclosed as adult flies, they were collected and transferred to a 

separate holding vial containing 5 mL of fresh yeast-agar medium on days 12, 14, and 16. On 

day 17, all adult offspring were transferred to non-breeding vials, where they remained for four 

days before the survivors were transferred to new breeding vials. 

 During the breeding period, populations of flies were fed a yeast-agar medium (see recipe 

in Burant et al. 2019a; Betini et al. 2013b). This medium, which is the standard substrate for 

maintaining flies in cage culture, provided not only a source of nutrients for breeding adults, but 

also acted as a substrate on which females deposited their egg and in which larvae developed. In 

contrast, during the non-breeding period flies were housed in a separate vial, in which they were 

provided a set volume of 5% (w/v) sugar water dispensed for a small feeding tip at the top of the 

vial (see Figure 1 in Burant et al. 2019a; Fig 1.1 in Chapter 1). Unlike the yeast-agar medium, 

sugar water provided only sufficient energy and hydration for self-maintenance and survival, but 

did not allow females to produce eggs (due to a lack a protein) nor provide a substrate on which 

females could oviposit (Bownes and Blair 1986; Betini et al. 2015b). Under control conditions, 

seasonal populations were supplied with 10 mL of yeast-agar medium during the breeding period 

and 0.20 mL · d-1 of 5% (w/v) sugar water during the non-breeding period. 

Season-specific habitat loss treatments 

Populations were subjected to one of two types of chronic habitat loss: breeding habitat loss in 

which each generation saw a reduction in the volume of yeast-agar medium, or non-breeding 

habitat loss in which each generation saw a reduction in sugar water. In addition to control 
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populations, which did not experience reductions in the volumes of food provided in either 

season, replicates from each type of chronic habitat loss were subjected to one of two rates of 

loss (10% or 20% per generation; Fig. 3.1). In total, the experiment consisted of four treatments 

(season of treatment x rate of habitat loss treatment), plus controls, with 20 replicates per 

treatment (N = 100 replicates). To facilitate data collection, replicate populations were split 

across 5 days with each day comprising a tray of 20 replicates (4 replicates per treatment group). 

After filtering to exclude replicate populations that did not establish during the pre-treatment 

period (one each from the control and 10% breeding treatments), the dataset included abundance 

time series from 98 replicate populations from five treatments groups (ntreatment = 19 – 20). 

 Each replicate population was initiated by 10 males and 10 females that were 

haphazardly sampled from the outbred stock population (see above). All populations were 

maintained under control conditions (breeding period = 10 mL of yeast-agar medium; non-

breeding period = 0.20 mL · d-1 of 5% (w/v) sugar water) for seven filial generations prior to the 

commencement of treatment. Following the start of habitat loss in generation 8, treatments were 

applied for 15 generations, with the experiment ending after all treatment populations had 

collapsed.  

Bi-seasonal population abundance 

In each generation, population size was sampled twice by counting the number of surviving 

adults. Breeding population size (i.e., the number of potential breeders) was taken as the number 

of individuals that entered the breeding period, and reflected the number of individuals who 

survived through the previous non-breeding season. Non-breeding population size was the 

number of adult offspring at the beginning of the non-breeding period and, therefore, represented 

the maximum population size in a given generation. We used time series from these two 

population counts (breeding and non-breeding abundance) to derive potential early warning 

indicators (see below). 
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Figure 3.1 – Experimental season-specific reductions in habitat. Replicate seasonal 

populations of fruit flies (Drosophila melanogaster) were exposed to chronic, multi-generation 

habitat loss in either the breeding (red) or non-breeding season (blue). Populations were 

maintained under control conditions for 7 filial generation prior to the application of treatment 

(grey shaded area). During the treatment phase (generations 8 to 22), populations were subjected 

to either a 10% (dark grey) or 20% (light grey) reduction in the quantity of food provided during 

the treatment period in each generation, or experienced no reduction in food volume (control; 

black).  

 

Measurement of individual traits 

In addition to counting the number of individuals at the beginning of each season, we also 

sampled two traits, activity level and dry body mass, from a number of individuals in a subset of 

replicates. Traits were sampled beginning in generation 9 (two generations after the start of 

treatment), with sampling continued until the source population collapsed. From half of the 

replicate populations for each treatment (n = 10 replicates), up to six males per vial (sample size 
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per treatment per generation = 60 flies) were selected for a behavioural assay at the end of the 24 

h breeding period (see above). Measurements were only taken from male flies as selection for 

activity levels in males was expected to be stronger, with males competing for access to limited 

resources and mates (Kilgour et al. 2018). Individuals were randomly sampled by first lightly 

sedating (but not fully anaesthetising) the population with CO2 at the end of the breeding period, 

then separating the selected males and placing each individual in a closed tube (5 x 65 mm); the 

remainder of the adults were removed from the vials, frozen at -20 ºC, and saved for counting.  

Individuals selected for the behavioural assay were loaded into a Drosophila activity 

monitor (DAM2-5mm; Trikinetics Inc., Waltham, MA, USA), which used an infrared beam that 

bisected each tube to monitor the locomotor activity of the individual contained therein. Limited 

space in the activity monitor required splitting the flies sampled for activity measurements into 

three groups, which were measured in series throughout the day. To avoid introducing large 

amount of among-individual variability by sampling at different times of the day (Chiu et al. 

2010), activity measurements were taken between 10:00 and 17:00 h. Previous data suggested 

that daily peaks in circadian activity levels occur outside this time interval (G.S. Betini, 

unpublished data). Individuals were allowed to acclimate to their tube and recover from the 

effects of light CO2 for 15 minutes prior to the start of each trial. During the behavioural assay, 

as an individual moved from one end of the tube to the other, the number of times it interrupted 

the infrared beam was autonomously recorded and used a simple measure of the fly’s general 

activity level (Rosato and Kyriacou 2006; Chiu et al. 2010). Each individual’s behaviour was 

recorded over a 90-min interval, with activity levels calculated as an hourly rate (i.e., number of 

crosses per hour). Following the assay, flies were frozen at -20 ºC and saved for subsequent 

drying and weighing.  

Body mass, which has previously been used as a general measure of body condition and 

size (Betini et al. 2014; Burant et al. 2020), was measured for the same individuals used in the 

behavioural assays. Dry masses were taken by first drying the flies at 55 ºC for 24 h, before 

weighing them on an electronic balance (Mettler Toledo XP26; d = 0.001 mg). Since both 

activity and body mass data were only collected from generations 9 to 21, we interpolated both 
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traits to the start of the experiment in order to allow us to derive trait-based signals of population 

collapse (see descriptions of indicators below). 

Identification of tipping points 

For each experimental population, we calculated growth rate as the relative change in abundance 

at a particular time point (breeding or non-breeding) from one generation to the next. For 

example, breeding growth rate in generation t was calculated as the breeding population size in 

generation t divided by the breeding population size in generation t-1. Negative growth or 

population decline occurs when the growth rate falls below 1. Following Drake and Griffen 

(2010), LOESS smoothing was used to establish when the realised growth rate for a given 

population dropped and remained below 1 prior to population collapse, which was taken as 

indication that the population had passed through a bifurcation or tipping point. For those 

populations that were determined to have passed through a tipping point, the bifurcation was 

defined as the first generation in which the realised growth rate fell and remained below 1, and 

each time series was then truncated to include abundances from generation 2 to the generation in 

which the bifurcation occurred (Drake and Griffen 2010; Clements and Ozgul 2016a). The first 

generations were excluded to avoid including the initial transitory dynamics as populations grew 

to carrying capacity (Drake and Griffen 2010). Replicate populations from the experimental 

treatments that did not pass through a bifurcation were excluded from subsequent analyses. 

Abundance-based indicators 

Following methods proposed by Drake and Griffen (2010), we derived five leading indicators 

inherent in abundance time series: (1) autocorrelation at the first lag (acf), (2) first-order 

autoregressive coefficient (ar1), (3) coefficient of variation (cv), (4) density ratio (dr), and (5) 

return rate (rr). In all cases leading indicators were calculated on a rolling basis, with the value of 

an indicator in a particular generation calculated using the data accumulated in the preceding 

generations. Each leading indicator was then normalised by subtracting the long-run average and 

dividing by the standard deviation, such that the normalised value (�̂�𝑡) of an indicator at time t 

was equivalent to (𝑤𝑡 − �̅�1:𝑡 ) / 𝑠𝑑(𝑤1:𝑡).  
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Figure 3.2 – Effects of seasonal habitat loss treatments in Drosophila populations. (a) 

Breeding population size through time. Adult abundance was counted twice per generation: the 

number of adults that survived the previous non-breeding season to reproduce in the next season 

(breeding population size; 𝑩𝒕), and the total number of adult offspring at the beginning of the 

non-breeding period (non-breeding population size; 𝑵𝑩𝒕; see Fig S3.1). (b) Change in individual 

activity level through time. For generations 9 through 21 (two generations after the start of 

treatment), activity levels were measured for a subset of adults (sample size per treatment per 

generation = 60 individuals) using Drosophila activity monitors (see Individual trait 

measurements in Methods). (c) Change in body mass through time. Dried body masses were 

measured for the same individuals sampled for activity levels. The shaded grey area corresponds 

to the pre-treatment period. Line colour indicate the type of treatment: control (black), breeding 

habitat loss (red), and non-breeding habitat loss (blue). The thick solid lines indicate the average 

time series for each treatment, with dashed lines showing the standard error. Replicates per 

treatment = 19 – 20 (total replicates = 98). 
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Trait-based indicators 

In addition to the five abundance-based indicators described above, we also derived four trait-

based indicators for the subset of replicate populations from which individual traits were 

sampled: (1) mean locomotor activity level (activity.mean), (2) standard deviation of activity 

(activity.sd), (3) mean dry body mass (mass.mean), and (4) standard deviation of body mass 

(mass.sd). Importantly, although the same ‘classical’ leading indicators that were calculated from 

abundance time series could in principle be derived from time series of phenotypic traits, this is 

not likely to be informative (Clements and Ozgul 2016a), and instead we expected density-

dependent changes in these traits consistent with previous experiments (Kilgour et al. 2018; 

Burant et al. 2020). 

Composite indicators 

In addition to assessing the predictive capacity of each leading indicator separately, we were also 

interested in determining whether composite signals, composed of multiple leading indicators, 

improved early warning of the impending bifurcation. To do so, composite indicators were 

calculated by summing the normalised values of the indicators of interest in each generation. 

Whereas Clements and Ozgul (2016a) calculated all possible pairwise, etc., combinations of 

leading indicators and assessed which combinations provided improved early warning, here we 

calculated three composite indicators: (1) all leading indicators derived from abundance time 

series (comp.count = acf + ar1 + cv + dd + rr), (2) all trait-based leading indicators (comp.trait = 

activity.mean + activity.sd + mass.mean + mass.sd), and (3) all leading indicators (comp.all).  

Since we only sampled body mass and activity from individuals at the end of the 

breeding period (i.e., after adults were removed from the experiment), trait data were only used 

in conjunction with time series of breeding population abundance. In contrast, abundance-based 

leading indicators can be derived separately from breeding and non-breeding abundance time 

series for each population. To avoid using the same trait measurements twice, and because the 

traits were not measured at the start of the non-breeding period, composite indicators that include 

trait-based metrics (i.e., comp.trait and comp.all; see definitions above) were only calculated 
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using the breeding abundance time series. In contrast, only abundance-based indicators were 

calculated for non-breeding time series and are presented in the Supplementary Material. 

Typically, information is not available on the demography of seasonal populations throughout 

the full annual cycle, with populations most often censused in the breeding season (Marra et al. 

2015a, but see Marra et al. 2015b). As such, any application of abundance- or trait-based signals 

is likely most relevant for data collected during the breeding period, but should also be expected 

in time series from the non-breeding period. 

For each replicate population, leading and composite indicators were considered to act as 

early warning signals of an impending bifurcation if the value of the indicator deviated from the 

running average of the indicator by more than one standard deviation in the interval between the 

application of treatment (generation 8) and the tipping point. Finally, a given leading or 

composite indicator was considered to produce a reliable signal if acted as an early warning 

signal in at least 70% of the replicate populations sampled for each treatment (in a Chi-square 

test, at least 14 of 20 replicated must show a signal for the result to be significantly different 

from chance). Since traits were only sampled in half of the replicates, the sample sizes for 

abundance- and trait-based indicators differed. For each of the three composite indicators, we 

performed a series of two-proportion Z-tests (Pan 2002) to investigate whether the season and 

rate of habitat loss influenced signal production. All tests were one-tailed with a significance 

threshold of α = 0.05.  

All analyses were conducted in the R statistical environment (v. 3.6.1; R Core Team 

2019). The data and code used in the analyses will be made publicly available on the Figshare 

repository upon publication.  

Results 

Population dynamics 

Time series of breeding abundance revealed distinct patterns of population decline depending on 

whether habitat was lost in either the breeding or non-breeding period (Fig. 3.2a). During the 

pre-treatment period, when all replicates were maintained under control conditions, populations 
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showed a rapid increase in the number of breeding individuals. In general, although faster rates 

of habitat loss resulted in more rapid declines, populations exposed to the two different rates of 

habitat loss (10% and 20% per generation) showed similar dynamics that were contingent on the 

season in which habitat loss occurred. When breeding habitat was lost, breeding population size 

remained relatively stable for several generations before declining precipitously in the 

generations preceding collapse. In contrast, when non-breeding habitat was lost, breeding 

population size began to decline with the onset of treatment (Fig. 3.2a). 

  For those populations for which a bifurcation could be identified during the treatment 

period (number of replicates per treatment: nB10 =13, nB20 = 16, nNB10 = 19, nNB20 = 20; see 

Tipping points in Methods), realised growth rate rapidly declined towards ~ 1 in the initial 

generations of the pre-treatment period as populations grew towards carrying capacity (Fig. 3.3). 

During the treatment period, populations that were subjected to the 20% habitat loss treatment 

had earlier bifurcations than those in the slower habitat loss treatments (10% per generation), 

irrespective of the season of treatment (Fig. 3.2a; Fig. 3.3). That said, the average generation in 

which the tipping point occurred was generally earlier for populations losing non-breeding 

habitat (tipping point generation: x̄NB10 = 12.9 ± 2.9 (± SD); x̄NB20 = 10 ± 0.95), compared to 

populations losing breeding habitat (x̄B10 = 14.8 ± 2.4; x̄B20 = 12.2 ± 1.5; Fig. 3.3). The timing of 

bifurcations was more variable among populations in 10% treatments than in the corresponding 

20% treatments (Fig. 3.3). In general, similar results were also obtained from time series of non-

breeding population size (Fig. S3.2). 

Activity levels and body mass 

Season-specific habitat loss also influenced how individual body mass and locomotor activity 

changed through time (Fig. 3.2b, c). For control populations, there was a slight decline in both 

body mass and activity as the experiment progressed. In the 10% treatment groups, activity 

declined rapidly with the progression of treatment, likely as a result of a reduction in available 

energy above what was used for self-maintenance (Fig. 3.2b). In contrast, in the 20% treatments, 

non-breeding habitat loss resulted in a decrease in activity levels, while breeding habitat loss 

resulted in an increase (Fig. 3.2b). As populations were exposed to habitat loss treatment, 
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individuals also showed an initial decline in body mass followed up an uptick in body mass in 

the generations preceding population collapse (Fig. 3.2c), potentially a result of density-mediated 

effects on individual condition. 

 

 

Figure 3.3 – Realized growth rates and bifurcations derived from breeding population 

abundances. For each replicate population, growth rate in a given generation 𝒕 was calculated 

by dividing the breeding population size 𝑩𝒕 by the breeding abundance in the previous 

generation 𝑩𝒕−𝟏. A population can be said to have passed through a bifurcation or tipping point 

when it’s realised growth rate falls and remains below 1 prior to population collapse. The shaded 

grey area denotes the pre-treatment period, where all populations were maintained under control 

conditions. The dashed lines correspond to the identified tipping point for each replicate 

population. Only populations that showed a bifurcation and collapsed by the end of the 

experiment were included in subsequent analyses. Sample size per treatment = 13 – 20 (total 

number of replicates = 68).  
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Detection of early warning indicators of population collapse 

The performance of abundance-based indicators differed considerably depending on the strength 

and season in which habitat was lost (Fig. 3.4). In general, intrinsic (abundance-based) leading 

indicators performed more reliably as early warning signals for populations subjected to breeding 

habitat loss treatments, with 3 of 5 indicators indicating an impending transition for at least 70% 

of replicates in the 10% breeding treatment (excluding coefficient of variation (cv); Fig. 3.4a), 

and 2 of 5 for the 20% breeding treatment (excluding cv and return rate (rr); Fig. 3.4c). In 

contrast, abundance-based indicators were poor predictors of an impending transition when non-

breeding habitat was lost (all indicators occurred in less than 50% of non-breeding habitat loss 

treatment replicates; Fig. 3.4b, d). The performance of abundance-based indicators derived from 

non-breeding time series was similar, although the proportion of replicates that showed early 

warning signals was lower (Fig. S3.3).  

Trait-based leading indicators also showed considerable differences in their utility as 

early warning signals, depending on both the season and strength of habitat loss (Fig. 3.4). The 

standard deviation in locomotor activity (activity.sd) was the most frequently detected trait-based 

early warning indicator, and was detected in over 70% of replicate populations in each treatment 

group except for the 20% non-breeding habitat loss treatment. Two other trait-based indices 

derived from measurements of individual body mass (mass.mean and mass.sd) functioned as 

early warning indicators when populations lost breeding or non-breeding habitat, but only for the 

10% rate of loss (Fig. 3.4a, b). Detection of trait-based early warning signals was limited in the 

20% habitat loss treatments, with none of the four indicators providing early warning signals of 

population collapse (Fig. 3.4d). Overall, trait-based early warning signals were detected more in 

populations losing breeding habitat than those losing non-breeding habitat. 

In general, composite indicators were good early warning signals of population collapse, 

with some indication that the inclusion of trait-based indicators in the composite metrics 

improved signal detection (Fig. 3.4). The composite indicator comprised of all abundance-based 

leading indicators (comp.count) showed early warning signs in a majority (> 70%) of replicate 

populations losing breeding habitat (Fig. 3.4a, c), but not in populations that lost non-breeding 
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habitat (2-proportion Z-tests: ZB10,NB10 = 2.87, p = 0.002; ZB20,NB20 = 2.63, p = 0.004; Fig. 4b, d). 

We found evidence that higher rates of breeding habitat loss produced less reliable abundance-

based composite signals (ZB10, B20 = 1.82, p = 0.034), with some support for a similar effect with 

non-breeding habitat loss (ZNB10,NB20 = 1.49, p = 0.069).  

 

 

Figure 3.4 – Proportion of time series for which leading and composite indicators act as 

early warning signals. From each replicate population, we derived a series of indicators 

intrinsic to the time series of breeding abundance: acf = autocorrelation at the first lag; ar1 = first 

autoregressive coefficient; cv = coefficient of variation; dr = density ratio; rr = return rate, as 

well as four trait-based indicators, namely the average and standard deviations for locomotor 

activity (activity.mean; activity.sd) and dry body mass (mass.mean; mass.sd). We also calculated 

three composite indicators, which combined the indicators intrinsic to abundance time series 

(comp.count), the trait-based indicators (comp.trait), or all leading indicators (comp.all). An 

indicator served as an early warning signals of an impending bifurcation if the value of the 

indicator deviated from the running average by more than 1 standard deviation. 
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The composite trait-based indicator (comp.trait) appeared to perform better than the 

abundance-based composite indicator, but again was a poor signal of impending population 

collapse for the 20% non-breeding treatment. For the 10% treatments, trait-based composite 

signals appeared to be more reliable with breeding habitat loss (ZB10,NB10 = 1.60, p = 0.055), but 

not the 20% treatments (ZB20,NB20 = 0.87, p = 0.19). For breeding treatments (ZB10,B20 = 1.54, p = 

0.062), but not non-breeding treatments (ZNB10,NB20 = 0.91, p = 0.18), increased rate of habitat 

loss generated fewer early warning signals. Finally, combining all abundance- and trait-based 

leading indicators into a single composite metric (comp.all) generally provided similar or 

improved detection of impending population collapse relative to the composite of abundance-

based indicators (Fig. 3.4). Notably, the composite of all abundance- and trait-based indicators 

provided more reliable early warning for breeding treatments, compared to non-breeding 

treatments (ZB10,NB10 = 1.91, p = 0.056; ZB20,NB20 = 2.09, p = 0.037), with fewer signals produced 

at higher rates of habitat loss (ZB10,B20 = 1.96, p = 0.050; ZNB10,NB20 = 2.34, p = 0.010). 

Discussion 

Using a multi-generation experiment in which replicate populations were subjected to chronic 

habitat loss in either the breeding or non-breeding period, we examined how the timing of 

seasonal stressors influenced the detectability of signals preceding population collapse. 

Consistent with our hypothesis, we show that the season in which habitat is lost has unique 

effects on the response of leading indicators intrinsic to time series of population abundance, as 

well as indicators derived from the measurement of individual traits. In general, abundance-

based indicators derived from breeding population time series provided more reliable early 

warning of impending collapse for populations losing breeding habitat, compared to those losing 

non-breeding habitat. This pattern was broadly true for trait-based indicators as well. Composite 

indicators, derived by combining abundance- and trait-based indicators, generally performed 

better than the leading indicators by themselves. We further demonstrate that, consistent with our 

hypothesis and previous studies, leading and composite indicators performed worse with higher 

levels of habitat loss. 
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 Although body size has been the primary focus of previous studies on trait-based early 

warning signals (Clements and Ozgul 2016a; Clements et al. 2017; Baruah et al. 2019; 

Arkilanian et al. 2020), here we broaden the application of the theory to include a non-

morphological trait. By incorporating data on individual locomotor activity, as well as body 

mass, our results bolster predictions about the utility of other fitness-related traits (e.g., 

behaviour, phenology) in detecting population declines (Burthe et al. 2016; Clements et al. 

2018). Previous work in our seasonal fruit fly system demonstrated that decreases in body size or 

condition associated with a reduction in food availability can negatively impact per capita 

reproductive output, thereby altering fitness and linking individual performance with population-

level change (Betini et al. 2013b; Burant et al. 2020). Likewise, we also anticipated changes in 

locomotor activity, since behaviour is a common way in which organisms respond to 

environmental change (Wong and Candolin 2015; Beever et al. 2017). In this system, decreases 

in population density (like those associated with reductions in food availability) are known to 

induce behavioural responses (Kilgour et al. 2018), which may be related to either decreased 

energy expenditure when food is scarce or increased competition for food and space when 

density is high. These results support calls for further integration of fitness-related traits in 

studies of population viability and conservation. 

Consistent with earlier theoretical (Drake and Griffen 2010) and experimental work 

(Clements and Ozgul 2016a; Baruah et al. 2019), we showed that composite metrics composed 

of multiple abundance- and trait-based indicators have improved predictive capacity. However, 

our results reveal that whether or not a composite indicator acted as an early warning signal is, at 

least in part, dependent on the timing of the stressor driving a population to decline. In particular, 

composite metrics constructed by combining all abundance-based indicators (including those that 

do not show early warning signal themselves) performed better, on average, than any of the 

indicators alone, but only when populations lost breeding habitat. When non-breeding habitat 

was removed, the abundance-based composite indicator did not provide advanced warning that 

populations were nearing collapse, irrespective of the treatment strength. With slower rates of 

habitat loss (10% per generation), incorporating trait-based values generally improved early 

warning signal production in the composite indicators. This result, while novel in its 
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incorporation of seasonality, aligns with theory and empirical evidence that systems can show 

rapid transitions between stable states in the absence of early warning signals (Boerlijst et al. 

2009; Boettiger and Hastings 2012; Perretti and Munch 2012).  

There are a number of potential explanations for the discrepancy in early warning signal 

production between populations subjected to breeding or non-breeding habitat loss. First, and 

perhaps most saliently, breeding and non-breeding habitat loss treatments appeared to generate 

different types of bifurcations and patterns of population decline. Loss of breeding habitat 

resulted in an apparent fold (catastrophic) bifurcation (Baruah et al. 2019), wherein breeding 

population size remained relatively stable in the early generations following the application of 

treatment, before shifting abruptly towards unstable population dynamics and rapid population 

decline. In contrast, when populations lost non-breeding habitat, breeding population size 

declined steadily following the onset of treatment, demonstrating that these populations 

experienced a transcritical (non-catastrophic) bifurcation (Baruah et al. 2019). That said, it is 

important to note that early warning signals are expected to occur regardless of the type of 

tipping point or bifurcation experienced by a population (Kéfi et al. 2013; Clements et al. 2018).  

Another potential explanation for the difference in signal production between season-specific 

habitat loss treatments is that the capacity for populations to respond (through alterations in 

population growth and vital rates) differs between treatments (Burant et al. 2019a). With non-

breeding habitat loss, populations rebound in the subsequent breeding period due to density-

dependent reproduction, which may dampen the production of early warning signals in breeding 

abundance time series. This is not the case with breeding habitat loss because any density-

dependent reproduction on the part of breeders is compensated for by limited food availability 

for offspring (Burant et al. 2019a). Importantly, although there was a general pattern of reduced 

early warning signal production with non-breeding habitat loss, and no other studies have 

considered seasonality in this context, our previous work suggests that other signals, such as 

changes in vital rates, may also provide indication of which season is driving a population to 

decline (Burant et al. 2019a). 
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In our experiment, we specified our control and pre-treatment conditions following on 

previous work in the seasonal fruit fly system (Betini et al. 2013b, 2015b, 2017). The control 

conditions were selected based on a series of preliminary trials which suggested that the 

combination of 10 mL yeast-agar medium (breeding) and 0.2 mL · d-1 sugar water (non-

breeding) produced stable, bi-seasonal population dynamics, in which realized growth rates (i.e., 

Bt/Bt-1 and NBt/NBt-1) approach unity (G.S. Betini and D.R. Norris, unpublished data). Despite 

this, it is possible that seasonal differences in the timing of the onset of population declines 

following the application of treatment could be in part attributed to differences in the degree or 

strength of selection imposed. For example, while we argue that the delayed onset of population 

declines with breeding habitat loss is likely attributable to the effects of density-dependent 

reproduction (Burant et al. 2019a), it is possible that control breeding conditions are simply in 

greater excess of the absolute food availability required to maintain stable population size than 

are the control non-breeding conditions. In addition, to measure individual activity levels we first 

had to lightly anaesthetise the fruit flies, which is known to have impacts on activity and 

reproduction (van Dijken et al. 1977; Barron 2000). Although flies from all replicates were 

similarly handled (see Measurement of individual traits in Methods), it is possible that the 

breeding and non-breeding treatments (and different rates of loss) differentially influenced the 

ability of flies to recover from anaesthesia. However, because the populations were first 

transferred to new breeding vials to reproduce for 24-hours prior to activity measurements, we 

expect that any differences in activity levels can be attributed to real treatment effects.  

Finally, our experiment relied on the use of unstructured populations with discrete (non-

overlapping) generations. Although substantial literature has focused on the value of 

incorporating information on the age- or stage-structured nature of populations when examining 

mechanisms of population change, it remains unclear what effect these considerations have on 

the production of early warning signals. For example, Smallegange and Deere (2014) found that 

populations of bulb mites maintained under discrete and continuous generations followed 

different evolutionary trajectories, as a result of population feedback in the continuous 

populations that was absent from the discrete populations. That said, previous experimental work 

has detected early warning signals in both unstructured, discrete populations (e.g., Clements et 
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al. 2016a) and structured, continuous populations (e.g., Carpenter et al. 2011). One potential way 

in which to explore these effects could be the use of simple theoretical models (e.g., logistic, 

Ricker, and Gompertz equations). 

In conclusion, our results support a growing body of evidence that indicates that 

composite and trait-based indicators can provide advanced warning of an impending population 

decline. We extend existing knowledge on the use and limitations of early warning signals by 

exploring how seasonal differences in stressors that drive populations to decline influence the 

detectability of these signals. Our results suggest that it is imperative to consider the timing or 

location of stressors in the context of annual cycle when using early warning signals (or other 

predictive tools) to identify populations at risk of local or range-wide extinction. Given that the 

vast majority of wild populations exist in seasonal regimes, and that many face ongoing 

anthropogenic threats to their persistence, understanding how populations decline and whether 

these declines can be detected in the types of demographic and trait data commonly collected in 

the field is a critical component of conservation efforts.  
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5 — Epilogue 

The objective of my thesis was to investigate whether populations losing breeding and non-

breeding habitat differ in their production of simple signals indicating which period of the annual 

cycle is driving them to extinction, and to understand the effects of seasonality on the detection 

of impending population declines. By integrating experimental and theoretical modelling 

approaches, I provide evidence that the timing of habitat loss can have important implications for 

patterns of population decline and the production of season-specific signals of decline. 

Specifically, using a multigeneration habitat loss experiment in which replicate populations were 

exposed to chronic, season-specific habitat loss, I show that the timing of environmental 

stressors has unique and opposite effects on the response of population vital rates (Chapter 1). 

This suggests that these simple demographic rates may be useful in identifying the season of 

decline in wild populations. To explore this idea further, I developed a simple theoretical model 

of season-specific habitat loss, and showed that the observed empirical effects of season-specific 

habitat loss on signals of population decline hold under a much wider range of rates of habitat 

loss and demographic scenarios (Chapter 2). Finally, whereas earlier studies have shown that 

generic statistical information inherent in time series of population abundance and fitness-related 

traits can provide advanced indication of impending transitions in ecological systems, I 

demonstrate that the production of these early warning signals is, at least in part, contingent on 

the timing and rate of habitat loss (Chapter 3). Together, my research findings reveal that loss of 

habitat during the breeding or non-breeding periods can generate fundamentally different 

population dynamics, which can be identified by evaluating a handful of demographic and 

statistical indicators derived from the types of data commonly collected from wild populations. 

 There is a substantial and growing body of evidence that shows how changes in 

environmental conditions in only part of the annual cycle can have significant effects on the 

dynamics of seasonal populations (e.g., Sæther et al. 2000; Norris et al. 2004; Calvert et al. 

2009; Gullett et al. 2015). Indeed, recent examples have demonstrated how changes in non-

breeding (Woodworth et al. 2017; Taylor and Stutchbury 2016) or breeding (Rushing et al. 

2016) environmental conditions, like temperature shifts or habitat loss, affect population 
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dynamics elsewhere in the annual cycle. In a season-specific habitat loss experiment in 

populations of Drosophila (Chapter 1), we showed that non-breeding habitat loss induced 

declines in non-breeding survival (as one might expect), but also resulted in a previously 

hypothesized ‘seasonal compensation effect’ (Norris 2005), which led to a density-dependent 

increase in reproduction in the subsequent breeding season. In contrast, breeding habitat loss 

caused reproductive output to decline, but any similar seasonal compensation in non-breeding 

survival was largely limited by ceiling effects (i.e., because survival cannot exceed 100%, and 

renewal is not possible in the non-breeding season). The consistent production of signals under a 

wider range of conditions (Chapter 2) provides strong support for the potential use of these two 

simple demographic rates, which can be readily calculated for many currently monitored 

populations.  

In addition to seasonal vital rates (survival and reproduction), in Chapter 1 we show that 

other intrinsic metrics like the coefficient of variation and autocorrelation, which are commonly 

used as early warning indicators (see Chapter 3), may help in identifying the season of habitat 

loss. Although we did not use them as early warning signals per se in Chapter 1, combining 

different sources of information (e.g., demographic rates; intrinsic early warning indicators; 

individual-based phenotypic measurements) can clearly offer important insights into the timing 

and drivers of population declines (Clements and Ozgul 2016a; Clements et al. 2017). Such an 

approach may be particularly powerful because changes in each of these metrics are the result of 

different phenomena (e.g., sequential density dependence; critical slowing down; plasticity or 

evolutionary shifts), and so using them in combination provides a robust way of assessing 

population stability and vulnerability to further environmental change.  

In both our experimental and theoretical work, we considered the seasonal dynamics of 

populations with discrete time steps and non-overlapping generations. The absence of population 

structure (i.e., age- or stage-structured dynamics; e.g., Liu and Chen 2002) is perhaps common in 

short-lived species (in particular, insects), which often produce several reproductive generations 

with little overlap over a single breeding period (Behrman et al. 2015). However, many longer-

lived species of conservation concern (including most reptiles, birds, and mammals) exist in 

structured populations, in which parent and offspring generations overlap, and the effects of 
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environmental change are not necessarily consistent across different sub-groups (i.e., juveniles 

versus adults) within the population (e.g., Hitchcock and Gratto-Trevor 1997; Altwegg et al. 

2005, 2006; Woodworth et al. 2017). Consequently, it may be important to account for 

population structure, and its potential effects on the response of populations to environmental 

change, when applying our proposed season-specific signals of decline and investigating 

seasonal early warning signals. For example, a recent artificial selection experiment in bulb 

mites (Rhizoglyphus robini) showed the populations with discrete (serial) generations exhibited 

different evolutionary responses compared with structured populations with continuous 

generations (Smallegange and Deere 2014), suggesting that the potential (or lack thereof) for 

population feedback can influence population trajectories and the capacity to respond to 

environmental stimuli. In Chapter 1, we argue that the season-specific signals of decline should 

occur irrespective of the specific context of the system, since these signals are ultimately a 

product of density-dependent mortality (rather than changes in population structure). That said, it 

is somewhat difficult to anticipate how the structured nature of a population will influence the 

detection of these signals of decline. Population models that allow for overlapping generation 

and sub-group-specific demographic rates have offered powerful insights into the drivers of 

population dynamics (Hitchcock and Gratto-Trevor 1997; Liz and Pilarczyk 2012), and could 

provide useful theoretical predictions on the nature of seasonal signals of decline in stage-

structured populations. Empirical evidence demonstrates the occurrence of early warning signals 

in both discrete and structured populations (e.g., Carpenter et al. 2011; Clements et al. 2017), 

suggesting that these signals are generic across the range of demographic structures found in 

wild populations. 

While my thesis substantially contributes to our understanding of the dynamics, 

detection, and predictability of seasonally-induced population declines, it also lends itself to 

several different avenues of future scientific enquiry. First, whereas I have demonstrated how 

season-specific habitat loss results in the production of simple signals indicating which period of 

the annual cycle is driving a population to decline (Chapter 1), and that the predictive capacity of 

early warning signals differs for populations losing breeding versus non-breeding habitat 

(Chapter 3), it remains unclear whether this information can be used to detect and avert 
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extinction before it occurs (Biggs et al. 2009; Contamin and Ellison 2009; Hefley et al. 2016). In 

general, theory and experimental evidence on early warning signals has been successfully 

applied in the post-hoc identification of critical transitions and extinction events in ecological 

systems (Dai et al. 2012; Clements and Ozgul 2016a), and there is some evidence for their utility 

in forecasting future population declines (Hefley et al. 2013; Vasilakopoulos and Marshall 

2015). And yet, whether such predictions can be incorporated into the design of intervention and 

management strategies aimed at protecting vulnerable populations has yet to be fully explored. 

Application of early warning signals to the conservation of natural populations is complicated by 

a number of important considerations. First, not all regime shifts are accompanied by advanced 

warning (Hastings and Wysham 2010; Boerlijst et al. 2013; Kéfi et al. 2013). In addition, while 

the use of early warning signals in well-controlled, experimental systems has proven fruitful (Dai 

et al. 2012; Veraart et al. 2012; Clements and Ozgul 2016a; Chapter 3), these signals may be 

difficult to detect amidst the environmental noise and stochasticity commonly associated with 

real-world ecological data (Perretti and Munch 2012). More fundamentally, even when it is 

possible to identify the processes underlying a population decline, it may be difficult to avert 

collapse because the mechanisms driving a system towards a critical transition may not be the 

same levers needed to prevent the collapse from occurring (so-called ‘hysteresis’; Dakos et al. 

2011; Donangelo et al. 2010; Gsell et al. 2016). There is clearly a need for further work that 

explores the use of experimental and theoretical predictions on the timing of population collapse 

in designing effective interventions (e.g., habitat restoration or population supplementation) to 

avert impending extinction. 

Although habitat loss and fragmentation are among the most common sources of species 

vulnerability (Pimm et al. 2015; Díaz et al. 2019), these are but two of the threats faced by wild 

populations globally as a result of ongoing human land-use, resource extraction, and 

environmental disruption (World Wildlife Fund 2018). Other common threats to natural systems 

include climate change, pollution, invasive species, and chronic overharvesting (International 

Science-Policy Platform on Biodiversity and Ecosystem Services 2019). Moreover, most risks to 

species persistence are likely to be multi-dimensional, and include aspects of several of these 

common anthropogenic threats. As a result, future work should investigate how the timing of 
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other environmental stressors within the context of the full annual cycle, such as seasonality in 

exposure to pollution and other environmental contaminants (Salem et al. 2014), or differential 

warming and acidification of the world’s oceans (Graiff et al. 2015), influences the dynamics of 

population decline and the production of early warning signals. Similarly, even when considering 

only a single threat to population persistence, like habitat loss, in natural systems this threat is 

not necessarily localized to only part of the year. For example, even if conditions are changing 

more rapidly in one season than the other, many (if not most) species are likely to experience 

stressors at multiple times throughout the annual cycle (Rasconi et al. 2016). These 

considerations merit future work investigating how the timing, strength, and combination of 

environmental stressors influences the dynamics of declining populations. 

Finally, while my work provides both experimental (Chapters 1) and theoretical evidence 

(Chapter 2) to support the occurrence of simple signals that indicate which season is driving a 

population to extinction, whether similar season-specific signals of decline exist in observational 

data from wild populations has yet to be investigated. Because the signals I propose in my thesis 

are ultimately a product of fundamental ecological processes like density dependence and carry-

over effects (Betini et al. 2013a; Burant et al. 2020), which commonly play out in natural 

systems (Hanski 1990; Norris and Marra 2006; Harrison et al. 2011), these signals may be ideal 

for broader use in applied conservation efforts. Fortunately, historical and ongoing data-

collection efforts have produced a wealth of long-term demographic time series from wild 

populations around the globe (e.g., the Global Population Dynamics Database; NERC Centre for 

Population Biology 2010), which offer exciting potential to apply the knowledge developed 

herein to natural systems. Moreover, the increased collection of large-scale population data at 

multiple times throughout the annual cycle —e.g., for birds: the North American Breeding Bird 

Survey (BBS; Pardieck et al. 2017) and the Christmas Bird Count (CBC; National Audubon 

Society 2016), or Monitoring Avian Productivity and Survivorship (MAPS; DeSante 1992) and 

Monitoring Neotropical Migrants in Winter (MoSI; DeSante et al. 2005)— and the development 

of techniques to use these data to estimate seasonal population trends (e.g., Link et al. 2008), 

warrants further research on seasonality in the production of early warning indicators and 

season-specific signals of population decline. 



 

 

74 

 

Final remarks 

The environment is constantly changing. In the last two centuries, rapid human population 

growth and accompanying exponential increases in land-use, resource extraction, and 

consumerism, have brought many ecological systems to the brink of collapse. The conservation 

of species and ecosystems threatened by human activity represents a substantial challenge, which 

necessitates action on several, transdisciplinary fronts. From an applied conservation perspective, 

efforts to manage or conserve many species are likely to be hindered by a lack of information on 

the timing and location of environmental stressors that are causing populations to decline. In 

light of significant temporal and financial constraints, including the type of detailed study 

required to fully understand population dynamics throughout the annual cycle, simple, broadly-

applicable tools are required to help target and focus conservation efforts.  

My thesis contributes to a growing body of evidence that supports the importance of 

seasonality in driving population dynamics. I develop a number of simple signals that can be 

used to identify when and where an environmental stressor, such as habitat loss, is occurring. 

These signals, and other potential indicators, may address important practical limitations in 

conservation initiatives. Moreover, my work on early warning signals in seasonal populations 

bolsters existing literature on the utility of these statistical metrics in identifying populations 

vulnerable to collapse, but demonstrates that the timing of environmental stressors can have 

important consequences for signal detection. Broadening our understanding of the consequences 

of seasonality in the timing of environmental stressors, and its effects on patterns of population 

decline and time to extinction, contributes to our collective efforts to conserve threatened species 

and the environments on which they depend. It is essential that we do.  
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“There is a tide in the affairs of men. 

Which, taken at the flood, leads on to fortune; 

Omitted, all the voyage of their life 

Is bound in shallows and in miseries. 

On such a sea we are now afloat, 

And we must take the current when it serves,  

Or lose our ventures.” 

-- William Shakespeare, Julius Caesar 

 

“For generations, this stable Eden nurtured our growing civilizations. 

But now, in the space of just one human lifetime, all that has changed. 

In the last fifty years, wildlife populations have, on average, declined 

by sixty percent. For the first time in human history, the stability of 

nature can no longer be taken for granted. But the natural world is 

resilient. Great riches still remain. And with our help the planet can 

recover. Never has it been more important to understand how the 

natural world works, and how to help it.” 

-- Sir David Attenborough, Our Planet 
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SUPPLEMENTARY MATERIALS 

Supplementary material for Chapter 1: Simple signals indicate which period 

of the annual cycle drives declines in seasonal populations 

 

Figure S1.1 – Habitat reduction treatments following an exponential decay. During the 

treatment period, the quantity of food was systematically reduced by either 10% or 20% per 

generation in either the breeding or non-breeding season. The volume of food provided during 

the treatment season was calculated as 𝑯𝒕 = 𝑯𝒐(𝟏 − 𝒗)𝒕, where 𝑯𝒐 is the initial volume of food 

provided under control conditions (10 mL yeast-agar medium in the breeding season and 0.20 

mL sugar water per day in the non-breeding season), 𝒗 is the rate of decay (10% or 20%), and 𝒕 

is the number of generations since treatment commenced. Population were maintained under 

control conditions for seven filial generations (shaded area), followed by a treatment period of 15 

generations. For reference, dashed lines indicate the generation in which treatments reach ≤ 50% 

of the food provided under control conditions. 
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Figure S1.2 – Season-specific patterns in the response of population vital rates and intrinsic 

metrics derived from non-breeding population sizes. Values were calculated individually for 

each replicate population using a sliding window (size = 3 generations). Importantly, the figures 

for reproductive output and non-breeding survival are the same as those provided in Fig. 1.3. The 

PCA of these non-breeding metrics was performed following the same procedure as described 

for the breeding metrics (see Principal component analysis in the Methods section). Solid lines 

indicate the average time series for each treatment and dashed lines indicate the standard error. 

Sample size ntreatment = 19 – 20 replicates (N = 98). 

 

(a) Per capita reproductive output 

 

(b) Per capita non-breeding survival 
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(c) Coefficient of variation 

 

(d) Autocorrelation 

 

(e) Skewness 
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(f) Principal component score (PC1) 

 

 

Loadings PC1 PC2 PC3 PC4 

Per capita non-breeding survival -0.694 0.193 0.053 0.692 

Per capita reproduction 0.705 0.040 -0.087 0.702 

Coefficient of variation (𝑐𝑉) 0.037 0.823 -0.546 -0.151 

Autocorrelation (lag-1) 0.141 0.532 0.832 -0.070 

Importance of components PC1 PC2 PC3 PC4 

Standard deviation 1.268 1.010 0.981 0.603 

Proportion variance explained 0.407 0.258 0.243 0.092 

Cumulative variance explained 0.407 0.665 0.908 1.000 
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Table S1.1 – Summary of principal component analysis (PCA) of seasonal vital rates and 

intrinsic metrics. We used a PCA to generate a composite metric of the effects of season-

specific habitat loss through time. Autocorrelation and the coefficient of variation were derived 

from breeding population counts only. All variables were standardized and centred by generation 

prior to being included in the PCA. The first principal component (PC1) was regressed against 

the season of treatment and generation, with separate models for 10% and 20% per generation 

habitat loss treatments (see Table 1.2). 

Loadings PC1 PC2 PC3 PC4 

Per capita non-breeding survival -0.427 0.739 -0.095 0.512 

Per capita reproduction 0.538 -0.068 -0.733 0.412 

Coefficient of variation (𝑐𝑉) 0.472 0.666 -0.039 -0.575 

Autocorrelation (lag-1) 0.552 0.068 0.673 0.487 

Importance of components PC1 PC2 PC3 PC4 

Standard deviation 1.179 0.990 0.923 0.852 

Proportion variance explained 0.352 0.248 0.216 0.184 

Cumulative variance explained 0.352 0.600 0.816 1.000 
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Supplementary material for Chapter 2: Season-specific signals of population 

decline and time to extinction across a broad range of conditions 

 

Figure S2.1 – Time series of breeding population abundance derived from a bi-seasonal 

Ricker model. Breeding abundance was calculated as the number of potentially breeders at the 

beginning of the breeding period (i.e., the number of individuals who survived through the 

previous non-breeding period. All replicates were simulated under control conditions (no habitat 

loss) for 20 generations prior to the onset of treatment. Sample size = 25 replicates per season 

and rate of habitat loss. 
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Figure S2.2 – Time series of non-breeding population abundance derived from a bi-

seasonal Ricker model. Non-breeding abundance was calculated as the number of individuals at 

the start of the non-breeding period (i.e., the number of adult offspring produced by the previous 

generation). All replicates were simulated under control conditions (no habitat loss) for 20 

generations prior to the onset of treatment. Sample size = 25 replicates per season and rate of 

habitat loss. 
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Figure S2.3 – Bi-seasonal and season-specific population abundances from models 

parameterized with empirical values from seasonal populations of Drosophila melanogaster 

(Part I). All replicates were simulated under control (no habitat loss conditions) for 20 

generations while they grew toward carrying capacity (shaded grey region). In subsequent 

generations, season-specific habitat loss was simulated at 2%, 5%, 10%, 20%, or 25% per 

generation (see Theoretical model simulations in Methods). Sample size = 25 replicates per 

season and rate of habitat loss. 
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Figure S2.4 – Per capita reproductive output (breeding period) and survival (non-breeding 

period) from model simulations of chronic habitat loss parameterized with empirical values 

from seasonal populations of Drosophila melanogaster (Part II). In replicate simulations, 

populations were exposed to (a) no habitat loss (control), (b) breeding habitat loss, or (c) non-

breeding habitat loss. In each generation, per capita reproduction was calculated as the number 

of offspring divided by the number of breeders, and non-breeding survival was calculated as the 

number of individuals at the end of the non-breeding period divided by initial non-breeding 

population size. All replicates were simulated under control (no habitat loss conditions) for 20 

generations while they grew toward carrying capacity (shaded grey region). In subsequent 

generations, season-specific habitat loss was simulated at 2%, 5%, 10%, 20%, or 25% per 

generation (see Theoretical model simulations in Methods). (d, e) per capita reproduction as a 

function of breeding population size. (f, g) non-breeding survival as a function of non-breeding 

population size. In general, for d-g, seasonal population abundances shifted from right (high) to 

left (low) along the x-axis as habitat loss progressed (see Fig. 3, Fig. 4 in main text). Number of 

observations: nreproduction(B loss) = 1488; nreproduction(NB loss) = 1311; nsurvival(B loss) = 1408; nsurvival(NB loss) 

= 1500. Sample size (N) = 25 simulations per treatment. 
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Statistical analysis for Supplementary Figure S2.4 

We used simulations from bi-seasonal Ricker model parameterized using information 

empirically-derived from seasonal Drosophila populations (see Theoretical model simulations in 

Methods; Betini et al. 2013a) to investigate how the seasonal vital rates (reproduction and non-

breeding survival) changed in response to changes in seasonal population abundance with habitat 

loss. To do this, we used four separate mixed effects models (Bolker et al. 2009): two models for 

each vital rate (one for breeding habitat loss treatments and one for non-breeding habitat loss 

treatments). All statistical models were fitted in a Bayesian framework (Ellison 2004). In each 

model, the seasonal vital rate of interest was regressed against the two-way interaction between 

the corresponding abundance value (integer) and the rate of habitat loss treatment (5-level factor: 

2, 5, 10, 20, 25). Simulation number was fitted as a random effect, with a random slope term 

included for the rate of habitat loss. Because we were interested in modelling the effects of 

habitat loss, we only included data from the treatment period (after 20 generations of control 

conditions; see Theoretical model simulations in Methods).  

Per capita reproduction was modelled as a function of breeding population abundance 

with linear mixed effects models (LMM; family = Gaussian, link-function = identity). Non-

breeding survival, a proportion ranging [0, 1], was modelled as a function of non-breeding 

population abundance with generalized linear mixed effects models (GLMM; family = Beta, 

link-function = logit; Ferrari and Cribari-Neto 2004). Importantly, the beta distribution cannot be 

used to model zeroes and ones, and so does not include the maximum bounds of the data range 

(Duoma and Weedon 2019). To account for this, non-breeding survival for populations losing 

non-breeding habitat (range = [0, 1)) was modelled as (survival + 0.0001) to account for zeroes 

in the dataset. In contrast, populations losing breeding habitat reached 100% non-breeding 

survival at low non-breeding densities, and so all values were modelled as (survival – 0.0001). 

 We specified the statistical models using flat priors, with each model consisting of four 

chains of 5,000 iterations, a burn-in period of 1,000 iterations per chain, and post-sampling 

thinning to every fourth iteration (nchain = 1,000 iterations; nmodel = 4,000 iterations). Model 

convergence was confirmed by consulting �̂� values (equal to 1 at convergence), as well as 
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inspecting the posterior distributions of fitted values and caterpillar plots (Bürkner 2017). 

Estimates of the effect size of predictor variables were taken from the posterior distributions of 

the model parameters, with 95 percent credible intervals (C.I.) around the means (β) made based 

on the 4,000 samples from each statistical model (Cumming and Finch 2005). Model fit was 

estimated using Bayesian 𝑅2 as the proportion of variance explained (Gelman et al. 2018). 

Summary of results presented in Supplementary Figure S2.4 

Simulations from our theoretical models produce clear evidence for an effect of sequential 

density dependence on the population vital rates: per capita reproduction and non-breeding 

survival. When breeding habitat was lost, per capita reproduction declined as habitat loss 

progressed. As a consequence, there was strong evidence for a positive relationship between 

breeding population abundance (i.e., the number of potential breeders) and per capita 

reproductive output (breeding habitat loss: 𝑅𝑟𝑏~𝑁𝑏

2 = 0.377, 95% C.I. = (0.344, 0.408)), such that 

as populations lost breeding habitat and the number of breeding individuals declined, per capita 

reproductive output also declined (Table S1). The strength of the relationship between breeding 

abundance and per capita reproduction increased (and so the intercept got smaller) with the rate 

of breeding habitat loss treatment (Table S1). By contrast, non-breeding habitat loss generated an 

increase in per capita reproduction as habitat loss progressed, since fewer potential breeders 

survived the previous non-breeding period. We found strong evidence for a negative relationship 

between per capita reproduction and breeding abundance for non-breeding habitat loss 

treatments (non-breeding habitat loss: 𝑅𝑟𝑏~𝑁𝑏

2 = 0.881, 95% C.I. = (0.875, 0.885)), such that as 

simulations lost non-breeding habitat and the number of potential breeders declined, per capita 

reproductive output increased (Table S1). The strength of the relationship between breeding 

abundance and per capita reproduction decreased (and so the intercept got smaller) with the rate 

of non-breeding habitat loss treatment (Table S1). 

 Non-breeding survival increased with breeding habitat loss treatments, since fewer 

offspring were produced by the preceding generation and so individuals experienced reduced 

density dependence in the non-breeding period. As a result, we found strong evidence for a 

negative relationship between non-breeding population abundance and non-breeding survival 
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(breeding habitat loss: 𝑅𝑟𝑛𝑏~𝑁𝑛𝑏

2 = 0.726, 95% C.I. = (0.720, 0.732)), such that as breeding habitat 

loss progressed and so initial non-breeding abundance decreased, non-breeding survival 

increased (Table S2). With non-breeding habitat loss, non-breeding survival decreased as 

treatment progressed with relatively dampened changes in non-breeding population abundance 

until later generations, due to density-dependent reproduction. For non-breeding treatments, 

there was a positive relationship between non-breeding abundance and non-breeding survival 

(non-breeding habitat loss: 𝑅𝑟𝑛𝑏~𝑁𝑛𝑏

2 = 0.210, 95% C.I. = (0.188, 0.234); Table S2), although this 

relationship was highly nonlinear. 
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Table S2.1 – Effect size estimates for per capita reproduction from simulations 

parameterized with empirical values from seasonal populations of Drosophila melanogaster 

(Part III). Two univariate linear mixed effects models were used to test the influence of 

breeding population abundance (Nb) on changes in per capita reproduction (rb; see Fig. S2.4d, e). 

Separate statistical models were fitted for the results from simulations of the impacts of breeding 

and non-breeding habitat loss on the relationship between population vital rates (per capita 

reproduction; non-breeding survival) and the corresponding abundance measure (breeding; non-

breeding) for models parameterized with empirical values from seasonal populations of 

Drosophila melanogaster (see Statistical analysis). Effect size estimates (β) and 95% credible 

intervals (C.I.) were taken from the posterior distribution of model parameters.  
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 Breeding habitat loss Non-breeding habitat loss 

Fixed effect 
Estimate  

(β) 

Lower  

95% C.I. 

Upper  

95% C.I. 

Estimate  

(β) 

Lower 

95% C.I. 

Upper 

95% CI 

(Intercept) 0.839 0.792 0.887 8.41 8.07 8.77 

Count 0.002 0.001 0.002 -0.037 -0.039 -0.036 

Treatment (B05) -0.132 -0.204 -0.059 0.234 -0.353 0.827 

Treatment (B10) -0.371 -0.451 -0.290 0.507 -0.081 1.08 

Treatment (B20) -0.549 -0.642 -0.453 -0.173 -0.744 0.399 

Treatment (B25) -0.673 -0.763 -0.582 0.234 -0.473 0.932 

Count:B05 3 x 10-4 -3 x 10-4 0.001 -3 x 10-4 -0.002 0.002 

Count:B10 0.001 0.001 0.002 -0.003 -0.005 -2 x 10-4 

Count:B20 0.002 0.001 0.003 -0.001 -0.003 0.002 

Count:B25 0.002 0.002 0.003 -1 x 10-4 -0.003 0.003 

Random effect 
Estimate  

(σ) 

Lower  

95% C.I. 

Upper  

95% C.I. 

Estimate  

(σ) 

Lower 

95% C.I. 

Upper 

95% CI 

sd(Intercept) 0.053 0.022 0.080 0.772 0.572 1.01 

sd(B05) 0.035 0.001 0.099 0.724 0.066 1.56 

sd(B10) 0.032 0.001 0.086 0.628 0.034 1.52 

sd(B20) 0.033 0.001 0.093 0.417 0.015 1.19 

sd(B25) 0.033 0.001 0.094 0.880 0.106 1.76 

Family-specific 
Estimate  

(σ) 

Lower  

95% C.I. 

Upper  

95% C.I. 

Estimate  

(σ) 

Lower 

95% C.I. 

Upper 

95% CI 

Sigma (σ) 0.322 0.310 0.334 1.16 1.12 1.21 

  



 

 

115 

 

Table S2.2– Effect size estimates for non-breeding survival from simulations parameterized 

with empirical values from seasonal populations of Drosophila melanogaster (Part IV). Two 

univariate linear mixed effects models were used to test the influence of non-breeding population 

abundance (Nnb) on changes in non-breeding survival (rnb; see Fig. S2.4f-g). Separate statistical 

models were fitted for the results from simulations of the impacts of breeding and non-breeding 

habitat loss on the relationship between population vital rates (per capita reproduction; non-

breeding survival) and the corresponding abundance measure (breeding; non-breeding) for 

models parameterized with empirical values from seasonal populations of Drosophila 

melanogaster (see Statistical analysis). Effect size estimates (β) and 95% credible intervals (C.I.) 

were taken from the posterior distribution of model parameters. To be interpreted on the scale of 

the input data (proportions; (0, 1)), estimates of the intercept for each rate of habitat loss must be 

back-transformed from beta regression estimates using inverse-logit function: 𝒍𝒐𝒈𝒊𝒕−𝟏(𝒏) =
 𝒆𝒏/(𝟏 + 𝒆𝒏) (Douma and Weedon 2019).   
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 Breeding habitat loss Non-breeding habitat loss 

Fixed effect 
Estimate  

(β) 

Lower  

95% C.I. 

Upper  

95% C.I. 

Estimate  

(β) 

Lower  

95% C.I. 

Upper  

95% C.I. 

(Intercept) 3.14 3.03 3.24 -1.84 -2.03 -1.64 

Count -0.008 -0.009 -0.008 0.006 0.005 0.007 

Treatment (B05) -0.010 -0.177 0.154 -0.146 -0.435 0.154 

Treatment (B10) -0.095 -0.285 0.092 -0.340 -0.691 -0.005 

Treatment (B20) -0.521 -0.723 -0.319 -0.494 -0.879 -0.128 

Treatment (B25) -0.020 -0.228 0.187 -0.287 -0.710 0.114 

Count:B05 0.001 -3 x 10-4 0.001 -1 x 10-4 -0.001 0.001 

Count:B10 0.001 -4 x 10-4 0.002 -3 x 10-4 -0.002 0.001 

Count:B20 0.003 0.001 0.004 -1 x 10-4 -0.002 0.002 

Count:B25 0.001 -4 x 10-4 0.002 -0.002 -0.004 -0.001 

Random effect 
Estimate  

(σ) 

Lower  

95% C.I. 

Upper  

95% C.I. 

Estimate  

(σ) 

Lower 

95% C.I. 

Upper 

95% CI 

sd(Intercept) 0.065 0.004 0.146 0.095 0.004 0.260 

sd(B05) 0.108 0.006 0.254 0.094 0.004 0.275 

sd(B10) 0.120 0.006 0.283 0.089 0.004 0.260 

sd(B20) 0.124 0.006 0.297 0.106 0.004 0.304 

sd(B25) 0.090 0.004 0.247 0.095 0.004 0.260 

Family-specific 
Estimate  

(φ) 

Lower  

95% C.I. 

Upper  

95% C.I. 

Estimate  

(φ) 

Lower 

95% C.I. 

Upper 

95% CI 

Phi (φ) 15.82 14.63 17.09 2.18 2.04 2.33 
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Method S2.1 – R code for the bi-seasonal Ricker model with habitat loss. The season-

specific habitat loss model was adopted from Betini et al. (2013a), and habitat loss was 

simulated by modifying carrying capacity (K) and growth (r) in either the breeding or non-

breeding period (see Bi-seasonal Ricker model with habitat loss in Methods; Chapter 2). 
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Supplementary material for Chapter 3: Early warning indicators of 

population collapse in seasonal environments 

 

Figure S3.1 – Non-breeding population size of experimental populations of Drosophila 

through time. Adult abundance was counted twice per generation: the total number of adult 

offspring at the start of the non-breeding period (non-breeding population size; 𝑵𝑩𝒕), and the 

total number of adults that survive through the non-breeding period to reproduce (breeding 

population size; 𝑩𝒕; see Fig. 3.2). The shaded grey area corresponds to the pre-treatment period. 

The thick solid lines indicate the average time series for each treatment, with dashed lines 

showing the standard error. Sample size per treatment = 19 – 20 (total replicates = 98). 
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Figure S3.2 – Realized growth rates and bifurcations derived from non-breeding 

population abundances. For each replicate population, growth rate in a given generation 𝒕 was 

calculated by dividing the non-breeding population size 𝑵𝑩𝒕 by the non-breeding abundance in 

the previous generation 𝑵𝑩𝒕−𝟏. A population can be said to have passed through a bifurcation or 

tipping point when it’s realized growth rate falls and remains below 1 prior to population 

collapse. The shaded grey area denotes the pre-treatment period, where all populations were 

maintained under control conditions. The dashed lines correspond to the identified tipping point 

for each replicate population. Only populations that showed a bifurcation and collapsed by the 

end of the experiment were included in subsequent analyses. Sample size per treatment = 14 – 20 

(total replicates = 66). (See Fig. 3.3 realized growth rates from breeding abundance time series.) 
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Figure S3.3 – Proportion of non-breeding time series for which leading and composite 

indicators act as early warning signals. From each replicate population, we derived a series of 

indicators intrinsic to the time series of breeding abundance: acf = autocorrelation at the first lag; 

ar1 = first autoregressive coefficient; cv = coefficient of variation; dr = density ratio; rr = return 

rate. We also calculated a composite metric (comp.count), which included all the leading 

indicators. Composite An indicator served as an early warning signals of an impending 

bifurcation if the value of the indicator deviated from the running average by more than 1 

standard deviation. (See Fig. 3.4 for early warning signal detection in breeding time series.) 
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