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Abstract 

 

Overwintering energetics and life-history trade-offs in insects:  

the interplay between stochastic and seasonal variation 

 

by 

 

Andre Szejner Sigal 

 

Doctor of Philosophy in Integrative Biology 

 

University of California, Berkeley 

 

Professor Caroline M. Williams, Chair 

 

Seasonality shapes major life-history strategies and adaptations across the tree of life. The 

alternating nature of seasons for growth and reproduction and seasons of adverse conditions can 

put conflicting selective pressures on energy use. Growing seasons often drive evolution of fast-

paced processes and activity, while adverse seasons like winter drive evolution of dormancy and 

energy conservation. Thus, energy use strategies in seasonal environments have profound impacts 

on fitness. Integrating fitness across seasons and organismal responses to environmental change is 

key to understanding how populations will respond to ongoing global climate change. Energetics 

can play two essential roles in mediating organismal fitness in seasonal environments: energy 

reserves can determine winter survival, and energy at the end of winter can determine reproductive 

success. Survival and reproduction are both critical components of fitness, and thus energy 

allocation strategies may favor one over the other, revealing potential trade-offs when energy is 

limited. However, we do not know how environmental variation and predictability affect energy 

allocation strategies. Understanding the impacts of environmental change in seasonal 

environments will help us make better predictions of population responses and vulnerability to 

climate change. 

My dissertation aims to expand our understanding of overwintering energy use strategies, 

then explore how variable environments affect energy allocation strategies under a trade-off 

between maintenance and future reproduction. Finally, I test my predictions of energy allocation 

strategies under realistic winter conditions. Winter performance can determine summer 

performance, linking life cycles in seasonal environments. This work reveals the extent to which 

stochastic and predictable variation in seasonal environments can affect selective pressures and 

thus fitness in overwintering organisms. The carry-over effects of winter fitness into the growing 

season and vice versa expand our understanding of population responses to variable and changing 

environments. 

Chapter 1 explores the role of group behavior on energy conservation in overwintering 

aggregations, a potential energy use strategy that remains widely underexplored. The convergent 

ladybeetle (Hippodamia convergens) overwinters in massive aggregations, making it an ideal 

system for testing the effect of aggregation size on metabolic rates in overwintering insects. I 

measured energy use and thermal sensitivity of beetle aggregations across two ecologically 

relevant temperatures, and measured locomotor activity as one possible driver of group effects on 

energy use. Metabolic rates per beetle decreased with increasing aggregation size and scaled 
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hypometrically with mass at both temperatures tested, with responses more pronounced at low 

temperatures. Activity decreased with aggregation size, but only at low temperatures. These results 

suggest that individuals within aggregations enter a deeper metabolically inactive state that single 

individual beetles cannot achieve, which is partly but not completely explained by a reduction in 

locomotor activity. This behavioral strategy for energy conservation may provide an additional 

selective advantage for the evolution of large overwintering aggregations. 

Chapter 2 explores the impact that variation in predictable and stochastic environments has 

on an energy allocation trade-off between somatic maintenance and future reproduction. 

Seasonality can modulate selection of energy use strategies, but we currently lack a theoretical 

framework to generate predictions on energy allocation strategies under changing stochastic 

conditions. Stochastic extreme events, like heat waves or cold snaps, are increasing in frequency 

and can have major impacts on population fitness. Overwintering organisms can prepare for harsh 

conditions by investing energy into stress tolerance (somatic maintenance). However, energy 

reserves at the end of winter can also influence future reproductive fitness, depending on the 

relative importance of stored versus recently acquired reserves for reproduction across the capital 

to income breeding continuum. In this chapter, I develop a general theoretical model that assesses 

fitness under increasing probability of stochastic lethal events, temporal variation in probability of 

stochastic events through winter, and how a stochastic end of winter affects optimal allocation 

strategies in income and capital breeders. Increasing probability of extreme events modulates 

allocation strategies in capital breeders. Temporal variation in extreme events and stochastic end 

of the season can alter optimal timing of investments, offering insights on the mismatch costs that 

changing environments may impose on overwintering organisms. These results highlight the role 

of end reserves in seasonal transitions and identify capital breeders to be especially susceptible to 

climate change. 

Chapter 3 tests the predictions from Chapter 2 by applying it to a case study of a capital 

breeder, the beetle Chrysomela aeneicollis, and answering how variation in snow cover can affect 

a trade-off between winter survival and future reproduction in realistic scenarios. Variation in 

snow cover modulates stochastic cold events and baseline energetic costs for organisms 

overwintering underground. Winters with deep snow cover have high baseline winter costs while 

having a low risk of lethal cold events. On the other hand, winters with little or no snow cover 

have low baseline winter costs but organisms are exposed to a high risk of lethal cold. In this 

chapter, I build on Chapter 2 by incorporating organism-specific parameters for energy reserves, 

rates of energy use, and microclimate conditions. I develop a model to systematically explore how 

cold risk, baseline winter costs, and their interaction under realistic winter scenarios affect energy 

use, survival, and allocation strategies of the willow leaf beetle (Chrysomela aeneicollis). My 

results support conclusions from Chapter 2, as increased cold risk and baseline costs can drive 

allocation strategies, but the response is strongly dependent on starting reserves. Increased cold 

risk affects future reproduction of beetles starting winter with high reserves, while increased 

baseline costs affect both reproduction and survival for lean beetles. Under realistic winter 

conditions, snow cover can modulate the trade-off between winter survival and future 

reproduction. Overwintering organisms under deep snow cover show high survival at the cost of 

reproduction, while winters with low snow favored reproduction at the cost of survival. These 

results show that both starting reserves and winter conditions, in the form of cold risk and baseline 

costs, drive distinct energy allocation strategies, and offer new insights into population dynamics 

and predictions under climate change.
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Introduction 
 

Winter poses one of the strongest and most widespread selective pressures organisms face 

in temperate latitudes (Williams et al., 2017). Selective pressures include lack of available food, 

and harsh abiotic conditions such as low temperatures. These selective pressures have shaped 

major life-history adaptations across the tree of life including dormancy. The interannual 

predictability of seasonality has allowed natural selection to consistently pick overwintering traits 

like increased energy reserves and stress hardiness, that prepare organisms for winter. However, 

seasonal environments also have a stochastic, or unpredictable component that organisms must 

cope with in order to survive. Climate change is increasing the frequency of extreme events, albeit 

remaining unpredictable. Additionally, climate change is also changing the seasonal timings 

between environmental cues and population responses. These increases in environmental 

stochasticity are likely to strengthen the selective pressures in already harsh winters. Thus, we 

need to better understand how organisms respond to both predictable and unpredictable 

environments in order predict how climate change will impact organisms and identify which 

populations are most at risk. 

Most overwintering organisms share energy use strategies that allow them to survive long 

periods of time with limited or no food available. There are several ways in which organisms shift 

their energy use that span from the molecular level to the population level. Some strategies to 

decrease energy demands include metabolic suppression, tissue histolysis, and reduced locomotor 

activity. Other strategies include increasing the energy stores prior to winter in order to sustain 

long periods of no food availability. Importantly, none of these strategies are mutually exclusive, 

and organisms show any combination of these. Insects in particular show an outstanding level of 

diversity in overwintering strategies, even in closely related species. Regardless of strategy used, 

energy use during winter is tightly tied to fitness. Even though there are increasing number of 

studies on seasonal adaptations, there is still a large gap in our knowledge on how organisms 

respond to a changing environment. More specifically, what tools do organisms have to cope with 

unpredictable conditions, and how do these conditions affect cross-seasonal fitness. In this 

dissertation, I address the central hypothesis that energy allocation must be tightly regulated to 

meet energetic demands under both predictable and unpredictable environments. When energy is 

limited, we may reveal a potential trade-off between winter survival and reproduction in the 

growing season.  

In the following chapters I explore three main energy use strategies for overwintering 

organisms to test my central hypothesis. In Chapter 1, I focus on how behavior can impact energy 

use in overwintering insects. Many overwintering organisms form aggregations during winter. 

Overwintering aggregations can modify their internal environment by buffering thermal 

fluctuations and conserve water, but little is known about their role on energy use. The convergent 

ladybeetle (Hippodamia convergens) forms aggregations of up to several million individuals in 

the wild while maintaining a relatively active state, making it the perfect system to study the role 

of aggregations on energy use. In Chapter 2, I take a theoretical approach to disentangling energy 

allocation under predictable and unpredictable environments. I develop a general model to test 

how stochastic events in seasonal environments, such as cold snaps and unpredictable end of the 

season, affect energy allocation between maintenance and future reproduction. The model sets the 

stage to test life history strategies that vary in the relative importance of the reserves left at the end 

of winter. The model results will help us identify how changing environments may affect fitness 

and which organisms may be the most at risk. Finally, in Chapter 3 I take a closer look at the model 
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developed in Chapter 2 and apply real ecophysiological parameters to test how snow cover affects 

energy allocation strategies between survival and reproduction during the growing season. Snow 

cover acts as a natural buffer from thermal fluctuations for organisms overwintering underground. 

Interannual variation in snow cover results in organisms facing sometimes very stable winters, 

while some years have larger and colder thermal fluctuations. Organisms tend to invest energy into 

cryoprotection in order to survive cold spells, while also carefully saving energy to survive long 

periods of no food during winter. This is particularly important for capital breeders, as energy left 

at the end of winter is used for reproduction during the growing season. In this chapter I take the 

winter physiology of the willow leaf beetle Chrysomela aeneicollis, a capital breeder, to better 

understand the role of natural stochastic variation on energy allocation strategies and the potential 

trade-off between survival and future reproduction. Together, these chapters will assess the role of 

energy use strategies on overwintering fitness, and the importance of the life history context on 

shaping allocations strategies under unpredictable environments. 
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Chapter 1 

 

Aggregations reduce winter metabolic rates in the diapausing ladybeetle 

Hippodamia convergens 
 

 

Originally published as: 

Szejner-Sigal, A., & Williams, C. M. (2022). Aggregations reduce winter metabolic rates in the 

diapausing ladybeetle Hippodamia convergens. Journal of Insect Physiology, 137, 104357. 

 

This paper is reproduced here with kind permission from the co-author and the Graduate Division, 

University of California, Berkeley. 

 

1.1 Introduction 

 

Many overwintering animals seek sheltered hibernacula, in which they are buffered from 

abiotic extremes. In some cases, overwintering animals seek shelter by aggregating in large groups 

of conspecifics (Brower et al., 2008; Hagen, 1962). Aggregating behavior in insects is associated 

with a wide range of benefits, including increased mating success (Susset et al., 2018), amplified 

aposematic signaling (Beatty et al., 2005; Riipi et al., 2001), and reduced water loss (Benoit et al., 

2007; Yoder and Smith, 1997). For overwintering organisms, aggregations can buffer external 

conditions such as temperature fluctuations and low humidity, reducing desiccation stress and 

improving overwintering success (Brower et al., 2008; Yoder et al., 1992; Yoder and Smith, 1997). 

Despite evidence that aggregations reduce rates of water loss, the impact of overwintering 

aggregations on energetics has not been well explored, despite the important contribution of 

energetics to fitness for overwintering insects (Hahn and Denlinger, 2011, 2007; Sinclair, 2015, 

but see Tojo et al. 2005).  

Aggregations may impact fitness through their effects on energetics. Overwintering insects 

have a set amount of energy stores to survive winter (Hahn and Denlinger, 2007; Sinclair, 2015). 

The rate of depletion of these energy stores is set by metabolic rate, and any factors that increase 

metabolic costs during winter can decrease fitness via increased mortality or decreased 

reproductive success (Irwin and Lee, 2003; Williams et al., 2012; reviewed in Sinclair, 2015). 

Metabolic rates of insects within some aggregations decrease with increasing group size, 

suggesting that aggregations may provide energetic benefits (Su et al., 2007, Tanaka et al., 1988; 

Tojo et al., 2005; Waters et al., 2017, but see Schoombie et al., 2013). Tanaka et al., 1988 first 

documented the group effects in estivating tropical fungus beetles (Stenotarsus subtilis), showing 

that per capita metabolic rates decrease with increasing group size. Since then, Tojo et al., 2005 

and Su et al., 2007 have reported metabolic suppression in overwintering aggregations of 

Hemipterans (Parastrachia japonensis and Pyrrhocoris apterus). Mass-specific metabolic rates of 

whole Pogonomyrmex californicus ant colonies are lower than experimentally reduced-size 

colonies (Waters et al., 2017). Even groups of Drosophila melanogaster, a non-aggregating insect, 

show decreased per capita metabolic rates relative to flies individually housed (Burggren et al., 

2017), suggesting that group metabolic savings may be widespread. Despite this, energetic benefits 

of aggregations are not widely recognized as a component of insect overwintering, despite the 
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potential importance of this phenomenon for determining performance and fitness in the face of 

climate change (Sinclair, 2015). 

Many species of ladybeetles (Coleoptera: Coccinellidae) aggregate during winter (Hagen, 

1962; Hodek, 2012). Ladybeetle aggregations provide benefits including mate-finding (Susset et 

al., 2018), reduced water loss (Yoder and Smith, 1997), and improved survival (Murakami et al., 

2019; Turnock and Wise, 2004), as well as costs including increased risk of infection (Güven et 

al., 2015) and predation (Chapman et al., 1955). The convergent ladybeetle (Hippodamia 

convergens) overwinters in massive aggregations that can reach tens of millions of individuals 

(Hagen, 1962). Overwintering convergent ladybeetles maintain their locomotor capacity, allowing 

them to re-form aggregations after perturbations and relocate if conditions become unfavorable 

(AS, personal observations). Convergent ladybeetle aggregations reduce water loss and beetles 

within aggregations maintain a constant water content (Hagen, 1962; Yoder and Smith, 1997), but 

whether these overwintering aggregations reduce metabolic rates and conserve winter energy 

stores has not been addressed. 

Allometric scaling of metabolic rate is a powerful tool to detect and quantify the effects of 

group size on individual metabolic rate. Interspecific metabolic rates scale hypometrically with 

body mass with a slope between 0.67 and 0.75 when plotted on a logarithmic scale (Kleiber, 1932; 

Kolokotrones et al., 2010; Kooijman, 1986; Maino et al., 2014; West et al., 1997). Metabolic 

allometry extends to colonies of eusocial insects: in ant colonies of P. californicus, metabolic rate 

scales hypometrically with colony mass, but only in whole colonies (Waters et al., 2017), and not 

in groups of workers, wherein metabolic rates scaled isometrically with mass (Waters et al., 2010). 

Thus, hypometric scaling can be seen as a characteristic of functional units, both whole organisms 

and colonies, where larger mass results in lower metabolic rates per unit mass.  

Reductions in metabolic rate in aggregating insects may be driven by decreases in 

locomotion. Locomotion is energetically costly (reviewed by Bonte et al., 2012), and may 

influence energetic costs of aggregations. For example, low metabolic rates in colonies of P. 

californicus are at least partially caused by decreases in activity levels of ants compared to smaller 

experimentally-reduced colonies (Waters et al., 2017). Low temperatures within physiological 

limits reduce locomotor activity in insects (Cloyed and Dell, 2020), and so by manipulating 

temperatures and measuring metabolic rates and activity we can assess the role of locomotion in 

driving differences in metabolic allometry across aggregation sizes. 

We aimed to characterize the impact of aggregation size on overwintering energy use of H. 

convergens, to test the hypothesis that aggregations reduce energy use by lowering locomotor 

activity. Here, we ask three questions: 1) Does metabolic rate of individual beetles decrease with 

increasing aggregation size, such that whole-aggregation metabolic rates scale hypometrically 

with mass of beetles? 2) Does locomotor activity decrease with increasing aggregation size? 3) 

Do cool temperatures decrease the magnitude of group effects on locomotor activity and 

metabolic rates? 

 

1.2 Material and Methods 
 

Animal Husbandry 

 

Adult overwintering Hippodamia convergens were collected from aggregations in 

Berkeley, CA (37°52'21.8"N, 122°14'18.5"W) in October 2018 and October 2019 for 15°C activity 

trials. Beetles were housed in plastic containers (15x15x5cm) with a small mesh top for aeration, 
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and a crumbled paper towel to hold moisture. Each box contained several hundred beetles, to allow 

aggregations to form. Boxes were stored at 15°C - 8°C ± 0.5°C in a gradual 10-step fluctuating 

cycle, on a short day 14:10 L:D cycle (I-36VL, Percival Scientific, IA, USA) for several weeks 

prior to the experiments. The temperatures of 15°C and 8°C represent the mean winter daily 

maxima and daily minima from microclimatic data for these beetle aggregations. Beetle 

aggregations were lightly sprayed with water every two weeks.  

 

Respirometry Experiments 

 

We used stop-flow respirometry to quantify oxygen consumption and carbon dioxide 

production rates (V̇O2 and V̇CO2) as a proxy for metabolic rates of beetle aggregations (aggregation 

sizes 1, 10, 25, and 50 beetles, N = 13-26 replicates per aggregation size, 69 groups in total) at 8°C 

and 15°C (protocol modified from Visser et al., 2018). Briefly, beetles were sorted into groups of 

1, 10, 25 and 50 and put into 20mL glass chambers with a thin paper slip of Kimwipe for traction, 

and kept in dark conditions throughout the experiment. Beetle groups were left for one hour to 

form aggregations and acclimate to the chamber. Each beetle group was measured at both 8°C and 

15°C (in random order) using a temperature-controlled chamber [Pelt-5, Sable Systems 

International (SSI), Las Vegas, NV, USA], and allowed at least one hour of acclimation after 

exposure to a new temperature. Respirometry chambers were connected to a flow multiplexer 

(RM8, SSI) and flushed for 3 min sequentially with dry, CO2-free air, generated using a Drierite–

Ascarite–Drierite column, at a flow rate of ~170mL min−1, after which the chambers were sealed 

for 21min. After the incubation, dry and CO2-free air carried the chamber bolus sequentially into 

the O2 and CO2 gas analyzers (FOXBOX, SSI) at a flow rate of 176mL min-1 for 3min/chamber, 

immediately followed by a two-minute baseline. The bolus was scrubbed of water vapor using a 

magnesium perchlorate column before entering the gas analyzers. We collected data using a UI2 

interface (SSI) at a frequency of 1Hz. The multiplexer was programmed to cycle twice through 

five chambers with beetle groups, and a blank chamber with a paper slip of Kimwipe as a control. 

This resulted in two measurements for every beetle group per temperature, of which the lowest 

peak was used as a proxy for standard metabolic rate for analysis. Data was corrected using a 

Catmull-Rom correction to adjust for instrument drift and removed instrument noise with a 

Savitzky-Golay filter with a 15-step window. All corrections were carried out using the software 

ExpeData (SSI). Beetle groups were weighed immediately after the metabolic rate measurements 

(Mettler Toledo XP6 microbalance [±1 μg], Mettler-Toledo Inc., Columbus, OH, USA). Oxygen 

signal of individual beetles at 8°C (9.7% of total samples) was not detectable above the 

instrumental noise, so V̇CO2 was used for statistical analyses throughout (V̇CO2 ~ V̇O2, R2 = 

0.989). The sensitivity of metabolic rates to temperature was assessed using Q10 for each group 

and was calculated as: 

 

 𝑄10 = (
𝑅2
𝑅1
⁄ )

10
(𝑇2−𝑇1)
⁄

 

 

where R1 and R2 are V̇CO2 at T1 (8°C) and T2 (15°C) respectively. 

 

Activity Experiments 

 

We measured activity time of focal beetles across the full range of group sizes (1, 10, 25, 

50) using a repeated measures design. Focal beetles (n=20) were haphazardly selected, weighed, 
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marked with blue (n=10) or white (n=10) acrylic paint, then allowed to recover from handling for 

24hrs before the start of the experiment. Paint had no effects on mortality or aggregating behavior 

(0% mortality after one week at 8°C, aggregations continued to form; data not shown). Focal 

beetles were placed into their respective groups in 50mL vials and acclimated for 2h at 8°C or 

15°C in darkness. Groups of 1 and 10 beetles had a total of one marked beetle each, and groups of 

25 and 50 had two marked beetles of different colors at a time. After acclimation, activity of each 

focal beetle was observed and scored (0 = inactive, 1 = actively walking) every 5 minutes for an 

hour under red light through the incubator window. Activity scores were summed to give total 

activity time in minutes per hour for each focal beetle. This procedure was repeated until each 

focal beetle had been measured at each aggregation size in a random order, with each trial treated 

as a blocking factor. Activity experiments were conducted within 2 days for each temperature, and 

beetles were maintained at their fluctuating thermal regime when not used in the experiments. 

 

Statistical Analysis 

 

All statistical analyses were performed in R v.3.5.2 (R Team, 2018). Preliminary data 

exploration was performed according to (Zuur et al., 2010). Our general modeling approach was 

to fit saturated models with all interactions and sequentially simplify the models by dropping non-

significant terms until the minimal adequate model was obtained, as suggested by Crawley, (2007). 

Per capita metabolic rates were obtained by dividing V̇CO2 by the number of individuals 

in the group, normalized using natural log transformation and analyzed using a linear mixed model, 

where V̇CO2 was described as a function of mass, aggregation size, and temperature, with trial run 

as a random effect. Mass scaling exponents were obtained from the slopes of natural log-

transformed group metabolic rates as a function of natural log-transformed mass at each 

temperature. Q10s were analyzed using an ANOVA, with aggregation size as a categorical fixed 

factor. 

Total time active of marked beetles across group size was analyzed using a Friedman’s test 

for each temperature with a post-hoc analysis for significance (Galili, 2010). Analysis included 

group size as factor, and beetle ID (marked beetle identifier) as a random factor accounting for 

individual differences in activity levels. Chi-square tests and Pearson residuals were used to assess 

patterns of activity or inactivity of marked beetles across group sizes and their relative contribution 

to the pattern at each temperature.  

 

 

1.3 Results 
 

Respirometry Analysis 

 

Metabolic rates of individual beetles were higher at 15°C than at 8°C and decreased with 

increasing group size (F3,140 = 153.4, lnMass x Temp = P < 0.001, Fig. 1.1A). Metabolic rate scaled 

hypometrically with mass at both temperatures, but with a shallower slope at the cooler 

temperature (mass-scaling exponents 0.678 at 8°C and 0.798 at 15°C; F3,140 = 689.7, lnMass x 

Temp P < 0.001, Fig. 1.1B). Mass scaling of metabolic rates was not seen within each aggregation 

size (P > 0.05, Fig. S1.1). Thermal sensitivity of metabolic rates increased with increasing group 

size from 2.86 in single individual beetles to 4.70 in groups of 50 beetles (F3,68 = 4.44, P = 0.006, 

Fig. 1.2). 
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Fig. 1.1. Metabolic rate of diapausing convergent ladybeetles (Hippodamia convergens) at 15°C 

(red, triangles), and 8°C (blue, circles) in aggregations of varying sizes (1, 10, 25, and 50 

individuals). A) Per capita metabolic rate as a function of group mass, data plotted on natural log 

scale. B) Mass scaling of metabolic rates. Data plotted on natural log scale, with allometric scaling 

equations from linear regressions. Dotted line represents an isometric mass-scaling of metabolic 

rate. Numbers under each cluster of points represent number of individuals in each aggregation. 
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Fig. 1.2. Thermal sensitivity of metabolic rates of diapausing convergent ladybeetles (Hippodamia 

convergens) across aggregations sizes (1, 10, 25, and 50 individuals). Q10 calculated from 

metabolic rates at 8°C and 15°C. Letters indicate significant differences between group sizes, 

P<0.05. Boxplots show quartiles, and median values. 
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Activity Analysis 

 

Activity at 15°C was not significantly different across aggregation sizes (Friedman statistic 

= 4.3286, df = 3, P = 0.228, Fig. 1.3A). However, at 8°C, marked beetles were active between 0 – 

15 minutes per hour, and activity time decreased with increasing aggregation size (Friedman 

statistic = 16.677, df = 3, P = 0.0008, Fig. 1.3B). Beetle mass and beetle ID did not affect activity 

time (Mass; Kruskal-Wallis χ2 = 36.257, P = 0.3638, Beetle ID; Kruskal-Wallis χ2 = 20.297, P = 

0.4395). We then compared observed vs expected frequencies of active and inactive beetles at each 

temperature. At 8°C, single individual beetles were more active and beetles within aggregations 

of 50 were less active than expected (χ2 = 14.762, df = 3, P = 0.002, Fig. 1.4A), while for beetles 

at 15°C activity frequencies did not differ from expected values across aggregation sizes (χ2 = 

5.416, df = 3, P = 0.143, Fig. 1.4B). 
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Fig. 1.3. Activity time of diapausing convergent ladybeetles (Hippodamia convergens) at 15°C 

(A), and 8°C (B) in aggregations of varying sizes (1, 10, 25, and 50 individuals). Median active 

time (closed circles) of marked beetles (n=20, open circles), solid lines track each marked beetle. 

Note the time active axis differs between temperatures. 
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Fig. 1.4. Observed versus expected frequencies of active and inactive beetles (Hippodamia 

convergens) in aggregations of different sizes (1, 10, 25, and 50 individuals) at 8°C (left) and 15°C 

(right). Bubble size and color represent weighted Pearson residuals from Chi-square tests on 

frequencies of active or inactive marked beetles. Numbers within bubbles are observed frequencies 

of marked beetles at each aggregation size (n=20). 
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Table 1.1. Overview of current literature of group effects on metabolic rates in dormant insect 

aggregations 

 

Species Aggregation 

size 

(no. individuals) 

Energy use 

(MR/mg/hr)a 

Energy 

saved 

(%)b 

Scaling 

Factorc 

References 

Hippodamia convergens 

(15°C) 

1 0.189 57.14 0.79 Current study 

10 0.103 

25 0.082 

50 0.081 

Hippodamia convergens 

(8°C) 

1 0.101 71.33 0.67 Current study 

10 0.044 

25 0.03 

50 0.029 

Pyrrhocoris apterus 1 0.052 36.54 0.88 (Su et al., 

2007) 5 0.044 

10 0.041 

20 0.037 

  50 0.033 

Parastrachia japonensis  1 0.256 41.40 0.85 (Tojo et al., 

2005) 10 0.152 

20 

40 

0.163 

0.150 

Stenotarsus subtilis 15 0.185 78.37 0.42 (Tanaka et al., 

1988) 30 0.15 

90 

210 

0.085 

0.04 
a Energy use units varied across studies. We standardized units of mass to mg. Original units for 

mass-specific metabolic rates: Current study (CO2/mg/hr), Su et al., 2007(W/g), Tojo et al., 2005 

(uL O2/g/hr), and Tanaka et al., 1988 (uL O2/g/hr). 
b Energy saved is the percent change between the largest and smallest aggregation size tested.  
c Scaling factors were calculated from linear regressions of natural log transformed metabolic rates 

and mass across all aggregation sizes. 
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1.4 Discussion  

 
 Aggregating behavior is often associated with mating systems, aposematic/defense, and 

modifications to microclimatic conditions (Danks, 2002; Sillén-Tullberg, 1990, 1988; Stamp and 

Bowers, 1988; Susset et al., 2018). However, many aggregations occur during winter, when energy 

conservation is linked to survival, and few studies have explored the role of group effects on energy 

use and overwintering success (Su et al., 2007; Tojo et al., 2005). Here, we have quantified the 

effects of aggregation size on energy use and locomotor activity in overwintering ladybeetle 

aggregations, and explored the effects of temperature on these group effects. Metabolic savings 

that aggregations provide to overwintering organisms may represent an underexplored energy use 

strategy, with direct implications for overwintering success.  

 

Energetic Benefits of Aggregations 

 

 Ladybeetles within overwintering aggregations expended less energy than single 

individual beetles. Per capita beetle metabolic rates decreased by 57% and 71% with increasing 

aggregation size at warm and cool temperatures respectively (Fig. 1.1A, Table 1.1). These fall 

within the range of metabolic savings seen in overwintering aggregations of Pyrrhocoris apterus 

and Parastrachia japonensis (Su et al., 2007; Tojo et al., 2005; Table 1.1) and the tropical fungus 

beetle Stenotarsus subtilis (Tanaka et al., 1988; Table 1.1). Diapausing organisms already suppress 

their metabolic rates in order to conserve energy, and these group effects provide additional 

energetic savings that may result in greater energy stores at the end of winter (Hahn and Denlinger, 

2011, 2007; Irwin and Lee, 2003; Sinclair, 2015). Thus, aggregating during winter may provide 

significant energy savings, with related fitness benefits. H. convergens aggregations can reach tens 

of millions of individuals, but our results showed that per capita metabolic rates plateaued at 

aggregation sizes of 25 and above (Fig. 1.1A). This suggests that the magnitude of metabolic 

savings we detected may generalize to larger aggregations in nature, but this remains to be tested 

in wild beetles.  

 Aggregation size modulated the effects of temperature on energy use, suggesting that 

aggregation size will determine the impact of thermal variation. Contrary to our predictions, the 

impact of aggregation on metabolic rate was more pronounced at the cooler temperature (8°C, Fig. 

1.1A) than at warmer temperatures, giving rise to an exaggerated thermal sensitivity of metabolism 

in large aggregations (Fig. 1.2). Expected Q10s (thermal sensitivities) for biological processes are 

in the range of 2-3 (Somero et al., 2017), and large aggregations had an average Q10 of 4.70, 

meaning that metabolism would almost increase 5-fold for a 10°C increase in temperature. This is 

much higher than the thermal sensitivities of 2.1 found in aggregations of tropical fungus beetles 

(Tanaka et al., 1988). Winter mean temperatures are increasing in temperate regions as a result of 

anthropogenic climate change (Williams et al., 2015b). The lower degree of metabolic suppression 

that we documented at the warmer temperature suggests that the energetic benefits of 

overwintering aggregations may decrease as climate warms, potentially having a disproportionate 

impact on aggregating species by increasing energy stress and reducing overwintering success.  

 

Metabolic Scaling of Overwintering Aggregations 

 

 Beetle aggregations show a hypometric mass scaling of metabolic rates at both 

temperatures (Fig. 1.1B).  A similar hypometric scaling is also seen in whole ant colonies but not 
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in groups of workers (Waters et al., 2017), suggesting that collections of individuals do not 

necessarily generate hypometric scaling. Our results suggest that the energetic profile of ladybeetle 

aggregations resembles that of a colony rather than a congregation of individuals. We also 

calculated mass-scaling exponents for published studies of insect aggregations and found that 

hypometric scaling was the norm in overwintering aggregations (Table 1.1). However, metabolic 

rates of groups of non-aggregating insects are seldom reported (Burggren et al., 2017). Thus, it is 

uncertain whether group effects on metabolic rates are an evolved life-history trait in insect 

overwintering aggregations and insect colonies, or alternatively, a non-adaptive consequence of 

grouping, for example due to supply limitation. We encourage future studies to address this gap in 

knowledge and determine if hypometric scaling is an adaptive strategy tied to life-history, or a 

non-adaptive consequence of grouping behavior. 

 

Mechanisms Underlying Energy Savings  

 

 Locomotion is energetically expensive and contributes to metabolic outputs (Bonte et 

al., 2012). We found some evidence that reduced locomotor activity may have accounted for some 

portion of the metabolic suppression in large aggregations, but only at low temperatures. 

Overwintering H. convergens aggregations may reduce locomotion after finding other 

conspecifics using chemical cues (Wheeler and Cardé, 2014). At warmer temperatures, even 

though aggregations still formed and activity was generally low, active time and proportion active 

did not differ significantly across aggregation sizes (Fig. 1.3, Fig. 1.4), ruling out locomotor 

activity as a driver of reduced metabolic costs of aggregating beetles at warm temperatures. We 

thus found partial support for our hypothesis that aggregations reduce metabolic costs by reducing 

locomotor activity, and suggest that other mechanisms must contribute to the reduction in 

metabolic rates of aggregations compared to single individual beetles at warm temperatures. 

 Relative humidity within aggregations is a likely mechanism driving metabolic 

suppression, acting either as a cue or token stimuli that stimulates metabolic suppression, or as a 

direct regulator of energetic costs via the stress response. Low relative humidity ameliorates 

metabolic suppression in large aggregations of tropical fungus beetles (Tanaka et al., 1988), 

suggesting that high relative humidity in aggregations is a cue to induce metabolic suppression. 

However, P. japonensis aggregations still showed metabolic suppression in aggregations under 

desiccating conditions (Tojo et al., 2005). As an alternative to humidity acting as a cue for 

metabolic suppression, desiccation stress in single individual beetles may elevate metabolic 

demands relative to beetles in aggregations, as seen with thermal stress (Williams et al., 2016a). 

Aggregations of H. convergens have reduced water loss compared to individual beetles (Yoder 

and Smith, 1997), suggesting that desiccation stress may contribute to the metabolic pattern across 

groups. 

 

Evolutionary Context 

 

 Energy saving strategies are most likely to evolve in life-history stages where energy is 

limited, and fitness is enhanced by low metabolic rates. Correspondingly, aggregations reduce 

metabolic rate in dormant insects with a fixed energy budget (Su et al., 2007; Tojo et al., 2005), 

but not in active and feeding insect aggregations when fitness is enhanced by rapid growth and 

development (Schoombie et al., 2013). This shows the need to take into account the context of the 

aggregations to predict the impacts of aggregations on energetics. The energy-saving properties of 
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overwintering aggregations provide an additional benefit that may explain the multiple times 

overwintering aggregations have evolved in insects.  

 Although metabolic suppression has fitness enhancing effects by conserving energy, 

large aggregations with reduced locomotor activity may be more vulnerable to predation. This 

could explain why most large overwintering aggregations involve insects with aposematic 

coloration and chemical defenses against predation (Riipi et al., 2001). Predation risk induces 

energetic costs associated with increased escape responses (Khater et al., 2016). By lowering the 

risk of predation, aposematic aggregations reduce the need to be prepared for an escape and the 

costs linked to this behavior. Given the fitness advantages of overwintering energy saving, release 

of predation risk may have facilitated the selection for deeper metabolic suppression in aposematic 

aggregations. However, further testing is needed between cryptic and aposematic aggregations to 

determine if there is a link between aposematism and group effects on metabolic rates. 

 

Conclusions 

 

 Metabolic suppression in aggregating insects is an overwintering energy use strategy 

often overlooked in the field of winter physiology, but there is growing evidence that it may be 

widespread (Su et al., 2007; Tojo et al., 2005). Here we demonstrated marked metabolic 

suppression in aggregating ladybeetles, and identified locomotion as one of the potential 

mechanisms driving these metabolic savings at cool temperatures. This energy saving strategy is 

reduced at warm temperatures, which suggests that the benefits of overwintering aggregations may 

be reduced as winters warm. We encourage more studies to address the mechanism driving this 

energy saving strategy and better understand metabolic plasticity dependent on group size. 
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Chapter 1-2 Transition 
 

Energy conservation is linked to survival and fitness of overwintering ectotherms, and is 

particularly critical in winter. In Chapter 1, I showed that increasing overwintering aggregation 

size drives energy conservation partly because of reduced locomotor activity, and group effects 

are larger in cooler temperatures. The allometric mass scaling of metabolic rates of aggregations 

showed similar trends to those found in ant colonies, where hypometric scaling show lower per 

capita energy demands with increasing mass. I also explore the literature on insect aggregations, 

and found that documented dormant aggregations show decreases in energy use compared to single 

individuals. These results highlight the need to include behavioral adaptations into overwintering 

energy use strategies. This group strategy for energy conservation may provide an additional 

selective advantage for the evolution of large overwintering aggregations. The rest of this 

dissertation will continue to explore energy use strategies under a potential winter tradeoff between 

survival and future reproduction. In summary, the findings from Chapter 1 shed light into the gap 

of knowledge regarding the nuanced role of energy use strategies and fitness. In the following 

chapters I continue to address my central hypothesis that energy allocation is regulated to meet 

energetic demands under both predictable and unpredictable environments. 

 

Chapter 2 now takes a theoretical approach to understanding energy allocation strategies 

under a winter trade-off between survival and future reproduction. The relative importance of 

energy reserves at the end of winter varies across all life, with some organisms allocating post-

winter reserves into reproduction (capital breeding), and others do not (income breeding). 

However, winter conditions may pose stress that requires energetically expensive responses to 

improve survival. In the next chapter I develop a general theoretical model to create new 

predictions of energy allocation, given the life history context across the income-capital 

continuum, and the role of predictable and stochastic components of seasonal environments. 
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Chapter 2 

 

Energy allocation trade-off between somatic maintenance and future 

reproduction under predictable seasonal and unpredictable stochastic 

conditions during winter 

 
2.1 Introduction 
 

Seasonality poses one of the strongest and most widespread selective pressures organisms 

face (Williams et al., 2017). Seasonality is defined by an annual cycle of alternating periods of 

permissive conditions for growth and reproduction, i.e. growing season, followed by a period of 

adverse conditions. Seasonal abiotic and biotic selection pressures shape major life-history 

strategies including migration and dormancy, all of which are prevalent across the tree of life 

(Varpe, 2017). Adverse seasons, such as winters, usually have limited or no food available and can 

have lethal climatic conditions, like low temperatures, that apply strong selective pressures that 

shape fitness landscapes of many traits. The predictability of alternating growing and adverse 

seasons has allowed evolution to consistently select for certain life-history traits, such as increased 

energy reserves and stress hardiness, that prepare the organism for the adverse seasons (Kivelä et 

al., 2013; Sinclair, 2015; Wilsterman et al., 2021). However, even though recent work has shown 

that stochasticity in seasonal environments, like season endpoint or mortality risk, can also play 

an important role in life-history evolution (Ejsmond et al., 2018; Kivelä et al., 2016), theoretical 

work often oversimplifies the adverse season, leaving a large gap in our understanding of how 

organisms cope with a combination of predictable (seasonal) and unpredictable (stochastic) 

variation. 

Stochastic extreme events, like heat spells or cold snaps, are becoming more frequent 

(Diffenbaugh et al., 2017; IPCC, 2021; van der Wiel and Bintanja, 2021) and can have a substantial 

impact on fitness (Bentz et al., 2010; Bozinovic et al., 2016; Vázquez et al., 2015). However, there 

is evidence that some organisms are able to respond to extreme events via adaptive plasticity 

(Campbell-Staton et al., 2017), moderating selective pressures at least partially. Seasonal extreme 

events can also have a temporal component of predictability, where the probability of extreme 

events vary within a season (Fu et al., 2013; Vergni and Todisco, 2011). Furthermore, timing of 

seasonal transitions represents another stochastic component to seasonality. Organisms 

transitioning from adverse seasons into growing seasons must undergo large physiological shifts 

including upregulation of reproductive and digestive systems (Roberts et al. in prep). Thus, 

phenological mismatches when falling out of synchrony with the growing season can lead to 

decreasing fitness (Reed et al., 2013). 

Energy reserves can determine survival and fitness over winter, particularly for dormant 

animals (Sinclair, 2015). Prior to winter, many animals accumulate somatic energy reserves, which 

are used to fuel metabolic demands during winter (Hahn and Denlinger, 2011; Wilsterman et al., 

2021). Energy depletion can cause winter mortality, if somatic energy reserves cannot be 

replenished due to dormancy (Biro et al., 2021; Klockmann and Fischer, 2019; Roberts et al., 2021; 

Vesterlund et al., 2014). Winter energy reserves can also be used to increase cold tolerance, thus 

increasing survival after stress exposure. Cold tolerance mechanisms can include upregulation of 

cold-responsive genes closely tied to energy production, and proteins like heat shock proteins, 
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modification of lipid membrane composition and fluidity to restore membrane function, and 

protective modifications to the cytoskeleton (reviewed by Clark and Worland 2008; and Toxopeus 

and Sinclair 2018). Another prevalent cold tolerance strategy is the production and accumulation 

of cryoprotectants, usually low molecular weight sugars and alcohols that reduce the freezing point 

(Storey and Storey, 1983). Additionally, evidence suggest a direct energetic cost associated with 

the recovery after stressful conditions associated with cold temperatures, including repair from 

oxidative damage, clear metabolic by-products, repair or clear damaged proteins (Štětina et al., 

2018). Additionally, recent studies have also shown indirect costs in longevity and fecundity after 

recovery from cold stress (Scaccini et al., 2020). Thus, somatic maintenance costs during winter 

are determined by both the basal costs of metabolism and any energy invested in stress tolerance, 

which can be modulated in response to cold exposure. 

Energy reserves remaining at the end of winter can also influence future reproductive 

fitness, depending on the relative importance of stored versus recently acquired reserves for 

reproduction across the capital to income breeding continuum (Jönsson, 1997). Examples of 

extreme capital breeders often have non-functional mouthparts, coupling their energy reserves to 

their reproductive fitness, while extreme income breeders only develop their reproductive systems 

until they start feeding, both extremes are relatively common in some insect orders (Coleoptera 

and Lepidoptera for capital breeders, Diptera and Hemiptera for income breeders). However, most 

organisms fall within the continuum, and energy allocation between maintenance and reproduction 

is not likely fixed. Evidence suggests an energy allocation trade-off between survival and 

reproduction, where high frequency of extreme events results in less fecundity than individuals 

exposed to a single extreme event without differences in survival (Koštál et al., 2019; Marshall 

and Sinclair, 2018; Rukke et al., 2018). Theory predicts that seasonality can modulate selection 

for these breeding strategies, with long growing seasons favoring income breeding, and short 

growing seasons selecting for capital breeding (Sainmont et al., 2014). However, most models lack 

the multifarious selective pressures during adverse seasons that may reveal energy allocation trade-

offs and their subsequent consequences on reproductive success. More precisely, we currently lack 

a theoretical framework to test and generate new predictions on how capital and income breeders 

respond to changing seasonal stochastic conditions.  

Here I explore how organisms can maximize fitness given energy allocation trade-offs 

between somatic maintenance and future reproduction under stochastic environmental variation. I 

assess optimal energy allocation under (1) increasing probability of stochastic lethal events, (2) 

temporal variation in probability of stochastic events through winter, and (3) stochastic end of 

winter. I assess effects of these three environmental changes on fitness for both income and capital 

breeders. The results of this work will help identify breeding strategies that are particularly 

sensitive to changes in stochastic conditions and identify which type of stochastic seasonal 

conditions have a greater impact on energy allocation trade-offs and fitness. Identifying the 

selective pressures of environmental stochasticity on different life-history strategies will assist our 

understanding of current seasonal population dynamics and species distributions. 

The general model will be framed around overwintering organisms for ease of 

interpretation, but the results and predictions should be generalizable to any system where energy 

reserves are not replenishable, individuals may experience environmental stress that can be 

survived through energy investment, and energy reserves are linked to future fitness either directly 

through reproduction or growth. This model is particularly relevant to organisms with 

metabolically active tissues, sufficient plasticity in stress tolerance, and are able to respond to 

stress. 
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2.2 Methods 
 

Overview of the models 

 

I considered a simple winter with ten time periods T (called ‘weeks’ from now on for 

simplicity, but they can be interpreted as any unit of time). Individuals start winter with a set 

amount of energy reserves, xstart, with maximum possible reserves, xmax, and must spend one energy 

unit per week that represents weekly baseline metabolic costs, c. Each week, individuals in the 

model determine their cold tolerance state, tol, based on the probability of lethal cold events, pc, 

at the expense of using up more of their energy reserves, x. Individuals that invest into cold 

tolerance (considered somatic maintenance) gain immunity to cold events for that week, while 

individuals that do not to invest become cold susceptible and die if a cold event occurs. Finally, 

individuals die from starvation if energy reserves fall below a critical level, xcrit. 

All individuals start winter as cold susceptible, and can switch allocation decisions weekly. 

There is a low constant background weekly mortality risk, µ, due to additional factors such as 

disease or predation and is independent of cold tolerance state. Parameters c and µ remain constant 

in the current models, but are included as a foundation for future investigations. Full descriptions 

of the parameters are in Table 2.1. 

I used stochastic dynamic programming (SDP) models paired with forward simulation 

models for income and capital breeders through winter to compare optimal allocation strategies 

under stochastic seasonal conditions. The SDP model optimizes an individual’s allocation 

decisions on their cold tolerance state through winter. The model calculates fitness under varying 

stochastic conditions, and produces an optimal decision matrix that maximizes fitness for each 

energy pool available for allocation, EP, for each timepoint. Then I ran forward simulation models 

where individuals allocate their reserves optimally through each week given their energy reserves 

through winter. The final model outputs for each energy pool EP are: weekly optimal decisions 

given the energy reserve at each timepoint, total energy invested into cold tolerance (allocation 

into somatic maintenance), and total energy left (allocation into future reproduction) at the end of 

winter, and survival. The order of events in the models are as follows: each week, an individual 

spends the baseline metabolic cost of that week, and the cost of becoming cold tolerant or not. At 

the end of the week, fitness is calculated given the new energy state, taking into account the 

mortality risk µ, and the probability of a cold event pc happening. The individuals die when x falls 

to xcrit or a lethal cold event occurs while they are cold susceptible. 

I compiled my models into three modules, each matching a research objective on energy 

allocation strategies: Module 2.1 tests the effects of changes in probability of stochastic lethal 

events, Module 2.2 tests the effects of temporal variation in probability of stochastic events, and 

Module 2.3 tests the effects of stochastic end of the season. All models and data processing were 

conducted in R 4.0.2 (R Team, 2020). Further details on fitness functions, SDP and forward 

simulation models, and modules are described below.  

 

Fitness Functions for breeding strategies 

 

Fitness in the models is calculated based on the expected fitness at the end of winter 

(terminal fitness) for each breeding strategy. I modeled three breeding strategies, one for income 

breeders and two for capital breeders where the terminal fitness is a function of energy reserves 

after winter, T+1, and independent of cold tolerance state (Fig. 2.1).  
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Fig. 2.1. Terminal fitness functions for Income (yellow), Capital.Logistic (black), Capital.Linear 

(red) given the end energy reserves at the end of winter. 
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For income breeders, I defined their terminal fitness as: 

𝐹𝑖𝑛𝑐𝑜𝑚𝑒(𝑥, 𝑡𝑜𝑙, 𝑇 + 1) = {
1       𝑖𝑓 𝑥 > 𝑥𝑐𝑟𝑖𝑡
0       𝑖𝑓 𝑥 ≤ 𝑥𝑐𝑟𝑖𝑡

 ( 1 ) 

where individuals receive zero fitness when energy reserves fall below xcrit and receive maximum 

fitness if energy reserves end above xcrit. The terminal conditions are either survival or starvation, 

as income breeders do not rely on end energy reserves for future reproduction. 

For capital breeders, I tested two terminal fitness functions where the end energy reserves 

increase fitness linearly or nonlinearly. I defined the linear terminal fitness as: 

𝐹𝑐𝑎𝑝𝑖𝑡𝑎𝑙.𝑙𝑖𝑛𝑒𝑎𝑟(𝑥, 𝑡𝑜𝑙, 𝑇 + 1) = {
1                           
α𝑥 +  β              
0                          

      

𝑖𝑓 𝑥 ≥ 𝑥𝑠𝑎𝑡
𝑖𝑓 𝑥𝑐𝑟𝑖𝑡 < 𝑥 < 𝑥𝑠𝑎𝑡
𝑖𝑓 𝑥 ≤ 𝑥𝑐𝑟𝑖𝑡

( 2 ) 

where fitness increases linearly above xcrit with increasing energy reserves up to the limit xsat when 

fitness is maximized. One example of capital breeders with a linear terminal fitness function is 

when number of eggs increase with energy reserves up to a maximum egg capacity. 

For capital breeders with a logistic function, I defined their terminal fitness as: 

𝐹𝑐𝑎𝑝𝑖𝑡𝑎𝑙.𝑙𝑜𝑔𝑖𝑠𝑡𝑖𝑐(𝑥, 𝑡𝑜𝑙, 𝑇 + 1) = {
1                          

1 (1 + 100𝑒−0.5𝑥⁄ )
0                              

         

𝑖𝑓 𝑥 ≥ 𝑥𝑠𝑎𝑡
𝑖𝑓 𝑥𝑐𝑟𝑖𝑡 < 𝑥 < 𝑥𝑠𝑎𝑡
𝑖𝑓 𝑥 ≤ 𝑥𝑐𝑟𝑖𝑡

( 3 ) 

where fitness increases exponentially above xcrit with increasing energy reserves, then plateaus at 

xsat, when fitness is maximized. This terminal function represents capital breeders that have an 

initial slow increase in fitness with increasing reserves (for example, when a certain amount of 

reserves are required for the first clutch or offspring), after which fitness increases rapidly with 

ending energy reserves until plateauing (for example, due to constraints on egg production or costs 

of very high energy storage). Finally, more offspring may lead to diminishing fitness gains due to 

high competition at high clutch/offspring densities. 

 

SDP and forward simulation models 

 

In order to find the investment strategy given an energy state that maximizes fitness, I 

calculated potential fitness F(x,tol,t), describing the optimal decision at each energy reserve and 

tolerance state for each time t  and each breeding strategy. Optimal decisions are those resulting in 

the maximum fitness for that week when comparing tolerance investment decisions.  

The individuals’ fitness function through winter is: 

𝐹(𝑥, 𝑡𝑜𝑙, 𝑡) = max
𝑖
⟨(1 − µ)⏟    
survive

{[(1 − 𝑝𝑐)𝐹(𝑥 − 𝑒𝑖 − 𝑐, 𝑡𝑜𝑙, 𝑡 + 1)]⏟                      
no cold event

+ [(𝑝𝑐)𝐹(𝑥 − 𝑒𝑖 − 𝑐, 𝑡𝑜𝑙, 𝑡 + 1)]⏟                  
cold event

}⟩ ( 4 ) 

 

where F ∈ {Fincome, Fcapital.linear, Fcapital.logistic} and i ∈ {invest, save}. 

I used the standard method of backward iteration (Clark and Mangel, 2000) to solve the 

SDP models. After solving for F, I extracted the optimal decisions for each week that maximize 

the fitness, and used forward simulation models where individuals allocate their reserves optimally 
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through each week, given energy reserves through winter, testing individuals with all possible 

starting reserves, xstart. To ease interpretation of the results, I calculated the total energy pool 

available for allocation, EP as: 

𝐸𝑃 =  𝑥𝑠𝑡𝑎𝑟𝑡 − 𝑥𝑐𝑟𝑖𝑡 − 𝑤𝑐𝑜𝑠𝑡 ( 5 ) 

where xstart is the energy reserves at t=1, xcrit. Is the critical energy reserves before starvation, and 

wcost is the minimum amount of energy required to survive winter, in other words the sum of 

weekly baseline metabolic costs for a whole winter. 

 

Module 2.1: Impact of increased probability of cold on energy allocation 

 

Winters can vary in probability of extreme cold events. For example, populations in low 

altitudes and latitudes are less likely to experience extreme cold events than populations at higher 

altitudes. However, the frequency of extreme cold also varies between years. 

In the model, lethal cold events occur with a constant weekly probability pc, and I tested 

values ranging from 0.01 to 0.52 in 0.01 increments. This wide range of probabilities span from 

mild winters with only a 9.5% chance of at least one lethal cold event happening by the end of 

winter to very harsh winters where there is 99.9% of at least one cold event and high chances of 

multiple lethal cold events occurring through winter. 

I simulated 500 individuals through winter for each possible starting reserve xstart and each 

probability of cold pc for each breeding strategy. From each forward simulation model, I extracted 

total energy invested into cold tolerance and total energy left for future reproduction at the end of 

winter. For each pc, I also extracted the minimum energy pool required to invest into cold tolerance 

at least once (maintenance thresholds). Maintenance thresholds show the affinity for energy 

reserves for each breeding strategy given the risk of cold, with high maintenance thresholds 

showing that investment into tolerance occurs only when individuals have a large energy pool for 

allocation, and vice versa. These maintenance thresholds were then used to assess sensitivity to 

winters with different cold risks. 
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Table 2.1. Parameters used in the models 

 

  

 

 

 

 

 

 

 

Parameter Values Description 

α 0.0526 Income Breeder terminal fitness slope 

β -0.0526 Income Breeder terminal fitness y-intercept 

x 1-30 Energy reserves through winter 

xstart 1-30 Starting winter energy reserves 

xend 1-20 End energy reserves after winter 

xmax 30 Maximum possible energy reserves 

xcrit 1 Critical energy reserves 

xsat 20 Energy reserves when capital breeder reach 

maximum terminal fitness 

EP 0-18 Energy pool available for allocation through winter, 

taking into account the minimum baseline cost of 

winter and the critical energy reserves 

tol 1, 2 Cold susceptible or cold tolerant state 

µ 0.001 Weekly background mortality 

pc(t) 0.01-0.51 

 

0.01-0.30 

Range of constant weekly probabilities of cold for 

Module 2.1 

Range of weekly probabilities of winter scenarios 

for Module 2.2 and 2.3 

T 10 Winter length (in weeks) 

t 1-10 Time point within winter 

T+1 11 Time point after winter 

pcont 𝑃𝑐𝑜𝑛𝑡 = {
1                 𝑡 ≤ 7
−0.25𝑡       𝑡 > 8

 Probability of the season continuing 

c 1 Base weekly energy cost  

wcost 10 Minimum energy cost required to survive winter, as 

the sum of basal winter costs for a whole winter 
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Module 2.2: Temporal variation in probabilities of cold 

 

Winters can vary temporally in the distribution of extreme cold events. For example, 

populations in alpine environments that experience large snow cover may be largely buffered from 

extreme cold events during the middle of the winter, exposing them to cold at either shoulder of 

the season, while populations without a snow cover may experience higher probabilities of cold 

events during the middle of winter. I also tested winters with a constant probability of cold for 

comparison and simplicity. I tested these three winter scenarios that have distinct temporal patterns 

of probabilities of cold events (Fig. 2.2). In these scenarios, probabilities of cold events pc varied 

through time from 0.01 to 0.30 with peaks at the beginning and at the end of winter (Shoulder 

scenario), during mid-winter (Mid-winter scenario), or a constant probability of 0.15 (Constant 

scenario). All three winter scenarios have comparable probabilities of at least one cold event 

happening by time T (whole winter has a 42% chance of at least one lethal cold event, and Mid 

and Shoulder scenarios have only 1.42% difference to the Constant scenario). The individuals’ 

fitness function is the same as in Eq.4 but pc now varies through time as pc(t).  

I simulated 500 individuals through winter for each possible starting reserve xstart and each 

winter scenario for both income breeders and capital breeders with a logistic fitness function. From 

the forward simulation models, I extracted the timing of investment into cold tolerance given their 

energy pool, total energy invested into cold tolerance. I then simulated ten winters to obtain the 

proportion alive at the end of winter given for each energy pool. 
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Fig. 2.2. Temporal variation in probabilities of cold through three theoretical winter scenarios. 
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Module 2.3: Stochastic end of the season 

 

Winter-Spring transitions are often variable across years, leaving organisms unable to fully 

prepare for the onset of spring. To include the effects of a stochastic end of the season to 

organismal fitness, I modified Eq.4 to include the probability of the season ending before T: 

𝐹(𝑥, 𝑡𝑜𝑙, 𝑡) = max
𝑖
⟨(1 − µ)⏟    
survive

{
 
 
 
 

 
 
 
 

[
 
 
 
𝑝𝑐𝑜𝑛𝑡  [(1 − 𝑝𝑐(𝑡))𝐹(𝑥 − 𝑒𝑖 − 𝑐, 𝑡𝑜𝑙, 𝑡 + 1)]⏟                        

no cold event

+ [(𝑝𝑐(𝑡))𝐹(𝑥 − 𝑒𝑖 − 𝑐, 𝑡𝑜𝑙, 𝑡 + 1)]⏟                    
cold event ]

 
 
 

⏟                            
season continues 

 
+ [(1 − 𝑝𝑐𝑜𝑛𝑡)𝐹(𝑥 − 𝑒𝑖 − 𝑐, 𝑡𝑜𝑙, 𝑇 + 1)]⏟                        

season ends }
 
 
 
 

 
 
 
 

⟩ ( 6 ) 

where F ∈ {Fincome, Fcapital.logistic} and i ∈ {invest, save}. I introduce the probability of the season 

continuing pcont, and the probability of the season ending 1-pcont. Stochastic end of the season 

begins after t=7, and increases linearly until T+1 (Fig. 2.3).  

I first simulated 500 individuals through winter for each possible starting reserve xstart and 

each winter scenario for both income breeders and capital breeders with a logistic fitness function. 

I then extracted the timing of investment into cold tolerance for each winter scenario (constant, 

mid, and shoulder) and to compare the effects of stochastic end and fixed end winters, I simulated 

an additional five fat and five lean populations of 500 individuals through winter, each with 

normally distributed starting energy reserves (Mean fat reserves= 25, Mean lean reserves = 16, 

both with a standard deviation of 3 energy units) for income and capital breeders with a logistic 

fitness function. Each winter scenario consisted of 10 replicates. I then obtained survival at t=7 as 

a short winter, and at T+1 as a long winter, and compared survival between individuals behaving 

optimally for a long winter or a winter with a stochastic end. 
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Fig. 2.3. Probability of the season ending through winter. Winters with a fixed end (solid line) 

always end after week 10, and winters with a stochastic end (dashed line) can end after week 7 

with increasing probability. 
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2.3 Results 
 

Module 2.1: Impact of increased probability of cold on energy allocation 

 

Winter harshness determines the optimal maintenance allocation strategy. The optimal 

maintenance allocation (as the total energy invested into cold tolerance) of income breeders does 

not change with increased probability of cold (Fig. 2.4A). However, increasing probability of cold 

drives capital breeders to shift their investment into cold tolerance at a leaner state (Fig. 2.4A). 

Income breeders invest into cold tolerance as soon as they have any extra energy over the baseline 

cost of winter, prioritizing survival since end energy reserves do not enhance fitness (Fig. 2.4A). 

So, the energy pool required to start investing into maintenance in the form of cold tolerance 

(maintenance threshold), is low for income breeders under all winters (Fig. 2.4B). Capital breeders 

have a high maintenance threshold in winters with low probability of cold, because investment 

into cold tolerance comes at a cost of decreasing their end energy reserves and fitness, and on any 

given day there is a very low risk of a cold event (Fig. 2.4B). However, as the probability of cold 

increases, the maintenance threshold decreases for both capital breeders, with Capital.Linear being 

highly sensitive to winters with low probability of cold (Fig. 2.4B). To visualize the trade-off 

between somatic maintenance and future reproduction, I plotted the total amount of energy 

allocated to cold tolerance (maintenance allocation) against the energy saved for future 

reproduction (end energy reserves) for each energy pool available. Optimal energy allocation shifts 

from future reproduction into somatic maintenance only for capital breeders, revealing that the 

energy allocation trade-off is modulated by stochastic cold events (Fig. 2.5). 
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Fig. 2.4. Maintenance allocation and sensitivity across probabilities of cold for income and capital 

breeders. A) Energy invested into cold tolerance (maintenance allocation) across energy pool for 

Income (left), Capital.Logistic (center), and Capital.Linear (right), across a range of probabilities 

of lethal cold 0.01 – 0.51 (blue to yellow). B) Energy pool required to start investing into 

maintenance in the form of cold tolerance (maintenance threshold) across probability of cold for 

Income (yellow), Capital.Logistic (black), and Capital.Linear (red). 
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Fig. 2.5. Energy allocation trade-off between maintenance and future reproduction across 

probabilities of cold (Pc) for A) income, B) Capital.Logistic, and C) Capital.Linear. Solid lines 

represent the energy pool at the start of winter, and each dot represents the total number of energy 

units allocated to either future reproduction or maintenance at the end of winter. 
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Module 2.2: Impact of temporal patterns in probability of cold events on energy allocation 

strategies 

 

Capital breeder decrease their maintenance threshold by 40% when winters have a 

temporal pattern in probability of cold (Fig. S2.1). When individuals behave optimally through 

winter, both income and capital investment in maintenance closely match the time periods with 

high probability of cold in mid and shoulder winters (Fig. 2.6). During mid and shoulder winters, 

capital breeders allocate the same amount of energy into maintenance, even though the timing of 

investments vary widely. 

However, during constant winters, both income and capital breeders invest more than under 

mid and shoulder winters, and investment timing skews towards the end of winter. Replicating 

forward simulations using the full range of starting energy reserves revealed that both capital and 

income breeders survive better when the timing of cold is predictable (mid and shoulder winters) 

compared to when probability of cold is evenly distributed across the season (constant winters) 

(Fig. 2.7). Income breeders have higher survival under mid and shoulder winters because the 

timing of investments closely match the pattern of probability of cold while also keeping a low 

maintenance threshold (Fig. 2.7A, Fig. S2.1). 

On the other hand, capital breeders under mid and shoulder winters have higher survival 

because of both targeting their investments to times that have high probability of cold and a 

decrease in their maintenance threshold, allowing leaner individuals to survive cold events relative 

to individuals in constant winters (Fig. 2.7B, Fig. S2.1). Additionally, for income breeders, the 

temporal pattern of cold does not affect survival above a threshold of ~10, because they have 

enough energy to invest (and are protected from cold) all winter. Conversely, for capital breeders 

the temporal pattern of cold does not affect survival below a threshold of ~5, because they do not 

invest (and are susceptible to cold) all winter. Thus, the level of energy available differentially 

affects the responses of income versus capital breeders to temporal pattern of cold. 
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Fig. 2.6. Timing of investment decisions through winter for each starting energy pool in Income 

(A-C) and Capital.Logistic (D-F) across winter scenarios of constant probability of cold (top), mid-

winter cold (mid), and shoulder (bottom). Decision of investing into cold tolerance (dark shade) 

and not investing into cold tolerance (light shade). 
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Fig. 2.7. Survival across starting energy pools for allocation for Income (A) and Capital.Logistic 

(B) under different winter scenarios: constant probability of cold (green), mid-winter cold (red), 

and cold shoulders (brown). 
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Module 2.3: Impact of stochastic end of season on energy allocation 

 

When simulating individuals with a given energy pool through winters with a stochastic 

end, both income and capital breeders shift their investment timing, with cold tolerance 

investments generally shifted earlier in the winter (Fig. 2.8), while still generally matching the 

time periods with high probability of cold in mid and shoulder winter scenarios as seen in Fig. 2.6. 

This pattern is most pronounced in capital breeders that did not invest during the last time step, 

even when the probability of cold was very high (as in the shoulder winter).  

Lean income breeders rely on winters ending early, as they over-invest energy reserves, 

leading to starvation if winter lasts for the entire season. Shoulder winters with a stochastic end 

decrease survival at week 10 when compared to individuals behaving optimally for a fixed winter 

(Fig. S2.2). Interestingly, this occurs only for lean income breeders and fat capital breeders, 

suggesting that energetic constraints are present in both breeding strategies, just at different energy 

pool sizes. However, when comparing survival at week 7 (corresponding to a short winter), 

survival is higher when individuals use the investment strategy for a stochastic end scenario 

relative to full length winters (Fig. S2.3), especially capital breeders with high energy pool under 

constant winters, as most of their investment into cold tolerance occurs before the end of winter 

(Fig. 2.8D).  

I then simulated populations with varying starting energy reserves, high mean (fat) or low 

mean (lean) through short or long winters, to compare how effective are investment strategies for 

a fixed or stochastic end winter for each winter scenario (Fig. 2.9). For fat income breeders, a 

strategy optimized for a stochastic end of winter (compared to a fixed-end strategy) had no impact 

on survival under all winter scenarios and whether the winter was long or short (Fig. 2.9A,B), 

because all individuals had enough energy reserves to invest into cold tolerance every week, 

regardless of winter length. This matches Fig. 2.7A, in which individuals above the threshold of 

energy were not impacted by variation in timing of cold.   

For fat capital breeders, populations optimized for a stochastic end of winter (compared to 

a fixed end strategy) increased survival if winter ended early (Fig. 2.9A), but had little impact on 

survival when winter was long and cold occurred either uniformly (Constant) or in the middle of 

winter (Mid) (Fig. 2.9B). However, when the probability of cold was highest on the shoulders, fat 

capital breeders using a strategy optimized for a stochastic end of winter greatly decreased survival 

relative to a fixed winter end strategy. In this scenario, investment is low at the tail end of winter, 

hoping winter would end early (Fig. 2.8F), but if the last day did occur then there was a very high 

probability of a cold event occurring and they would die.  

Lean populations had generally low survival for both income and capital breeders (Fig. 

2.9C,D). Similar to fat capital breeders, income breeders optimized for a fixed winter length enjoy 

higher survival in shoulder and mid scenarios in both long and short winters, with shoulder 

exposure scenarios having the highest survival. Survival for lean capital breeders is low across 

most winter scenarios due to little or no investment into cold tolerance. However, this is not the 

case in shoulder scenarios and short winters, mainly due to a large portion of the high-risk weeks 

not occurring at the tail end of winter. In summary, in most cases, investment strategies for 

stochastic end were beneficial in short winters (Fig. 2.9A,C), and had little effect or were 

detrimental in long shoulder winters (Fig. 2.9B,D). 
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Fig. 2.8. Timing of investment decisions optimized for each starting energy pool under stochastic 

winter end in Income (A-C) and Capital.Logistic (D-F) across winter scenarios of constant 

probability of cold (top), mid-winter cold (mid), and shoulder (bottom). Decision of investing into 

cold tolerance (dark shade) and not investing into cold tolerance (light shade). 
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Fig. 2.9. Survival of populations varying in starting energy pools (Fat: A,B, Lean: C,D) optimized 

for a fixed winter length (Income: black, Capital.Logistic: yellow) or stochastic end on the season 

(Income: grey, Capitall.Logistic: light yellow) under short winters (A,C) or long winters (B,D) and 

across winter scenarios. 
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2.4 Discussion 
 

In this study I assessed how organisms with different breeding strategies can maximize 

their fitness given a combination of predictable seasonal and unpredictable stochastic conditions 

during winter. My analyses explore how organisms invest their energy reserves when facing a 

trade-off between somatic maintenance, in this case, investment in traits that confer cold tolerance, 

and future reproduction.  

 

Stochastic events modulate life-history trade-offs 

 

Energy reserves held at the start of winter are essential for both income and capital breeders 

(Jönsson, 1997; Varpe et al., 2009). When reserves are high, both income and capital are able to 

maximally invest into both somatic maintenance and reproduction, swamping the energy trade-off 

as predicted by van Noordwijk and de Jong (1986). However, when reserves are limited, a trade-

off between maintenance and future reproduction is modulated by stochastic events. For income 

breeders, all energy available for allocation is invested into cold tolerance regardless of cold risk, 

as they do not rely on winter reserves for their reproduction. Thus, they become susceptible to 

increasing stochastic events only when energy reserves are insufficient to invest every week. 

Capital breeders, on the other hand, will risk death in order to reserve energy for reproduction, 

until the cold risk reaches a threshold. A recent field-manipulation study on Chrysomela 

aeneicollis (Coleoptera: Chrysomelidae), a capital breeder, shows that beetles overwintering under 

no snow conditions (exposed to extreme cold events) die with relatively high energy reserves 

compared to beetles that die under snowy conditions (Roberts et al., 2021). However, it is difficult 

to separate whether this is due to high allocation of energy reserves for future reproduction or just 

mortality due to extremely cold winter conditions, regardless of energy reserve levels. 

My results predict shifts in energy allocation as winters vary in the probability of stochastic 

events. The advantage of capital breeders over income breeders occurs early in the growing season, 

where capital breeders do not rely on spring resources to start reproduction (Varpe, 2017). 

However, in environments with high cold risk, my model suggests that capital breeders decrease 

their investment in reproduction while joining income breeders in relying more on early spring 

conditions, potentially increasing competition, and making growing seasons more restrictive. In 

my model there was little incentive  e for income breeders to be plastic, but for capital breeders 

it was beneficial to shift investment away from reproduction and into maintenance depending on 

the probability of cold in the environment. This suggests that populations with limited plasticity in 

their allocation strategies due to physiological or genetic constraints, or those who rely heavily on 

reproductive allocation such as obligate capital breeders (like several moths in the family 

Saturniidae) may be more susceptible to increasing frequency of extreme events. 

 

Optimal investment patterns match temporal patterns of cold risk 

 

Dormancy is often linked with stress tolerance, especially in overwintering organisms 

where there is usually a gradual increase in stress tolerance, for example via accumulation of 

cryoprotectants (Teets and Denlinger, 2013; Wilsterman et al., 2021). Although seasonal 

acclimation and cold tolerance mechanisms are active and rich fields of inquiry (Sinclair and 

Marshall, 2018; Toxopeus and Sinclair, 2018; Williams et al., 2015b), studies have mainly 

documented temporal patterns of cold tolerance, without examining what drives the observed 



 

38 
 

pattern (Marshall et al., 2014; Watanabe, 2002; Williams et al., 2004). My model predicts that 

temporal patterns of lethal events within seasons can drive large shifts in the timing and magnitude 

of investment in somatic maintenance. Populations that endure winters with a consistent pattern of 

cold events may evolve investment strategies that match these seasonal patterns. Environments 

with distinct temporal patterns may include mountain passes with high variation in the winter 

shoulders, but the persistent snow layer buffers and reduces extreme events during mid-winter for 

soil-dwelling organisms. On the other hand, high latitude areas with low precipitation during 

winter may expose organisms to more extreme cold events during the mid-winter. My results show 

that capital breeders benefit more than income breeders when investment is optimized to varying 

cold risk through winter, as they are able to target their investments more effectively in mid and 

shoulder winter scenarios. In these scenarios, capital breeders both increased survival due to better 

timed investments and increased future reproduction due to higher end energy reserves than in 

winters with no temporal pattern of cold. These results suggest that capital breeders would be more 

prevalent in seasonal environments with a temporal pattern of stochastic events than environments 

with a uniform distribution of cold. However, it is important to note that income breeder 

populations starting winter relatively lean invest into cold tolerance more effectively when there 

is a temporal variation of cold risk, mirroring fat capital populations. These similarities highlight 

how energy constraints within a life-history context still has comparable fitness consequences, 

albeit capital breeders having the benefit of early spring reproduction. 

Environments such as oceanic areas, on the other hand, where extreme cold events may be 

more unpredictable throughout the season (Chown et al., 2004; Sinclair et al., 2003), are 

energetically costly for organisms to tolerate. In these environments, organisms may be unable to 

accurately time investments in stress tolerance because of energic constraints, especially capital 

breeders. Therefore, based on these results, I predict income breeders will be favored in 

environments with uniform distributions of extreme events, as they may have more potential 

energy available for tolerance than capital breeders. Theoretical studies propose that capital 

breeding strategies are favored in highly seasonal environments (Sainmont et al., 2014) with some 

support from empirical evidence in fish (Mcbride et al., 2015). Although, models also predict 

capital breeding to be favored over income strategies in stochastic environments (Ejsmond et al., 

2015; Stephens et al., 2014), I encourage future studies to assess the distribution of income-to-

capital breeding strategies across seasonal landscapes while taking into account temporal 

distribution of extreme events. 

 

Costs and benefits of optimal investment strategies for stochastic end of the season 

 

Throughout their life cycles, organisms face season-specific selective pressures, thus 

seasonal transitions play a large role in determining organismal fitness (Varpe et al., 2007; Visser 

and Gienapp, 2019). Here I explored how stochastic end to the season affect energy allocation 

strategies, and my results confirm that stochastic season end can have major effects on energy 

allocation and survival. Firstly, my model predicts that populations that prepare for a stochastic 

end of the season will shift their investments in tress tolerance away from the end of the season. 

Increases in temperature, as seen in the winter-spring transitions, can decrease cold tolerance 

(Baust and Miller, 1970; Bennett and Lee, 1989; Bourget, 1983). However, how seasonal 

transitions affect interannual variation in cold hardiness remains an open question.  

Stochastic end of the season can pose added risks or benefits, depending on the temporal 

pattern of cold risk and how lean organisms enter winter. My model suggests that investing 
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optimally for a stochastic end may be maladaptive in winters where the end of the season has a 

high risk of cold events while also having an uncertain end of the season. These conditions are 

likely to co-occur in some environments, for example snow melt exposes ground to spring freezes 

after development may have already started (Kearney, 2020; Taulavuori et al., 2011; Walter et al., 

2013). My results show that both lean income and fat capital breeders in these conditions show 

high mortality when the season is long, as no investment occurs while the probability of cold is 

high. However, optimality for stochastic end may be adaptive for capital breeders when winters 

have a uniform distribution of probabilities of cold events. Investment strategies for fat capital 

breeder populations show a large increase in survival while still allocating energy into future 

reproduction when the season ends early. Growing season fitness for capital breeders is also 

predicted to be highest during early spring, when the offspring fitness value is highest relative to 

offspring later in the season (Varpe et al., 2007). 

 

Conclusions and future directions 

 

My model raises new questions about the costs of mismatches that may occur when 

temporal patterns change, in other words when winter scenarios change from one to another. 

Climate change is increasing the frequency of extreme events (IPCC, 2021), but the temporal 

variation of extreme events within seasons remains an urgent area to be explored as it will likely 

be an important factor affecting population dynamics. I can predict that locations that are expected 

to experience a decline in snow cover will likely shift from a period where extreme events occur 

more often during the seasonal shoulders to one in which there is a peak in extreme events during 

mid-winter. And the opposite trend is predicted in environments where snow is rarely present and 

expected to increase. 

Finally, the relative importance of energy reserves to fitness is a key question in seasonal 

biology, and yet very few studies have quantified their effects in seasonal transitions. My model 

clearly shows that sensitivity to stochastic events depends on the relative importance of energy 

reserves at the end of winter (terminal fitness) of the organism. Based on my results, I may expect 

capital breeders with a linear terminal fitness to be uncommon in environments with relatively 

high cold risk because most of their energy allocation has shifted towards tolerance at the cost of 

reproductive fitness. Thus, capital breeders may be especially susceptible to climate change as the 

frequency of extreme events are increasing. I call for more studies to characterize the nuanced role 

of end energy reserves on spring fitness given the diversity and plasticity of breeding strategies in 

the income-to-capital continuum, to better inform population dynamic models under climate 

change.  
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Chapter 2-3 Transition 
 

In Chapter 2 I showed that allocation strategies and fitness are driven by both predictable 

and stochastic seasonal conditions. My results show that energy allocation shifts with increasing 

probability of stochastic events, including a stochastic end of the season, especially for capital 

breeders. This suggests that capital breeders may be especially susceptible to climate change. My 

results support my central hypothesis that energy allocation is regulated and modulated by life 

history and environmental conditions. These results are the outcome of a generalized model with 

simple theoretical parameters, and they lay the groundwork for new predictions and hypothesis for 

allocation strategies in seasonal environments.  

 

Chapter 3 now takes the theoretical model developed in Chapter 2, and applies the 

overwintering physiology of the willow leaf beetle Chrysomela aeneicollis, and their seasonal 

microclimatic conditions. In this chapter I test the role of snow cover on fitness and allocation 

strategies using real ecophysiological parameters for a capital breeder. Snow cover modulates both 

predictable and stochastic conditions during winter. Wet winters have a deep layer of snow that 

buffers temperature fluctuations for organisms overwintering underground. This stable 

environment has low probability of lethal cold events occurring, but snow cover can also lead to 

longer winter phenology and cause more energy drain. On the other hand, dry winters that lack the 

snow buffering are characterized by a higher probability of lethal cold events, while the lower 

temperatures decrease the total baseline energy costs of winter. However, organisms must prepare 

for stressful conditions, and these responses are energetically costly. In Chapter 3 I investigate a 

realistic case scenario of environmental stochasticity and its impact on energy allocation strategies 

and a trade-off between survival and future reproduction.  
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Chapter 3 

 

Winter allocation strategies and cross-seasonal fitness shift in response to 

stochastic winter conditions in a montane beetle 
 

3.1 Introduction 
 

Integrating fitness across seasons is key to understanding how seasonal transitions affect 

entire life cycles (Varpe, 2017). Changes in winter climate can impact organisms directly by 

determining survival in winter, and indirectly by determining reproductive fitness the following 

growing season (Marshall et al., 2020). Winter survival and future reproduction are strongly 

determined by energetics for animals that overwinter in dormancy (Wilsterman et al., 2021). 

Winter energy reserves are used for somatic maintenance and they can improve overwintering 

survival in two main ways. First, enough energy reserves are required to maintain baseline 

metabolic needs when resources are often not replenishable (Hahn and Denlinger, 2011; 

Wilsterman et al., 2021). Winter baseline costs vary widely across space and time, with 

temperature often playing the largest role in baseline metabolic costs for ectotherms (Marshall et 

al. 2020; Roberts et al. 2021). Energy reserve depletion can drive overwintering mortality (Biro et 

al., 2021; Klockmann and Fischer, 2019; Roberts et al., 2021; Vesterlund et al., 2014). Second, 

winter energy reserves must also be used to fuel energetically expensive processes allowing 

organisms to prepare for or recover from stress (e.g. cold exposure). Mechanisms of cold tolerance 

span from molecular, cellular, and tissue level. Molecular and cellular mechanisms include 

upregulation of cold-responsive genes and proteins, and lipid membrane modifications to maintain 

function (Clark and Worland, 2008). At the tissue level, mechanisms include the production and 

accumulation of cryoprotectants that prevent cold-induced damage (Toxopeus and Sinclair, 2018). 

All these mechanisms require energy, although how much remains an open question in the 

overwintering literature. Plasticity can also play a role in cold tolerance, where repeated cold 

exposures, including those occurring during seasonal changes, can improve cold tolerance via cold 

hardening (Teets and Denlinger 2013). Additionally, evidence points to direct energetic costs 

associated with recovery after stressful conditions like cold temperatures, including repair from 

oxidative damage, clearing metabolic by-products, and repair or clearance of damaged proteins 

(MacMillan et al., 2012; Štětina et al., 2018; Williams et al., 2016b). Recent studies have also 

shown indirect costs in longevity and fecundity after recovery from cold stress (Scaccini et al., 

2020). During the transition out of winter, organisms undergo major physiological shifts including 

up-regulation of genes involved in reproductive and digestive systems (Roberts et al. in prep), 

preparing them to resume reproduction and activity in the growing season. Greater energy reserves 

are also associated with higher fecundity (Boggs and Freeman, 2005; Ellers and Van Alphen, 

1997). Thus, overwintering success is linked to energetics directly through baseline costs of 

metabolism, energetic costs associated with cold exposure, and future reproductive success. 

Winter conditions can modulate a trade-off between somatic maintenance and future 

reproduction (Irwin and Lee, 2003; Sinclair, 2015). Energy acquisition, or the amount of energy 

reserves accumulated prior to winter, determines the energy available for allocation, while winter 

conditions can determine allocation strategies into cold tolerance and maintenance, at the cost of 

future reproduction (Jönsson, 1997; Varpe, 2017). In other words, an increase of energy allocation 

into one trait results in a decrease in energy allocated into another, as seen in the traditional “Y-
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Model” of resource allocation (van Noordwijk and de Jong, 1986; Zera and Harshman, 2001). 

Both empirical and theoretical evidence suggests that extreme events and energy reserves can 

modulate this trade-off, where high frequency of extreme events results in reduced fecundity 

compared to that of individuals exposed to fewer or lower magnitude of extreme events, without 

differences in survival (Marshall and Sinclair 2018, Chapter 2). 

Snow cover can alter both magnitude of cold exposure and mean temperatures, especially 

for organisms overwintering underground (Kearney, 2020; Zhu et al., 2019). Stochastic extreme 

events like cold snaps and heat waves are becoming more frequent (IPCC, 2021) and can lead to 

substantial fitness costs (Bentz et al., 2010; Bozinovic et al., 2016; Vázquez et al., 2015). Seasonal 

extreme events often vary temporally (Fu et al., 2013; Vergni and Todisco, 2011) and interannually 

(Zhang et al., 2001). Winters with deep snow cover (Wet) have high baseline winter costs and low 

risk of lethal cold events. High baseline costs are due to the relatively long season and high mean 

temperatures, compared to air temperatures, while snow buffers temperature fluctuations reducing 

the risk of cold events (Roberts et al., 2021). On the other hand, winters with little or no snow 

cover (Dry) have low baseline winter costs due to low temperatures and the relatively short season, 

but large temperature fluctuations leave organisms exposed to high risk of lethal cold events 

(Roberts et al., 2021). With climate change altering precipitation patterns resulting in wetter and 

drier winters, we need a better understanding of how stochastic cold events and changing snow 

cover, and thus maintenance costs, will impact optimal energy allocation strategies and selective 

pressures on populations. Recently, I have shown that stochastic events can modulate optimal 

energy allocation strategies in a theoretical model, especially when these stochastic events have a 

temporal pattern during the season (Chapter 2). However, we still have limited understanding 

about how environmental conditions that naturally modulate fluctuations in risk of cold and 

baseline costs, like snow cover, affect the trade-off between winter survival and future 

reproduction. I hypothesize that snow cover impacts energy allocation trade-offs and optimal 

allocation strategies between winter survival and future reproduction and thus fitness in 

overwintering ectotherms. This study builds on the previous work by incorporating organism-

specific parameters for energy reserves, rates of energy use, and microclimate conditions. 

In this study, I focus on the willow beetle Chrysomela aeneicollis (Coleoptera: 

Chrysomelidae) to study energy allocation trade-offs imposed by snow cover. This study system 

offers detailed natural history knowledge gathered in the last four decades, specifically their 

overwintering physiology, seasonal transition into the growing season, and microclimate data. 

Adult beetles accumulate large energy reserves before entering dormancy under the soil (Smiley 

and Rank, 1986). Beetle cold tolerance is seasonally up-regulated, responds to the environment, 

and is attained using mechanisms that may be energetically costly (Boychuk et al., 2015; Roberts 

et al., 2021). During the Spring transition, beetles develop their reproductive systems quickly, 

using energy reserves stored prior to winter (Roberts et al. in prep), enabling us to link post-winter 

energy reserves to future reproductive investment. Previous work on C. aeneicollis also shows 

large genetic variation in metabolic enzymes across both latitudinal and altitudinal gradients 

(Rank, 1992a), making this a promising system to explore potential genetic links to energy 

allocation trade-offs. Additionally, long-term population surveys and high-resolution microclimate 

data for a large array of field sites across multiple drainages and elevations from 1981 to 2018 

(Dahlhoff et al., 2019) allow me to parameterize my model with ecologically relevant microclimate 

conditions, and interpret results in light of interannual population dynamics. 

Here I develop a model to systematically explore how 1) intensity of stochastic events, 2) 

amount of baseline winter costs set by average microclimate temperatures, and 3) their interaction 
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in realistic snow cover scenarios affect energy use, survival, and allocation strategies between 

maintenance and future reproduction using the overwintering biology and environment of C. 

aeneicollis. Throughout this study, I make the distinction between resource-based trade-offs and 

fitness trade-offs: a resource-based trade-off solely encompasses the energy allocation strategies 

between maintenance and future reproduction given starting energy reserves, while fitness trade-

off takes into account both fitness components of winter survival and reproduction during the 

growing season. The results of this work yield new predictions for population and distribution 

models in seasonal environments, and identify populations that may be particularly susceptible to 

changes in winter conditions due to energy allocation trade-offs and fitness. 

 

3.2 Methods 
 

Study system 

 

C. aeneicollis occurs across the Eastern Sierra Nevada Mountains, California, US, along 

an elevational gradient (2700– 3400 m) in riparian and bog habitat. Beetles are univoltine (one 

generation per year), and their life cycle closely matches the phenology of their host plant, willow 

(Salix sp.) (Rank, 1992b), on which they are specialist feeders. Reproduction occurs during early 

summer, eggs hatch and larvae grow and pupate from June to August, and emerge as new adults 

in late August to mid- September. New adults feed and build their lipid reserves until they enter 

dormancy, which can last up to 9 months burrowed 5-10cm under the soil (Smiley and Rank, 

1986). During winter, beetles are freeze tolerant (50% of beetles surviving 1 hour frozen at −15°C) 

(Boychuk et al., 2015). Environmental and beetle parameters for the model are described in Table 

3.1. 

 

Model overview 

 

The model assumes winters of 30 weeks in length, T. Beetles start winter with a set amount 

of energy reserves, xstart, with maximum possible reserves, xmax, and must spend weekly baseline 

metabolic costs, c. Each week, individuals choose their cold tolerance state, tol, based on the 

probability of lethal cold events, pc, and the expected energetic costs of maintenance which include 

the weekly metabolic cost and a weekly tolerance cost, e. The weekly tolerance cost describes the 

energetic cost of becoming cold tolerant, and was estimated to be 1% of xmax, which is lower than 

the lowest weekly baseline cost tested. Thus, becoming cold tolerant comes at the expense of using 

up more of their energy reserves, x, that can be allocated into future reproduction at the end of 

winter. Beetles that invest into cold tolerance gain immunity to cold events for that week, while 

beetles that do not invest become cold susceptible and die if a cold event occurs. Finally, 

individuals die from starvation if energy reserves fall below a critical level, xcrit, and energy 

reserves remaining at the end of winter, xend, determine their future reproductive fitness. All 

individuals start winter as cold susceptible, and can make a new decision about investment in cold 

tolerance every week. Full descriptions of the parameters are in Table 3.1. 
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Table 3.1. Parameters used in the models. 

 

Parameter Values Description 

x 0.055-2mg Lipid reserves 

xstart 0.45-2mg Lipid reserves at the start of winter 

xmax 2mg Maximum possible lipid reserves 

(estimated from Roberts in prep.) 

xcrit 0.055mg Critical lipid reserves (Roberts et al. 

2021)  

xend 0.0-1.10mg Lipid reserves at the end of winter 

e 0.02mg 

 

Sensitivity analysis includes: 

0.005mg 

0.01mg 

0.02mg 

Weekly cold tolerance cost in lipids, 

estimated as 1% of maximum reserves 

c(t) Module 3.1:  

High winter baseline cost = 0.0166mg 

Low winter baseline cost = 0.0122mg 

Module 3.2:  

c(t) = (24 * 0.3e(Temp*0.12)) / 2000 

Weekly baseline metabolic cost in 

grams of lipid (Roberts et al. 2021) 

 

Module 3.2 calculates baseline costs 

from winter microclimate temperatures 

using energy use model from Roberts 

et al. 2021 

tol 1, 2 Cold susceptible or cold tolerant state 

T 30 weeks Total Winter length 

t 1-30 weeks Timepoint within winter 

T+1 31  Timepoint after winter 

pc(t) High risk: 0 - 0.03 

Low risk: 0 - 0.01 

Weekly risk of lethal cold derived from 

whole winter probability of at least one 

cold event occurring (Roberts et al. 

2021) 

 

Module 3.1: risks peak during mid 

winter. Risks in seasonal shoulders are 

found in the Appendix 3. 

 

Module 3.2: dry winter uses the high 

risk function with peak during mid 

winter and wet winter uses the low risk 

function with peaks during seasonal 

shoulders. 
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I used stochastic dynamic programming (SDP) paired with stochastic individual based 

simulation models for beetles through winter to compare optimal allocation strategies under 

stochastic seasonal conditions. The SDP model optimizes an individual’s decisions on when to 

invest in cold tolerance throughout winter. I used the model to calculate expected fitness under 

varying cold risk and winter baseline costs to produce the optimal allocation decisions that 

maximizes fitness for each energy reserve available for each week during winter. Then the 

individual based simulation models run a population of beetles that allocate their reserves 

optimally through each week given their energy reserves through winter. The final model outputs 

for each energy reserve are: total energy left at the end of winter, survival, and total allocation into 

future reproduction and somatic maintenance.  

The order of events in the model are as follows: each week, beetles spend the baseline 

metabolic cost of that week and (if they choose to invest in cold tolerance) the cost of becoming 

cold tolerant. At the end of the week, expected fitness is calculated given the new energy state and 

the cold tolerance state, taking into account the probability of a cold event pc happening. The 

beetles die when energy reserves, x, fall to xcrit, or a lethal cold event occurs while they are cold 

susceptible. 

 

Module 3.1: Fitness under different risks of lethal cold and costs of winter 

 

Winter parameters 

 

I estimated high and low baseline winter costs for winter using Roberts et al. 2021 energy 

use model and estimates of baseline winter costs using field experimental plots (37°28′09.1″N, 

118°43′22.5″W, 2826m elevation). In short, I used a thermal performance curve for metabolic 

rates for diapausing C. aeneicollis (Fig. 3.1A) to estimate a total baseline winter cost (Fig. 3.1B) 

based on daily mean temperatures for a wet snowy (high cost) or a dry (low cost) field plot. I then 

divided the total winter baseline costs into high or low constant weekly costs for a 30 week-long 

winter. Risk of lethal cold events were estimated from the whole-winter probability of lethal events 

across an elevational gradient (Roberts et al. 2021). I used two overall cold probabilities based on 

the highest and lowest cold risks of at least one cold event occurring across the elevational gradient 

(42% at the cold mid-elevation sites, and 12% at the mild low-elevation sites). I then distributed 

the cold risk to a distinct temporal pattern, where cold risk peaks during mid-winter (Fig. 3.1C), 

while maintaining the same whole-winter risk. I also tested a temporal pattern where cold risk 

peaks during the seasonal shoulders (Appendix 3). 
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Fig. 3.1. Schematic of parameters used in Module 3.1. A) Thermal performance curve of metabolic 

rates for diapausing C. aeneicollis. (Roberts et al. 2021). B) Total baseline winter costs calculated 

from experimental field plots for a wet snowy plot (high baseline cost) and a dry plot (low baseline 

cost) (Roberts et al. 2021). C) Cold risk for harsh (black) or mild (grey) winters, where whole 

winter probability of at least one lethal cold event is 42% for harsh winters and 12% for mild 

winters (Roberts et al. 2021). Equations for A, C, and for cold risk peak during seasonal shoulders 

are found in Appendix 3. 
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Post-winter fitness 

 

C. aeneicollis uses lipids at the end of winter for future reproduction. I defined end of 

winter fitness as a function of lipid reserves, x, at the end of winter, T+1, and it is independent of 

the cold tolerance state, tol. I derived the winter fitness function from a binomial general linear 

model with gravidity as the dependent variable and end lipid reserves after one week of emergence 

as fixed effects (Fig. 3.2). 

The fitness function at the end of winter (terminal fitness function for SDP models) is then 

defined as: 

𝐹 (𝑥, 𝑡𝑜𝑙, 𝑇 + 1) = {
1 (1 + 19𝑒−8𝑥⁄ )       𝑖𝑓 𝑥 > 𝑥𝑐𝑟𝑖𝑡
0                                   𝑖𝑓 𝑥 ≤ 𝑥𝑐𝑟𝑖𝑡

 ( 7 ) 

where beetles receive zero fitness when energy reserves fall below xcrit and increase fitness above 

this critical level with increasing lipids at the end of winter. 

 

Model Scenarios 

 

I modeled winter scenarios with varying cold risk and winter baseline costs to compare 

optimal allocation strategies and fitness. I modeled three winter scenarios: 1) change the cold risk 

(PC) while maintaining a high baseline winter cost, 2) change in total baseline winter cost (WC) 

while maintaining a high cold risk, and 3) coupling cold risk and winter costs, a winter with low 

cold risk with a high baseline winter cost (Low PC/High WC; simulating snowy conditions), or 

high cold risk with a low baseline winter cost (High PC/Low WC; simulating dry conditions) 

(Table 3.2). 

I used stochastic dynamic programming (SDP) paired with individual-based simulation 

models to obtain the weekly optimal energy allocation decisions for each starting lipid reserves 

and each winter scenario. Optimal decisions were calculated by solving the SDP model using the 

backwards iteration method (Clark and Mangel, 2000) where an optimal decision results in the 

maximum fitness for that week. At the end of each week, fitness is calculated given the new energy 

state, taking into account the probability of a cold event pc happening. Beetle fitness through winter 

is: 

𝐹(𝑥, 𝑡𝑜𝑙, 𝑡) = max
𝑖
⟨{[(1 − 𝑝

𝑐
(𝑡))𝐹(𝑥 − 𝑒𝑖 − 𝑐, 𝑡𝑜𝑙, 𝑡 + 1)]⏟                    

no cold event

+ [(𝑝
𝑐
(𝑡))𝐹(𝑥 − 𝑒𝑖 − 𝑐, 𝑡𝑜𝑙, 𝑡 + 1)]⏟                  

cold event

}⟩ ( 2 ) 

where i ∈ {invest, conserve}, and pc varies through time. Fitness is reduced to 0 any time beetles 

reach the critical lipid reserves xcrit, or a cold event occurs when cold susceptible.  

After solving for the SDP model, I used simulation models where beetles behave optimally 

through each week given their lipid reserves through winter. I simulated 100 individuals through 

winter for each possible starting reserve x, under high or low cold risk and baseline winter costs, 

under each winter type. From the simulations I extracted for each possible level of starting 

reserves: lipids left at the end of winter, proportion alive, energy allocation into maintenance 

(Maintenance Allocation = whole winter cost + total energy invested into cold tolerance), and 

energy allocation into future reproduction (Reproduction Allocation = total lipids left at the end of 

winter). All models and data processing were conducted in R 4.0.2 (R Team, 2020). 
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Fig. 3.2. Post-winter fitness function for C. aeneicollis relative to lipid reserves at the end of 

winter. A) Probability of gravidity after emergence and lipid reserves (from Roberts et al. in prep). 

B) Fitness function given lipid state at the end of winter based on end lipid reserves and probability 

of being gravid. Red line points to the critical reserves before starvation occurs. 
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Table 3.2. Winter scenarios testing a combination of winter conditions for Module 3.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Winter 

Scenario 

Variables Tested Treatment Levels 

Scenario 1 Change in PC 

 

High PC/High WC 

Low PC/High WC 

Scenario 2 Change in WC 

 

High WC/High PC 

Low WC/High PC 

Scenario 3 Coupling PC and WC 

 

High PC/Low WC 

Low PC/High WC 
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Module 3.2: Fitness under realistic winter scenarios 

 

Winter parameters 

 

Snow alters both energy use and cold stress, so I used real microclimate conditions from a 

mid-elevation site in Rock Creek, California (3067m) to parameterize the models with varying 

levels of baseline energy use and cold risk, to mimic ecologically relevant variation in 

microclimate conditions associated with snow variation. I used a long-term mid-elevation 

microclimate dataset to identify a wet and a dry winter. To standardize and simplify the 

microclimatic data for the model, winters were determined to start and end after the first and last 

day reached a daily mean temperature of 5°C. I established 2014 as a dry winter due to the short 

winter length and large temperature fluctuations during mid-winter, and 2019 as a wet winter due 

to the long season length and consistent snow cover through winter (established by the period of 

time that soil temperatures remained stable and close to 0°C; Fig. 3.3A). To account for the 

difference in winter length and subsequent difference in baseline winter costs between dry and wet 

years, I first calculated total baseline winter energy costs, as in Module 3.1, and then calculated 

the baseline winter costs for the first 210 days (30 weeks). The residual baseline costs after the 

first 210 days were then redistributed evenly across winter. Finally, I summed daily costs into 

weekly costs that resulted in clear and realistic energetic cost differences between wet and dry 

winters (Fig. 3.3B). I used the same whole-winter risk of lethal cold events as in Module 3.1, but 

applying the more realistic scenarios where dry winters have a high risk (42%) and peaks during 

mid-winter, and wet winters have low risk (12%) and peaks during the seasonal shoulders, when 

snow pack is minimal and temperature fluctuations are the highest (Fig. 3.3C). 

 

SDP Models and Simulations 

 

I used the same fitness equations and simulation models as in Module 3.1 for a dry and a 

wet winter, with the added factor of baseline metabolic costs, c, changing weekly calculated from 

microclimate data through time (Fig. 3.3B). I also conducted a sensitivity analysis for cold 

tolerance cost, e, with weekly costs of 0.005mg, 0.01mg, and 0.02mg of lipid. All models and data 

processing were conducted in R 4.0.2 (R Team, 2020). 
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Fig. 3.3. Schematic of winter parameters for realistic winters varying in snow cover. A) Mean 

daily temperatures for a dry winter (black), and a wet winter (red). Dashed line at 0°C. B) Weekly 

lipid costs calculated from the daily temperature costs and metabolic rate curve as in Module 3.1 

for a dry (black), and a wet (red) winter. Inset shows the total baseline winter costs. C) Weekly 

cold risk for dry (black) and wet (red) winters, where whole winter probability of at least one lethal 

cold event for a dry winter is 42%, and wet winter is 12%. 
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3.3 Results 
 

Module 3.1: Effects of risks of lethal cold and baseline winter costs on fitness and allocation 

strategies 

 

Under scenario 1, different risks of cold (PC) had no effect on lipids left for future 

reproduction when beetles start with few lipid reserves, but once beetles start winter with enough 

lipid reserves to invest into cold tolerance, colder winters result in beetles having less lipids for 

reproduction than low PC winters (Fig. 3.4A). As mortality is jointly determined by cold risk and 

starvation (falling below xcrit), colder winters result in lower survival when beetles are very lean 

as they do not allocate energy into cold tolerance and are exposed to lethal events (Fig. 3.4B). 

Under Scenario 2, with different baseline winter costs (WC), beetles undergoing winters 

with a low cost have more lipids for reproduction at the end of the season than beetles under costly 

winters (Fig. 3.4C). This difference decreases with increasing starting lipids. Differences in 

baseline winter costs alone have little effect on survival across most starting reserves (Fig. 3.4D). 

Mortality due to cold affects lean beetles, similar to the High PC response in Scenario 1. However, 

beetles under low WC can survive with less starting reserves than High WC and also invest in cold 

tolerance at a lower threshold leading to an increase in survival at moderate starting lipid levels. 

The shift in threshold results in lipids left converging between High WC and Low WC over a range 

of moderate starting lipid levels (Fig. 3.4C,D).   

In Scenario 3, when cold risk and baseline winter costs were coupled to simulate snow 

cover variation, (High PC/Low WC, and Low PC/High WC), lean beetles have more lipids for 

reproduction under colder winters but with a cost in survival, while fat beetles end with more lipids 

for reproduction under mild winters relative to cold winters (Fig. 3.4E). The pattern seen in lean 

beetles is largely determined by WC as seen in Fig. 3.4C, with no tolerance investment and higher 

lipids left under low WC compared to high WC for a given starting lipid. The pattern in fat beetles 

is driven by PC as in Fig. 3.4A, with tolerance investment occurring at a lower threshold under 

high PC than at low PC for a given starting lipid. Interestingly, when beetles start winter with 

enough reserves to maximize allocation to both cold tolerance and baseline maintenance the 

interaction between PC and WC on lipids left for reproduction is mostly lost in Scenario 1, as can 

be seen by all lines converging at the highest range of starting lipids. Similar to Fig. 3.4B, mortality 

in Scenario 3 is largely driven by high PC (Fig. 3.4F), and mortality due to starvation remains 

higher in leaner beetles under high WC as seen in Fig. 3.4D. Together, these results suggest that 

changes in PC primarily affect fat beetles, while changes in WC primarily affect lean beetles, and 

these trends are lost when comparing survival when beetles have enough lipid reserves to 

maximally invest in both reproduction and survival. All results in Scenario 1-3 are comparable 

when risk of cold peaks during the seasonal shoulders (Appendix 3). 

 

 

 

 



 

53 
 

 

Fig. 3.4. Lipids left at the end of winter (top row), and survival (bottom row) of beetles as a 

function of starting lipids when changing probability of lethal cold PC (Scenario 1, A,B), baseline 

winter costs WC (Scenario 2, C,D), or both (Scenario 3, E,F) for winter with a mid-winter peak in 

cold risk. Data from simulated populations of 100 individuals for each possible starting lipid, and 

allocating optimally into cold tolerance for their specific winter conditions. Scenarios for peak 

cold risk during seasonal shoulders are found in Appendix 3. 
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Somatic maintenance allocation in winter consists of the sum of energy invested into 

tolerance and energy used for baseline maintenance. Reproduction allocation consist of the lipids 

left at the end of winter. I thus compared the optimal allocation strategies into overall somatic 

maintenance and reproduction at the end of winter given variation in cold risk and baseline energy 

costs.  

The amount of energy allocated into maintenance is largely determined by the starting 

lipids acquired before winter (Fig. 3.5). When winters differed only in cold risk, maintenance 

allocation does not differ and remains constant when beetles start winter with few starting reserves, 

because beetles do not invest any energy into cold tolerance and have the same baseline 

maintenance cost in both conditions (Fig. 3.5A). Reproduction allocation is favored until beetles 

had started winter with enough lipid reserves to start investing into the cold tolerance component 

of the maintenance allocation. The minimum starting lipid reserves before investing into cold 

tolerance, termed tolerance investment threshold, is lower when PC is high (Fig. 3.5A). This is 

because during high PC winters, beetles optimally invest into cold tolerance at a leaner state due 

to the high probability of lethal cold events, at the cost of future reproduction. On the other hand, 

during low PC winters, beetles shift the tolerance investment threshold to a fatter state, and 

prioritize future reproduction over maintenance due to the lower risk of lethal cold. These results 

suggest that increasing cold risk can alter the allocation strategies away from reproduction and 

towards somatic maintenance, but only in beetles that start winter with moderately high lipid 

reserves. Lastly, when beetles start winter with large amounts of lipid reserves, the resource-based 

trade-off is reduced as seen by both winter allocation strategies allocating similar amounts given 

the same starting reserves. These results show that beetles had enough lipid reserves to maximize 

somatic maintenance under both winter scenarios. 

When comparing the role of WC on allocation strategies, beetles starting winter with few 

lipids have higher maintenance costs under high WC, relative to low WC scenarios (Fig. 3.5B). 

As beetles start winter with more reserves, maintenance allocation increases slightly sooner under 

low WC as they invest in cold tolerance at a lower threshold because they have more discretionary 

energy for a given level of starting lipid compared to high WC (Fig. 3.5A). This suggests that 

increases in WC can alter the allocation strategies away from reproduction and towards somatic 

maintenance, but mostly in beetles that start winter with low lipid reserves. 

Finally, when comparing scenarios where changes in PC and WC are coupled as they 

would be in the face of snow cover variation (Low PC/High WC; High PC/Low WC), allocation 

strategies between maintenance and future reproduction are dependent on the interaction between 

starting lipids and winter conditions (Fig. 3.5C). Lean beetles allocate more towards reproduction 

in High PC/Low WC conditions, when compared to beetles with the same starting reserves under 

Low PC/High WC. However, this trend is reversed when beetles have more starting lipids, where 

for the same starting reserves, beetles in High PC/Low WC invest more energy into maintenance 

(in the form of cold tolerance) than beetles under Low PC/High WC. Note that because the 

tolerance investment threshold is lower under High PC/Low WC, lipid reserves allocated into 

maintenance intersect the high baseline winter costs, before beetles under Low PC/High WC even 

start investing into tolerance (Fig. 3.5C). These results show that under winters with coupled 

baseline costs and cold risk, allocation into maintenance or reproduction is favored depending on 

the starting lipids and the winter type. 
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Fig. 3.5. Optimal energy allocation between maintenance and future reproduction across all 

possible starting winter lipids when changing probability of lethal cold (A), baseline winter costs 

(B) or both (C). Data from simulated populations of 100 individuals for each starting lipid. 

Maintenance allocation is the sum of energy invested into cold tolerance and winter energy cost, 

and reproduction allocation is the energy left at the end of winter. Individuals allocated optimally 

for their specific winter scenarios under a mid-winter peak in cold risk. Blue gradient shows each 

possible starting reserves. Scenarios for shoulder winters are found in Appendix 3. 
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Here I tested how optimal allocation strategies respond to changes in PC, WC, and their 

interaction, and my results suggest that energy allocation strategies are driven by resource 

acquisition and winter conditions as seen in Scenarios 1 and 2. However, the interaction between 

starting reserves and winter conditions can also determine which winter will favor reproduction or 

maintenance. In other words, when PC varies more than WC, the resource-based trade-off is 

revealed only when beetles have enough starting reserves to allocate into cold tolerance (seen as a 

difference in the tolerance investment threshold), and no resource-based trade-off is seen in lean 

beetles (seen as both allocation strategies fully overlapping).When WC varies more than PC, the 

resource-based trade-off is strongest in lean beetles, as allocation into tolerance is limited under 

already high baseline costs. Finally, when both PC and WC are coupled, the strength and allocation 

strategy depends on both starting reserves and winter conditions, with High PC/Low WC favoring 

reproduction allocation in lean beetles, while Low PC/High WC favoring reproduction at moderate 

lipid reserves. 

 

Module 3.2: Effects of snow cover on fitness and allocation strategies under realistic winter 

conditions 

 

Lastly, I tested the role of snow cover on fitness and optimal allocation strategies under 

realistic winter scenarios, linking baseline energy costs and risk of lethal cold to environmental 

conditions. Dry winters were characterized by low baseline costs calculated from microclimate 

data for a year with little snow cover, high cold risk based on mid-high elevations, and a temporal 

pattern of the cold risk reaching a peak during mid-winter. Wet winters, on the other hand, were 

characterized by high baseline costs calculated from microclimate data for a year with snow cover, 

low cold risk based on low elevations, and the cold risk reaching a peak during the seasonal 

shoulders when snow cover is absent (Fig. 3.3). I predicted that maintenance allocation in wet 

winters was primarily driven by high baseline winter costs, while in dry winters the maintenance 

allocation would be dominated by tolerance costs. 

When comparing lipids left for reproduction, survival, and allocation strategies between 

wet and dry winters, starting winter reserves again largely determined beetle fitness. Beetles 

starting winter lean have more end lipid reserves but lower survival in dry winters compared to 

wet winters (Fig. 3.6A-B). These results reveal a potential fitness trade-off between winter survival 

and reproduction in the growing season. Conversely, beetles starting winter with more lipid 

reserves have more lipids for reproduction (Fig. 3.6A) with few differences in survival between 

wet and dry winters (Fig. 3.6B). Snow cover shifts optimal allocation strategies where lean beetles 

in dry winters invest more into reproduction than beetles in a wet winter given the same starting 

lipids, primarily due to differences in baseline winter costs (Fig. 3.6C). Fat beetles in dry winters, 

on the other hand, invest more into maintenance than beetles in a wet winter given the same starting 

lipids. This switch is driven by a higher PC in dry winters than in wet winters, resulting in lower 

tolerance investment thresholds in dry winters at the cost of reproduction. My results suggest that 

for a given population of beetles that vary in starting lipids, dry winters will favor future 

reproduction of lean beetles albeit having high mortality, while wet winters will favor future 

reproduction of fat beetles without the survival cost associated with cold exposure. 
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Fig. 3.6. Response to winter conditions on lipids left (A), survival (B), and allocation strategies 

(C) between two realistic winter scenarios, a dry winter (black), and a wet winter (red). Data from 

simulated populations of 100 individuals for each starting lipid Individuals allocated optimally for 

their specific winter scenarios. Maintenance allocation is the sum of energy invested into cold 

tolerance and winter energy cost, and future reproduction is the energy left at the end of winter. 

Blue gradient shows each possible starting reserves. 
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Finally, I conducted a sensitivity analysis of cold tolerance cost, e, to assess how the 

energetic cost of stress tolerance impacted allocations to survival and reproduction in dry and wet 

winters. Very low tolerance costs (e = 0.005) result in beetles in dry winters consistently having 

higher reserves for reproduction than in wet winters, except for beetles with intermediate starting 

reserves between 1.25mg-1.5mg (Fig. 3.7A). At these lipid levels, beetles in both dry and wet 

winters have equivalent lipids left for reproduction. Additionally, low tolerance costs result in 

beetles requiring lower starting lipids to invest into cold tolerance, improving the survival of very 

lean beetles during dry years (Fig. 3.7B). Allocation strategies under low tolerance costs show that 

beetles in wet winters consistently invest more into maintenance than beetles in dry winters, with 

the exception of beetles with moderate starting reserves (Fig. 3.7C). At this lipid level, beetles in 

both dry and wet winters invested equivalent amounts into maintenance and reproduction.  

As tolerance cost increases, the lower range of starting lipids in which beetles favor 

reproduction in dry winters increases: only a small window between 1.00mg-1.10mg starting lipids 

under low tolerance cost, to a wide window between 1.00mg-1.50mg when tolerance costs are 

high (Fig. 3.7D). However, this reproductive advantage in dry winters comes at a survival cost 

(Fig. 3.7E), revealing a specific window of starting lipids where a trade-off between survival and 

lipids left for reproduction occurs. Interestingly, maintenance allocation of fat beetles in dry 

winters crosses that of wet winters (at which point beetles in dry winters have invested the 

equivalent amount to a baseline cost for a wet winter) (Fig. 3.7F). After this intersection, beetles 

in dry winters allocate more into maintenance than beetles in wet winters, until beetles had enough 

starting lipids that wet winters become more costly again due to the added costs of high baseline 

costs and tolerance investment. Finally, at high tolerance costs, lean beetles and now moderately 

fat beetles have more lipids left for reproduction in dry winters compared to wet winters (Fig. 

3.7G), at a survival cost (Fig. 3.7H), while fat beetles in wet winters have more reserves left 

without a survival cost. When cold tolerance cost is high, fat beetles in dry winters consistently 

invest more in maintenance than reproduction relative to beetles in wet winters (Fig. 3.7I), and 

only beetles with high starting reserves are able to fully invest into maintenance and have high 

survival (Fig. 3.7H). It is important to note that the energetic cost of tolerance has little effect on 

survival under wet winters for most starting reserves, with the only exception of the leanest beetles 

that suffer starvation at a higher starting lipid compared to dry winters. These results show that 

tolerance costs and starting reserves can modulate both resource-based and fitness trade-offs; 

whereby higher tolerance costs result in a wider range of starting reserves over which the trade-

off between winter survival and future reproduction is revealed. 
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Fig. 3.7. Sensitivity analysis to determine the effect of low (A-C), mid (D-F), and high (G-I) 

tolerance cost, e, on lipids left for reproduction, survival, and allocation across all possible starting 

winter lipids under dry (black) and wet (red) winter scenarios. Data from simulated populations of 

100 individuals for each starting lipid reserve. Maintenance allocation is the sum of energy 

invested into cold tolerance and winter energy cost, and future reproduction is the energy left at 

the end of winter. Individuals allocated optimally for each winter scenario. Blue gradient shows 

each possible level of starting lipids. 
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3.4 Discussion 
  
 In this study, I illustrate how resource allocation strategies and life-history trade-offs could 

be modulated by snow cover, in ecologically relevant conditions. I parameterized a general 

theoretical model of allocation strategies under stochastic conditions with the overwintering 

physiology and microclimatic data of the willow-leaf beetle C. aeneicollis. My results provide 

insights into how changes in cold risk and baseline winter costs affect fitness in an overwintering 

ectotherm. Snow alters life-history fitness trade-offs between winter survival and spring 

reproduction, enhancing winter survival but in some cases reducing growing season reproduction. 

These results highlight the importance of the interplay between starting winter reserves and 

microclimates, and their role in seasonal transitions between winter and the growing season that 

link entire life cycles. 

 

Fitness under changing winters 

 

Winters are dynamic seasons and vary in risk of extreme events and baseline costs 

(Marshall et al. 2020). My model supports recent conclusions that increased risk of cold events 

can have indirect effects on fitness by reducing energy available for future reproduction (Chapter 

2), but also adds ecologically relevant context and reveals the range of starting reserves over which 

increasing cold risk may impact allocation decisions. My model results agree with my original 

hypothesis that increased cold risk and baseline winter costs impact energy allocation strategies. 

Interestingly, the type and magnitude of the selective pressures that winter conditions pose to 

beetles are strongly dependent on starting energy reserves. Increased cold risk primarily affects 

beetles with high starting reserves by decreasing future reproduction. My results support 

conclusions from empirical studies that show extreme events reduce reproductive fitness in insects 

(Koštál et al., 2019; Marshall and Sinclair, 2018, 2010; Rukke et al., 2018).  

On the other hand, increased baseline winter costs affect lean beetles due to both low 

reproductive fitness and high mortality due to starvation. This conclusion is supported by both 

field and laboratory studies, where a wide range of organisms from bees, beetles, butterflies, and 

several fish species entering winter with few energy reserves have high mortality due to energy 

depletion or large decreases in post-winter reproductive success (Biro et al., 2021; Klockmann and 

Fischer, 2019; Kooka et al., 2007; Roberts et al., 2021; Takegaki and Takeshita, 2020; Treanore 

and Amsalem, 2020). Finally, there is also support for decreased reproductive success due to high 

winter maintenance costs in hibernating brown bears (López-Alfaro et al., 2013). 

My models also suggest that the outcome of overwintering populations is dependent on the 

winter conditions, but also on a population’s range of starting reserves. The variation in energy 

acquisition, and resulting energy storage prior to winter, within a population can determine 

whether or not organisms will express a fitness trade-off between winter survival and reproduction 

during the growing season. Population variation in energy reserves may be constrained by 

ontogenetic stages, like eggs, that have a limited amount of variation in energy reserves relative to 

other life stages (Donoughe, 2022; Honěk, 1993), highlighting the importance of the life-history 

context. However, we need more information on natural variation in overwintering starting energy 

reserves within and between populations, to better understand how changing winters will impact 

population dynamics and life-history trade-offs. 
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Impacts of snow cover on allocation strategies and fitness 

 

Snow cover mediates both cold exposure and temperature fluctuations (Kearney, 2020; 

Roberts et al., 2021), which in turn determine energy use by overwintering ectotherms. Also, 

energy use during winter is a well-known component of fitness and biogeographical limits 

(Fitzpatrick et al., 2019; Marshall et al., 2020). However, how overwintering organisms allocate 

energy in response to the environment remains an open area of research, and my model points to 

some predictions on population dynamics by linking winter energy reserves and the following 

growing season. 

Given a sufficiently high energetic cost of cold tolerance, my results suggest that dry 

winters will cause high mortality for lean beetles, and reproductive deficits for fat beetles, 

suggesting two distinct ways that droughts may drive population declines. These results provide 

an explanation for observations from long-term population surveys of C. aeneicollis, which 

illustrate up-slope range contractions and local extirpation of populations during long droughts, 

with populations recovering in wet years (Dahlhoff et al., 2019). Conversely, snow cover reduced 

fecundity in goldenrod gallflies (Eurosta solidaginis, Diptera: Tephritidae) that overwintered as 

pre-pupae in galls beneath snow, relative to free-standing galls, by increasing baseline energy costs  

(Irwin and Lee, 2003). My model suggests that either these pre-pupae were lean at the start of 

winter, relative to their total winter energy costs, or that the costs of cold tolerance were sufficiently 

low that the increased cold stress associated with exposed galls did not reduce the energy available 

for reproduction.  

Snow cover varies along elevational gradients (Grünewald et al., 2014; Rice et al., 2011), 

thus optimal allocation strategies will likely change across elevations. However, cold exposure 

peaks at mid-elevations, while high elevations are buffered due to persistent snow cover (Roberts 

et al., 2021). This suggests that for sufficiently fat beetles, increased cold exposure at mid-

elevations, particularly in dry years, could reduce reproductive investments in spring. Baseline 

energy costs decrease with elevation (Roberts et al. 2021), but growing season length declines, 

meaning that populations at lower elevations may have greater ability to accumulate starting 

reserves. However, beetles will use more of those reserves on baseline maintenance costs, at least 

partially canceling out the impacts of elevation on baseline energy costs. In natural populations, 

fecundity declines with increasing elevation (Dahlhoff et al., 2019), suggesting that the short 

growing seasons or low oxygen availability at high elevations, or a combination of both, may 

overwhelm the impacts of decreased baseline energy costs on overwintering energetics. Finally, 

the prospects of prolonged droughts that may cause a sequence of dry years is particularly grim if 

primary productivity also declines during the summer (i.e. willow habitat decreases due to 

decreased precipitation). Less resources during the growing season can lead to populations starting 

winter with less reserves, exposing them to high cold risk and high mortality in the subsequent dry 

winter. This illustrates the importance of considering winter in the context of the full life cycle, in 

order to predict fitness and thus population dynamics. 

My results confirmed a fitness trade-off between winter survival and growing season 

reproduction, which was modulated by snow cover. Dry winters favored future reproduction at the 

cost of survival, while wet winters showed high survival at the cost of reproduction, albeit driven 

by high baseline costs. Snow cover, thus, may alter selective gradients on cold tolerance and energy 

conservation (Roberts et al., 2021). Interannual variation in snow cover may then maintain genetic 

variation in traits related to cold tolerance and metabolism, potentially leading to balanced 

polymorphisms that fluctuate seasonally (Bergland et al., 2014; Machado et al., 2021). However, 
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increasing droughts that are driving high risks of cold exposure may lead to loss of this genetic 

variation. I encourage future studies to look into signatures of selection between populations under 

different snow cover regimes. 

Finally, my sensitivity analysis of tolerance costs showed significant effects on both fitness 

and resource-based trade-offs under realistic winter scenarios. My results highlight a large gap in 

our knowledge regarding the tangible energetic costs of stress tolerance when energy allocation 

and conservation are under strong selection (as energy reserves relate to mortality due to starvation, 

and future reproductive success). In order to better understand the evolution of life-history trade-

offs in natural systems, we need to quantify the energetic costs of stress tolerance and their fitness 

consequences. 

 

Impacts of climate change on energy allocation strategies 

 

Anthropogenic climate change is modifying seasonal stochasticity in both frequency of 

extreme events and mean temperatures (IPCC, 2021; Osland et al., 2021), thus affecting the risk 

of lethal cold and baseline winter costs (Marshall et al., 2020). Predicted declines in snow cover 

will expose overwintering organisms to high cold risk (Zhu et al., 2019) putting strong selective 

pressures on cold hardiness. My results suggest that energy allocation in dry winters will also shift 

away from future reproduction. Also, predicted increases in mean temperatures will alter overall 

baseline winter costs driving increased maintenance costs. My models suggest that temperate 

species will have to allocate more energy towards somatic maintenance which in turn will impact 

growing season reproductive fitness. These results are also supported by theoretical work on 

hibernating brown bears under climate change scenarios (Robbins et al., 2012). Thus, temperate 

populations may face increased selective pressures associated with winter allocation constraints 

during climate change (Marshall et al., 2020).  

Finally, it is possible that some habitats may experience increased snow cover during 

climate change. Under this scenario, snow cover can lengthen winters while also reducing the 

growing season. This scenario would be particularly detrimental to lean organisms starting winter 

because of the high baseline winter costs, the subsequent reduction in reproductive allocation, and 

a shorter time to increase energy reserves for the following winter. However, mortality would be 

predicted to be mostly due to starvation and not due to stochastic extreme events, allowing most 

individuals with enough reserves to survive. Although this scenario may be unlikely in the native 

range of C. aeneicollis (but see Polade et al., 2017), it may be of importance in areas where snow 

was a rare event, and is increasing in frequency. 

 

Assumptions of the model 

 

My models relied on parameters from mid-elevation beetle populations, especially how 

reserves at the end of winter translate into post-winter fitness. With the large body of work showing 

examples of local adaptation (Pelini et al., 2009; Shik et al., 2019; Williams et al., 2015a), 

including C. aeneicollis (Dahlhoff et al., 2019; Rank, 1992b; Rank et al., 2020), we must explore 

in greater detail how winter reserves affect future fitness between populations given the large 

variation in life-history strategies and environmental conditions. 

Furthermore, the models assume a single tolerance cost, when in fact overwintering 

strategies of stress tolerance vary widely, and very little empirical evidence exists of how much of 

the somatic energy reserves are allocated into tolerance. My sensitivity analysis showed that the 
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tolerance cost can determine allocation strategies that affect specific ranges of starting reserves, 

particularly in dry winter scenarios when cold risk is high. However, more research is sorely 

needed to understand the long-term energetic costs of cold tolerance, and stress in general during 

winter (Lavy et al. 1997; Colinet et al. 2006; MacMillan et al. 2012; but see Lehmann et al. 2016). 

This is essential to revealing potential trade-offs and will point towards which organisms may face 

strong selection in a changing seasonal landscape. 

 

Final Remarks 

 

Energetics are well-known to link seasonal transitions and fitness, but very few studies 

address the role of stochastic conditions on energy allocation, especially under realistic winter 

conditions. My model clearly shows that both winter conditions, in the form of cold risk and 

baseline costs, and starting reserves drive distinct optimal energy allocation strategies under an 

allocation trade-off model between winter survival and reproduction during the growing season. I 

also show how ecologically relevant snow cover scenarios modulate this trade-off and identified 

tolerance costs to be a significant component driving allocation strategies in stochastic 

environments. Finally, I encourage future studies to look at natural variation in both energy 

reserves and environmental stochasticity, as they both may play a major role in shaping distinct 

selective pressures in particular life stages and seasons. Understanding these interacting factors 

will be key to better inform population models and their response to ongoing climate change.  
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Conclusions 

 

Winter can pose serious challenges to organisms with selective pressures that affect winter 

survival and future reproduction in the growing season. The selective pressures vary widely across 

landscapes, but a unifying set of adaptations to cope with harsh winter conditions involve energy 

use strategies. Energy use is tightly linked to fitness while also directly affected by the 

environment. Energy conservation during winter has a large impact on winter survival, and energy 

left at the end of winter can be used for future reproduction. However, energy must be allocated to 

become stress hardy, and sustain metabolic needs for a prolonged period of time without food. 

Even though a robust body of work covers seasonal adaptations and energy use strategies, the role 

of stochastic events on energy use and their cross-seasonal consequences remains a challenging 

issue in field. This dissertation addressed part of this gap by exploring how aggregations can also 

act as an energy conservation strategy (Chapter 1), the role of stochastic environments on energy 

allocation (Chapter 2), and how natural variation in snow cover can reveal tradeoffs between 

survival and reproduction as a result from different allocation strategies (Chapter 3).  

 

Chapter 1 demonstrated that overwintering aggregations reduce metabolic rates, serving as 

an additional energy conservation strategy during winter. This strategy is partially driven by 

reduced locomotor activity, and other mechanisms driving these group effects remain an open 

question. This energy saving strategy is thermally sensitive, with steeper effects at cooler 

temperatures. We encourage future studies to take into account how warmer temperatures caused 

by climate change will impact energy use at the individual level, but also in overwintering 

aggregations. 

 

Chapter 2 and 3 reveal that the resource-based allocation trade-off between maintenance 

and future reproduction in winter can be modulated by stochastic events. My models lay the 

theoretical framework to start disentangling the nuanced role of energy allocation during winter 

when overwintering organisms face unpredictable environments. At the same time, my results 

raise new questions about the potential fitness costs of mismatch between timing of investment 

and stochastic events that may occur when temporal patterns change. Recently, we have seen 

increased frequency of extreme events around the globe due to climate change. This underlines the 

urgency in understanding the temporal distribution of extreme events within seasons that will 

likely be an important factor affecting populations. In addition to environmental variation, we must 

characterize variation in starting energy reserves, their use through winter, and their relative role 

for future reproduction, as these are traits likely under strong selection in highly seasonal 

environments. My models clearly show, especially in Chapter 3, that cold risk, winter baseline 

costs, and starting reserves can drive a trade-off between winter survival and reproduction given 

that energy is a limiting resource during winter and tolerance has a direct energetic cost from 

energetic reserves.  

 

In summary, this dissertation supports that energy use strategies and allocation is tightly 

regulated and likely to be under natural selection in predictable and unpredictable environments, 

allowing organisms to meet changing energetic demands during winter. However, the fitness 

benefits of alternative strategies are highly context specific. Thus, I encourage future studies to 

further explore the nuanced role of energy use on cross-seasonal fitness given the diversity and 
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plasticity of life history strategies across the tree of life. Adding this to the field will improve our 

understanding on population dynamics under variable environments, and future predictions with 

ongoing climatic changes. This dissertation advanced the field of overwintering biology by 

addressing key questions on energy use strategies, allocation decisions, and their links to fitness 

across seasons. Together, this body of work provides new insights into how allocation decisions 

may be shaped by evolution to overcome environmental unpredictability and physiological 

constraints while also meeting their life-history energetic demands. 
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Appendix 1: Supplementary information for Chapter 1 

 

Fig. S1.1. Allometric scaling of metabolic rates and mass within each aggregation size (A-D). Data 

plotted on natural log axis, with group metabolic rates at 15°C (red), and 8°C (blue). Metabolic 

rates do not scale with mass within each group size (F15,128 = 164.6, P > 0.05). 
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Fig. S1.2 Mean active time per hour from the subset of marked beetles (Hippodamia convergens) 

that were active at any point at each temperature (8°C, blue solid line and 15°C red dotted line). 

Activity time was not significantly different across aggregation sizes, but it was higher at 15°C 

compared to 8°C (P = 0.005). 
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Appendix 2: Supplementary information for Chapter 2 

 

Fig. S2.1. Total energy invested into cold tolerance with increasing starting energy pools for 

Income (yellow) and Capital.logistic (black) under varying winter cold scenarios: constant p_c 

(dark shade), mid winter cold (light shade), and cold winter shoulders (light shade). 
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Fig. S2.2. Survival at week 10 (full winter) across starting energy pools for allocation under 

different winter scenarios, constant probability of cold (left), mid-winter cold (middle), and cold 

shoulders (right) for income breeders (top) and capital breeders (bottom), under winters with 

stochastic end (green) or fixed length (brown). 
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Fig. S2.3. Survival at week 7 (short winter) across starting energy pools for allocation under 

different winter scenarios, constant probability of cold (left), mid-winter cold (middle), and cold 

shoulders (right) for income breeders (top) and capital breeders (bottom), under winters with 

stochastic end (green) or fixed length (brown). 
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Appendix 3: Supplementary information for Chapter 3 

 

 

Cold risk functions obtained using dcode.fr based on known parameters of whole-winter risk of 

at least one lethal event (42% for harsh winters and 12% for mild winters) (Roberts et al., 2021), 

and fitted into either mid-winter peak risk, or seasonal shoulder peak risk.  

Mid-winter high and low risk functions: 

pc.high(t)= -1.38·10-4t2 + 4.28·10-3t – 3.14·10-3 

pc.low(t)= -4.28·10-5t2 + 1.32·10-3t – 2.85·10-4 

 

Shoulder high and low risk functions: 

pc.high(t)= 2.33·10-4t2 – 7.23·10-3t + 0.057 

pc.low(t)= 4.28·10-5t2 – 1.32·10-3t + 0.0112 

 

where t is time. 

 

 

 

 

 

 

 

 

 



 

82 
 

 

Fig. S3.1. Cold risk for harsh (dark red) or mild (pink) winters with peak cold risk during 

seasonal shoulders. Whole winter probability of at least one lethal cold event is 42% for harsh 

winters and 12% for mild winters (Roberts et al. 2021). 
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Fig. S3.2. Lipids left and survival across starting winter lipids when changing probability of 

lethal cold PC (Scenario 1, A,B), baseline winter costs WC (Scenario 2, C,D), or both (Scenario 

3, E,F) for winters with a shoulder-winter peak in cold risk. Data from simulated populations of 

100 individuals for each possible starting lipid, and allocating optimally into cold tolerance for 

their specific winter conditions. 
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Fig. S3.3. Optimal energy allocation between maintenance and future reproduction across all 

possible starting winter lipids when changing probability of lethal cold (A), baseline winter costs 

(B) or both (C) for winters with a shoulder-winter peak in cold risk. Data from simulated 

populations of 100 individuals for each starting lipid. Maintenance allocation is the sum of energy 

invested into cold tolerance and winter energy cost, and reproduction allocation is the energy left 

at the end of winter. Individuals allocated optimally for their specific winter scenarios. Blue 

gradient shows each possible starting reserves. 




