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ABSTRACT OF THE DISSERTATION

Dynamics of species with complex life cycles in a warming world: a mechanistic perspective

by

Madeline Cowen

Doctor of Philosophy in Biology

University of California, Los Angeles, 2024

Professor Priyanga A. Amarasekare, Co-Chair

Professor Pamela J. Yeh, Co-Chair

A central objective of ecology is to understand the factors, biotic and abiotic, that shape the
survival and persistence of species. Developing such an understanding is particularly chal-
lenging for organisms with complex life cycles, whose behavioral and physiological responses
to the environment during one life stage can carry over to affect future life stages and scale
up to affect population dynamics. Building on this understanding to then make predictions
about how populations might respond to ongoing and future climate change is an additional
defining challenge for contemporary ecological research.
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The goal of my dissertation is to uncover behavioral and physiological mechanisms that
shape survival, and evaluate the consequences of these processes for populations. Working
across diverse taxa, | use statistical approaches to identify the behavioral mechanisms that
affect survival and growth rate at the level of individuals, and develop a novel theoreti-
cal framework of mathematical models that link behavior and physiology to demographic
rates in order to quantify impacts at the population level. Chapter 1 introduces this novel
theoretical framework, which incorporates temperature responses of the ectothermic (e.g.
eggs, hatchlings) and endothermic (e.g. juveniles, adults) life stages that comprise the avian
life cycle into a multi-season, stage-structured population model. I use this framework to
compare the effects of different warming regimes, including deterministic increases to mean
annual temperatures, seasonal differences in warming severity, and stochastic hot extremes.
Using non-migratory arid-zone passerine birds as a case study, I find that stochastic hot
extremes represent an immediate threat to population persistence and that realistic levels of
warming over the next century may cause considerable — and in some cases, catastrophic —

declines in abundance.

In Chapter 2, I expand this framework to account for the empirical observation that extreme
temperatures can have persistent effects on a bird’s condition beyond the period of extreme
temperature exposure. Focusing on temperature-induced condition changes for only the
adult stage, I find that low levels of warming that are not enough to trigger acute increases

in mortality rates can nevertheless cause adult condition to deteriorate and lead to declines in
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abundance. The severity of impacts from such condition changes on bird populations depends
on two factors: first, on the negative consequences of being in poor condition for vital rates,
and second, on how quickly adults in poor condition can recover to good condition under
favorable environments. This work shows that failing to account for temperature-induced

condition changes could lead to underestimation of warming costs to birds.

For Chapter 3, I turn my attention to the underlying factors that affect demographic rates.
I focus on the juvenile stage of a territorial reef fish, which exhibits a trade-off between body
size at the time of settlement on the reef and growth rate after settling, such that juvenile
fish are more likely to survive if they are large at settlement but grow slowly. I assess
possible behavioral mechanisms that give rise to this trade-off, and find that larger juveniles
undertake foraging strategies that increase survival, but also experience higher costs from
conspecific chasing, which reduce growth rate. Since water temperature during the larval
(pre-settlement) period has been previously shown to determine size-at-settlement in this
system, my work reveals how temperature effects during early life stages can impact survival

and growth in a future life stage through condition and behavior.

Together, the chapters of my dissertation reveal an important role of temperature and be-
havior interacting to affect vital rates that have downstream impacts on later life stages. My
work underscores the value of integrating detailed empirical work on species with complex life
histories with mechanistic models that scale individual-level mechanisms up to population

dynamics.
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Introduction to the dissertation

Understanding the factors that shape biodiversity is a central goal of ecology. Widespread
population declines and resulting loss of biodiversity (Bowler et al. 2019; Butchart et al. 2010;
Rosenberg et al. 2019; Wagner 2020) emphasize a need to build on our basic understanding
of biodiversity dynamics to make predictions of future population dynamics and identify
species at risk of extinction. Fundamentally, declines in population abundance occur be-
cause of changes to demographic rates such as per capita survival and reproductive success.
Variation between species (and between populations of the same species) in population-level
responses to climate change must therefore be attributed to differences in these demographic
rates. These demographic rates, in turn, are shaped by organisms’ complex life histories,
physiological responses, behavioral strategies, and morphological traits (Brown, Gillooly, et
al. 2004; Griffith et al. 2016; Wong & Candolin 2015). The complex biological underpinnings
of demographic rates can make responses of these rates to the environment non-linear, time-
lagged, and variable across life stages (Kingsolver, Arthur Woods, et al. 2011). Developing
a general understanding of global change effects on species persistence therefore requires

unraveling the mechanisms shaping such effects, and addressing how such mechanisms scale



from individuals to populations and communities.

Progress toward this general, predictive understanding can be made through at least two
approaches of ecological research. The first approach builds on the longstanding tradition of
collecting detailed information in the field regarding organismal traits and abundances, along
with information about the abiotic and biotic environment. Statistical analyses of such data
can reveal relationships between environmental conditions and population dynamics, which
can then be used for generating predictions for the future and comparing across systems. De-
spite its ubiquity and utility, a persistent limit to this approach is that extrapolation beyond
the conditions in which the data were collected is fraught with caveats, making it difficult to
apply insights from one system to other species or populations with different life histories or
environmental conditions (Elliott-Graves 2018). Similar caveats also apply when applying
insights from past observations for projecting dynamics under the novel climate regimes (i.e.
conditions beyond the range of observed environmental conditions) that organisms are likely
to experience under global change (Fitzpatrick & Hargrove 2009; Urban 2019). Unfortu-
nately, while empirical observations and detailed field studies provide a crucial foundation
for our understanding of the processes governing population responses to global change, ef-
forts to collect requisite empirical data and successfully develop interventions for species of
concern are unlikely to keep pace with rapid, ongoing biodiversity loss (Butchart et al. 2010;
Kindsvater et al. 2018).

A second approach for studying population-level responses to global change builds on the

tradition of mechanistic modeling, which uses biological first principles of how the environ-



ment and other factors affect vital rates, and scales up to the level of population dynamics
(Rastetter et al. 2003). Mechanistic models can be defined to capture varying degrees of bi-
ological detail, and can be used to investigate causal relationships between organismal traits
and population responses (e.g. Can a particular mechanism of interest generate an observed
pattern at the population level? Under what circumstances do particular life history traits
affect population dynamics?). This tradition is especially well developed for evaluating vari-
ation in ectotherm population dynamics with respect to temperature (Bieg & Vasseur 2024;
Ewing et al. 2016; Luhring & Del.ong 2017; Savage et al. 2004). We have decades of theory
on the physiological basis for ectotherm performance changes in response to temperature,
and evidence that the temperature responses of vital rate functions are conserved across
species (e.g. Dell et al. 2011; Gillooly, Brown, et al. 2001; Gillooly, Charnov, et al. 2002;
Savage et al. 2004; Schoolfield et al. 1981; Sharpe & DeMichele 1977). While mechanistic
modeling approaches can generate quantitative and robust insights, they too have limita-
tions. For example, incorporating and integrating the complicated processes that are known
to be important in nature requires detailed information regarding vital rate responses to the
environment, which are often lacking for organisms that are not amenable to experimental
study. Nevertheless, even when we lack precise measurements of all processes, such mech-
anistic models are vital for generating useful qualitative insights, whose scope (generality)
is constrained by clearly defined model assumptions. Developing such models can also help
identify gaps in our empirical understanding of natural systems and can foreground any im-

plicit assumptions obstructing a more complete understanding of how global change affects



population dynamics.

I find the interplay between these two approaches — empirical research and mechanistic
modeling — to be most compelling, in part because observations of patterns in nature can
inform the types of processes we model, and models can tell us which parameters are most
important to measure. My dissertation reflects my efforts to advance through both avenues
our understanding of how climate change affects populations. My three chapters are united
in their goals of uncovering behavioral and physiological mechanisms that shape survival and
other demographic rates, and evaluating the consequences of these processes for populations.
Working across diverse taxa with complex life histories, I use statistical investigation of field
data to identify the behavioral mechanisms that affect survival and growth rate at the level
of individuals, and mechanistic modeling to characterize warming effects at the population
level.

My first chapter develops a novel theoretical framework that links temperature responses
of bird behavior and physiology to demographic rates and their population-level impacts.
The mechanistic, mathematical model captures important aspects of avian life history and
temperature responses, including both ectothermic and endothermic life stages (e.g. eggs,
hatchlings, juveniles, adult birds) and incubation behavior. I use information about bird
behavior and physiology to develop temperature response functions for life stage-specific
vital rates (maturation, mortality, birth), and integrate these responses into a population
model that accounts for both seasonal and diurnal variation in temperature.

As a first application of the model, I investigate consequences of warming for non-
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migratory, desert-dwelling passerine birds. I find that warming effects on population dy-
namics are likely to strongly depend on the specific warming pattern. Hot temperatures
reached through dangerous levels of deterministic warming are predicted to cause large de-
clines in abundance, especially if maximum summer temperatures increase faster than winter
temperatures. Perhaps more alarming is the finding that stochastic hot extremes can dev-
astate arid-zone bird populations even when these extreme events only result in modest
increases in mean annual temperatures (e.g. 1.5°C).

In some cases, exposure to extreme temperatures can result in responses other than the
acute responses captured by the model in Chapter 1. Recent empirical work has demon-
strated that birds exposed to even brief periods of extreme temperatures can experience
changes to their body condition that persist beyond the exposure to the temperature (Gard-
ner, Amano, et al. 2016; Sharpe, Cale, et al. 2019). While such condition changes can affect
survival (Gardner, Amano, et al. 2016), their implications for long-term bird population
dynamics are unclear. My second chapter addresses this gap by extending the model in
Chapter 1 to incorporate long-lasting (i.e. chronic) responses of birds to temperature vari-
ation. Specifically, I introduce temperature-response functions that capture transitions be-
tween good and poor condition states, and characterize poor condition birds as experiencing
an increased mortality rate or decreased egg laying rate. I analyze the model with parame-
ters that reflect the biology of arid-zone passerines and find that temperature-induced poor
condition can have negative repercussions on bird populations even at low levels of warming

that do not cause acute temperature responses.



My long-term vision for the framework introduced in Chapters 1 and 2 is to sequentially
explore a broad array of important avian life history and climate change responses, with the
goal of facilitating general, mechanism-based insights about relative susceptibility of different
species and populations to climate change. In some cases, empirical data are available to
support model extensions (e.g. investigating phenological shifts in breeding and migration
in response to warming). Developing model extensions for other factors of interest will
require sustained dialogue between theoretical and empirical approaches. This is particularly
relevant for generating quantitative predictions of how climatic factors beyond temperature
(e.g. precipitation) affect bird populations, for which a mechanistic understanding remains
limited (Boyle et al. 2020).

Finally, Chapter 3 aims to uncover the mechanistic basis for a key life history trade-off
between growth and survival in juvenile fish. Specifically, I investigate this trade-off in the
bicolored damselfish Stegastes partitus, a common western Atlantic reef fish that defends
benthic territories for sheltering, foraging (both on the territory and, primarily, in the water
column), and mating (Emery 1973; Robertson et al. 1988). The early life stages of this
damselfish consist of a pelagic larval stage, followed by an overnight metamorphosis into the
juvenile stage after settling onto rubble or reef (D’Alessandro et al. 2007; Grorud-Colvert &
Sponaugle 2009; Sponaugle & Cowen 1996). This metamorphosis can be clearly identified
through examination of the fish’s otoliths (ear stones), where daily deposition of materials
in concentric increments provides a record of age (number of increments), daily growth rate
(average width of increments), settlement date (a distinctly thick increment), and size-at-
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settlement (otolith radius at settlement) (Sponaugle 2010; Sponaugle & Cowen 1996). The
early life stages experience high mortality rates, and a strong pattern of selective mortality
emerges in just the first few days after settlement: larger size-at-settlement and slower
juvenile growth rate are associated with higher survival (Johnson & Hixon 2010; Rankin
& Sponaugle 2011, 2014). The mechanism(s) linking larger size with slower growth rate
and enhanced survival are largely unknown, however, and the association between slower
growth rate and higher survival seemingly contradicts the prevailing paradigm around early
life selective mortality (Anderson 1988; Robert et al. 2023).

To address this gap, I investigated potential behavioral mechanisms that could give rise
to these patterns. I analyzed a unique dataset that integrated detailed information about the
size, growth, and survival of juvenile S. partitus with behavioral observations about foraging,
movement, sheltering, and territorial activity. I used confirmatory path analysis (Lefcheck
2016), a recent statistical approach that tests the causal structure between variables, not
simply correlation, to assess direct and indirect links between behavioral strategies and
demographic rates. Interestingly, I found that size-at-settlement did not affect growth and
survival directly, but rather indirectly via behavioral pathways: size-at-settlement explained
differences in foraging behavior, such that larger fish traveled farther and spent less time
sheltering than smaller fish, and this foraging strategy was then associated with higher
survival. Furthermore, settlement size affected the outcome of conspecific chasing: larger
fish chased by neighboring adults experienced slower growth.

As in Chapter 2, this work demonstrates how differences in condition (e.g. body condi-

7



tion or mass for birds, size-at-settlement for juvenile damselfish) can have consequences for
demographic rates. Moreover, in both cases, condition can be temperature-dependent. In
Stegastes partitus, water temperature strongly affects larval growth rate and the duration of
the pelagic larval stage, which together determine size-at-settlement (Rankin & Sponaugle
2011). This is similar to the framework I analyze in Chapter 2, where variation in temper-
ature can give rise to variation in bird condition. A key point of distinction between these
two studies is the focal life stage, with Chapter 2 examining condition changes of adult birds
and Chapter 3 focusing on the early life stages of fish. Condition changes that affect demo-
graphic rates in early life have the potential to cause downstream effects on future life stages,
which could amplify corresponding population responses. The general modeling framework
introduced in Chapter 2 is ideally suited to investigate the implications of such changes for
avian populations, and is a key future extension.

Taken together, the chapters of my dissertation highlight how behavior and physiology
can shape survival outcomes for diverse taxa in ways that carry over to affect future life
stages, and which scale up to impact populations. Behavioral strategies can affect tempera-
ture responses of vital rates, and temperature variation can lead to differences in condition
that affect behavioral strategies. Unraveling the complexity of population responses to tem-
perature thus requires investigation into the specific mechanisms underlying temperature
responses. In this way, my work underscores the value of detailed empirical work on the
behavior and physiology of species with complex life histories, and of integrating such work

with mechanistic models that scale individual-level mechanisms up to population dynamics.



Chapter 1

Population dynamics of endotherms
with ectothermic life stages: birds in
a warming world

1.1 Abstract

Climate change is causing severe and wide-ranging impacts on organisms worldwide, includ-
ing population declines and extinctions. The unique biology of birds makes them vulnerable
to climate warming in complex ways: birds are endothermic as juveniles and adults but also
have ectothermic life stages (e.g. eggs) whose exposure to temperature variation depends
on adult incubation behavior. A mechanistic framework for evaluating stage-specific effects
of temperature variation is key to capturing this complexity and making reliable predic-
tions about bird population responses to climate change. Here we present a stage-structured
model of bird population dynamics that explicitly incorporates temperature effects on avian
vital rates. We analyzed the model to examine the effects of seasonal temperature variation

and climate warming on bird population dynamics, using parameters realistic for a desert-



dwelling passerine bird and both deterministic and stochastic climate warming scenarios.
We find that a deterministic increase in mean temperature by 1.5°C over 100 years will have
few to no impacts on bird population dynamics, while 5°C of deterministic warming over 100
years could cause extinction. In contrast, stochastic hot extremes pose an acute threat that
could devastate bird populations, even without substantial increases in mean temperature.
Our work points to an important role of rising and extreme temperatures amid the complex
impacts of climate change on avian population dynamics. This is a promising framework
ripe for future development, and we outline research directions that would further integrate
theory and data to provide mechanistic-based predictions of bird population responses to

climate change.

1.2 Introduction

While numerous climatic factors will play an important role in shaping population dynamics
in the next century (IPCC 2021), one of the most notable ways that climate change affects
species is through rising and extreme temperatures (Johnston et al. 2013; Murali et al.
2023; Spooner et al. 2018). Temperature variation can have direct and indirect impacts on
various dimensions of biodiversity, including behavior, physiology, and ultimately population
dynamics (Bellard et al. 2012; Ceresa et al. 2021; Cunningham, Gardner, et al. 2021; McLean,
Kruuk, et al. 2022; Parmesan 2006).

The direct effects are most obvious in ectotherms, whose performance and physiology im-

10



mediately responds to temperature variation (Abarca & Spahn 2021; Kingsolver, Diamond,
et al. 2013). These effects can cascade into indirect effects on endotherm population dynam-
ics (e.g. Renner & Zohner 2018), but endotherms themselves are also directly impacted by
temperature, in ways that are diverse (e.g.impacting different vital rates such as birth rate,
maturation rate, and mortality rate), nonlinear, and variable by life stage (e.g. Dybala et al.
2013). This makes predicting the overall effect on population dynamics quite challenging.

Birds present a further complication with their unique life history as endotherms with
ectothermic early life stages. As endotherms, birds can maintain relatively constant body
temperatures within a wide range of ambient temperatures, allowing them to persist in
diverse environments around the world (Buckley et al. 2012). Nevertheless, extreme tem-
peratures due to global climate change are having drastic effects on many bird populations.
These effects are especially well documented in desert-dwelling birds, which live in habitats
with high environmental temperatures (Albright, Mutiibwa, et al. 2017; McKechnie & Wolf
2019). For example, behavioral thermoregulatory responses (reviewed in Bicego et al. 2007;
Huey et al. 2012) can take time away from foraging and other activities (Cunningham, Gard-
ner, et al. 2021; du Plessis et al. 2012), and high temperatures can have severe consequences,
including lower reproductive output (Schou et al. 2021), dehydration (Albright, Mutiibwa,
et al. 2017), and death (McKechnie, Rushworth, et al. 2021; Saunders et al. 2011). As av-
erage global temperatures rise and extreme heat waves become more common (IPCC 2021),
this reality of avian sensitivity to hot extremes cannot be ignored.

Birds are also unique in that they have ectothermic early life stages that require buffering
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even from typical temperature variation (e.g. diurnal, seasonal). Adult birds generally incu-
bate eggs and nestlings to maintain egg temperature within the optimal range for maturation
(Turner 2002; Walsberg & Voss-Roberts 1983; White & Kinney 1974). When temperatures
rise, adult birds cool eggs by spending more time incubating and attending the nest (Clauser
& McRae 2017; Conway & Martin 2000; Nord & Williams 2015), but extreme temperatures
can cause incubation to break down, exposing nests to lethal temperatures that cause hatch-
ing failure or sub-lethal temperatures that cause sub-optimal development (Belnap et al.
2019; Bourne, Ridley, Spottiswoode, et al. 2021; Clauser & McRae 2017). Mass egg and
nestling mortality events due to high temperatures have already been observed (Holt &
Boersma 2022; McCowan & Griffith 2021; Quintana et al. 2022; Salzman 1982; Sharpe,
Bayter, et al. 2021).

While such mass mortality events are still somewhat rare, widespread population declines
(Bowler et al. 2019; Iknayan & Beissinger 2018; Jiguet et al. 2010; Pollock et al. 2022; Rosen-
berg et al. 2019; Spooner et al. 2018) heighten the urgency of understanding warming effects
on bird population persistence. Indeed, this pressing need has driven a wealth of research
(e.g. Fink et al. 2020; Hostetler et al. 2015; Nater et al. 2023; Rushing et al. 2016; Wilson,
LaDeau, et al. 2011) that has advanced and supported conservation efforts, yet several key
gaps constrain our ability to make general predictions. First, much work has focused on
warming responses of specific avian behaviors and vital rates, without also demonstrating
whether or the extent to which such responses translate into effects on population dynamics
(reviewed in Jenouvrier 2013; McLean, Lawson, et al. 2016). Second, many studies have

12



focused on only one season or one life stage, thus identifying warming responses of poten-
tially important underlying processes, but falling short of being able to predict net effects
on population dynamics (reviewed in Jenouvrier 2013; McKechnie, Hockey, et al. 2012; Nor-
ris & Marra 2007). Third, many population models are species- or population-specific and
based on statistical associations between trends in population abundances and temperature.
While such models are highly useful for guiding conservation interventions, generalizing their
predictions to novel thermal conditions or to other species or populations is often impractical
(McKechnie, Hockey, et al. 2012; Urban et al. 2016; Urban 2019).

Developing a framework to address these limitations is a key research priority (Jenouvrier
2013; McKechnie, Hockey, et al. 2012). A promising approach for understanding overall im-
pacts of warming on bird populations would be a mechanistic framework that starts with
characterizing temperature effects on behavior and vital rates (e.g. birth, maturation, mor-
tality) and scales up to translating these effects into population dynamics. While such an
approach has been used successfully to predict warming effects on ectotherm fitness (Ama-
rasekare & Savage 2012; Deutsch et al. 2008) and population dynamics (Bieg & Vasseur
2024; Ewing et al. 2016; Luhring & DeLong 2017; Savage et al. 2004), developing a similar
mechanistic framework for birds is not straightforward due to the complex nature of avian
life history and temperature responses.

Here, we take a first step toward this goal by presenting a mechanistic theoretical frame-
work for predicting the effects of warming on avian population dynamics. The novelty of
our framework is that it explicitly incorporates the ectothermic and endothermic stages of
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the avian life cycle, and projects population dynamics across the full annual cycle based on
mechanistic descriptions of the temperature responses of avian vital rates. Using arid-zone
passerine birds as a case study, we investigate the effects of different warming regimes on
abundance. Specifically, we examine the consequences of deterministic warming scenarios
with different seasonal patterns and different magnitudes of warming, as well as warming

that arises due to stochastic hot extremes.

1.3 Methods

1.3.1 Mathematical framework
Model overview

We develop a stage-structured model of avian population dynamics that explicitly incor-
porates temperature effects on both the ectothermic and endothermic stages in the avian
life cycle (Figure 1.1A). We capture this life history with two ectothermic stages (eggs and
hatchlings) and two endothermic stages (non-breeding juveniles and breeding adults). We
define the hatchling stage as the period during which recently hatched nestlings are un-
able to regulate their body temperature and rely on parental incubation (Dunn 1975; Price
& Dzialowski 2018). The juvenile stage is defined as encompassing both the endothermic
portion of nestling development (for altricial and semi-altricial species, when young rely on
parental food provisioning but can thermoregulate) and endothermic young who have left

the nest.
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Figure 1.1: Schematic of the general stage-structured model of population dynamics with
temperature-dependent vital rate functions. A depicts the transitions between developmental
stages, with ectothermic stages in teal and endothermic stages in orange. B-E depict temperature-
response functions for avian growth and survival. Panels in column B depict thermal reaction norms
typically used to model ectotherm traits (maturation and mortality rates). Although bird eggs and
hatchlings are ectothermic, they are buffered from ambient temperature through adult incubation
behavior, and thus experience a different temperature than the ambient temperature (Panel C).
At high temperatures, incubation breaks down and eggs/hatchlings are exposed to higher tempera-
tures. Panels in column D show temperature responses of maturation and mortality for ectotherms
that experience incubation (teal lines), contrasted with ectotherms that do not experience incu-
bation (black lines). Panels in column E show endothermic trait temperature responses (brown
lines), contrasted with how endothermic traits are typically modeled as temperature-independent
(dashed black lines).
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We consider the population dynamics of a seasonally breeding species. The annual cycle
begins with the pre-breeding season, where only adults exist in the system. During the
breeding season, adults lay eggs, which mature into hatchlings, and incubate both eggs
and hatchlings until the latter mature into juveniles. Eggs laid late in the breeding season
and hatchlings that remain at the end of the breeding season continue to mature during
the post-breeding season, but there is no new reproduction. At the end of the post-breeding
season, all juveniles transition into the adult stage, which serves as the input to the following
year’s pre-breeding season. We consider the duration of each season to be determined by
photoperiod (i.e. calendar day). This is a reasonable assumption given that photoperiod
is the primary cue for starting and ending breeding activities for most species, even if they
fine-tune their breeding phenology with additional cues such as resource abundance (Dawson
et al. 2001; Dawson 2008).

Stage-structured dynamics within each season are continuous and given by the following
system of equations:

Pre-breeding season (0 <t < t,.)

dBp're

= —dg(T) B,
dt B()p

initial conditions:
Byre(0,0) = By fory =0

Bpre(0,Y) = Bpost(365,y — 1) 4+ Jpost (365, y — 1) for y > 0
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Breeding season (t,.. +1 <t <t,)

dEy,

dtb = b(T)Byre =P — mp(T)Ey — d(T) By
dHy,

o =m(T) By — g (T) Hy = dpg (T) Hiy

d Sy,

o = mu(T)Hy: — ds(T)Jy
der

= —dg(T) By,
pn 5(T) By,

initial conditions:

Xop(tpre +1,y) =0for X = E. H,J

Bbr(tpTe + 17 y) = Bpre(tpre + 17 y))

Post-breeding season (t,, + 1 <t < 364)

E
d 22 = —mp(T) Epost — di(T) Epost

dH s

d—it =mpg(T)Epost — mu(T)Hpost — A (T) Hpost
dJpos

# = mp(T) Hpost — d5(T) Jpost

dB s

d—i = —dB(T)BpOSt

initial conditions:

Xpost(tbr + 173/) = Xbr(tbr‘ + 17?J) fOl" X - E7H7 Ja B (1 1)

where the state variables, £, H, J, and B represent, respectively, the abundances of eggs,
hatchlings, juveniles, and adult birds. The parameter ¢ depicts the intraspecific competition
coefficient, the index y the year of the simulation, and ¢,,. and t;, the last days of the pre-
breeding and breeding seasons, respectively. The functions b(T"), mx(T) (X = E,N), and
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dz(T) (Z = E,N, J, A) depict, respectively, the temperature response of per capita birth,

maturation, and mortality rates.

Functional forms of vital rate temperature responses

We derive mechanistic descriptions of the temperature responses of birth, maturation, and
mortality rates from empirical evidence of adult bird sensitivity to extreme temperatures
(Holt & Boersma 2022; McKechnie, Rushworth, et al. 2021; Whitfield et al. 2015) and from
existing theory on such rate responses in ectotherms (Johnson & Lewin 1946; Ratkowsky
et al. 2005; Schoolfield et al. 1981; Sharpe & DeMichele 1977) (Figure 1.1B-E). The equa-
tions and parameter definitions for the resulting functions can be found in Table 1 and are
described in the following sections.
Endothermic life stages

While many theoretical approaches have typically focused on the invariance of endotherm
performance across a wide range of ambient temperatures (Dell et al. 2011), investigating the
effect of climate warming on bird population dynamics requires us to model the sensitivity
of endothermic stages to temperature extremes (Jenouvrier 2013; McKechnie, Hockey, et al.
2012). We capture this sensitivity by using piecewise functions to describe the mortality
rates of the endothermic life stages (juveniles and adults; Table 1.1; Figure 1.1E). We define
lower and upper mortality inflection points between which the mortality rate remains con-

stant. Below and above these inflection points, the mortality rate increases exponentially
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as temperatures become more extreme. Finally, we assume that birth rate is temperature-
independent (but see Hurley et al. 2018; Schou et al. 2021; Sharpe, Bayter, et al. 2021).
Ectothermic life stages

In ectotherms, the maturation rate exhibits a left-skewed response with a faster decline
at high temperature extremes (Figure 1.1B; Kingsolver 2009; Kingsolver, Diamond, et al.
2013; Schoolfield et al. 1981; Sharpe & DeMichele 1977; van der Have 2002; van der Have
& Jong 1996), while the mortality rate increases exponentially with temperature above
a temperature threshold, and increases with decreasing temperature below the threshold
(Figure 1.1B, Gillooly, Brown, et al. 2001; Gillooly, Charnov, et al. 2002; Ratkowsky et al.
2005; Savage et al. 2004).

We begin by assuming that in the absence of incubation, the maturation and mortal-
ity rates of bird ectothermic life stages follow the same functional forms as those derived
for ectothermic species. To account for incubation behavior that allows adults to maintain
eggs and hatchlings at a constant temperature across a range of ambient temperatures, we
define a function that relates the ambient temperature to the temperature experienced by
the ectothermic stages (Figure 1.1C; Table 1.1). We use a piecewise function, such that
adults buffer eggs from ambient temperature between upper and lower threshold tempera-
tures, beyond which the efficacy of incubation breaks down. Accounting for incubation, the
egg and nestling vital rates are constant during temperatures that favor incubation and gen-
erally follow ectothermic temperature responses at temperatures outside of the incubation
thresholds (Figure 1.1D). Because the incubation function has two temperature thresholds
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and the ectothermic mortality temperature response has only a low temperature threshold,
we approximated the underlying ectothermic mortality function with a piecewise function
(Table 1.1). As a final step, we model the hatchling maturation rate (i.e. the rate at which
ectothermic hatchlings mature into endothermic nestlings/juveniles) as being invariant with
temperature, as evidence suggests that this rate is determined by factors such as food con-
sumption and rate of biomass growth, rather than temperature per se (reviewed in Price &

Dzialowski 2018).

Empirical support for parameter choices

To parameterize temperature response functions for ectothermic species, researchers typically
measure average vital rates for populations exposed continuously to specific temperatures
and use statistical approaches to fit functions to the data (Ardelan et al. 2023; Mordecai
et al. 2019; Sinclair et al. 2016; Sunday et al. 2024). For the most part, such an approach is
not feasible for birds due to logistical and ethical concerns. However, much empirical work
on birds has investigated temperature impacts on various physiological rates and incubation
behaviors. We leverage this by identifying relevant metrics that can serve as proxies for the
parameters in the vital rate temperature response functions. We compiled a list of possible
proxies for all parameters, along with ranges of values measured for these proxies in the

literature, which we report in Appendix A.1 (Table A.1).
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Table 1.1: Temperature-dependent vital rate functions.

Maturation rate for ectothermic stage i (i = E,H)

mTRi T e i
m;i(T) = — T
1+6AL7M TLm; T +eAHm"’ THpm, T
TR, = reference temperature for maturation
TLm,.‘ = lower temperature threshold
THm; = upper temperature threshold

mry,, = per capita maturation at Tg,,

Am, = Arrhenius constant for temperature sensitivity of maturation at TR,,,

Ap,,, = Arrhenius constant for decrease in maturation rate with decreasing temperature below 1r,,,
Ag = Arrhenius constant for increase in maturation rate with increasing temperature above T} Hm;

m

Mortality rate for stage i (i = E,H,J,B)

dTR,i * el (TLIdi - T< TLIdri
di(T) = < dry, Trr, <T <Tuy,

T-T
dry * eHa; (T=Tv1a,) Tyr,,
7 k3

Trr 4 = lower mortality inflection point

Tur d; = upper mortality inflection point

dry,, = per capita mortality within thresholds

ar,, = rate of increase in mortality with decreasing temperature below T 1 4
ap,, = rate of increase in mortality with increasing temperature above Ty "

Temperature experienced due to incubation

Topt - (IL - Tamb) T S IL
Tx(Tamb) = Tope I, <T < Iy
Topt + (Tamb - IH) IH < T

T, = temperature experienced

Tumy = ambient temperature

I;, = lower incubation threshold

Iy = upper incubation threshold

T,pt = temperature experienced within thresholds
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We present an example of this reasoning here by considering the response of the adult
mortality rate to high temperatures. As described in the previous section, the adult mortal-
ity rate, like other piecewise equations in our modeling framework, requires two parameters
to address the increase in mortality rate at high temperatures: an upper mortality inflection
point Ty dg and the rate of increase above this inflection point apy ig" For the upper mortal-
ity inflection point, we use the ambient temperature that first exceeds normothermic body
temperature (Gerson et al. 2019; McKechnie 2022; McKechnie, Gerson, et al. 2021; McKech-
nie, Hockey, et al. 2012), as this measure is conservative relative to other plausible proxies
(Appendix A.1: Table A.1), and because body temperature is fairly constrained across a
wide range of bird species (McKechnie 2019; McKechnie, Gerson, et al. 2021; McKechnie
& Wolf 2019), enabling generalization to species whose physiology has not been studied in
depth.

Calculating a rate of increase in mortality rate requires measurements of the mortality
rate at several temperatures above and below the upper mortality inflection point, which
are very unlikely to be available and very hard to do for birds. However, there is substantial
documentation in the empirical literature of temperatures that are likely to be lethal for birds.
For example, several studies have reported mass avian mortality due to single-day extreme
hot temperatures (e.g. Finlayson 1932; Holt & Boersma 2022; McKechnie, Rushworth, et al.
2021; Saunders et al. 2011). Moreover, the heat tolerance limit — the temperature associated
with the onset of heat stress and inability to regulate body temperature after 10-30 minutes
of exposure — has been measured for an even wider range of species (McKechnie, Gerson,
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et al. 2021; Whitfield et al. 2015). We thus define an upper total mortality point Tyr: the
temperature where a single-day exposure will result in complete mortality for the population,
i.e. the per capita mortality rate dg(T = Tyr) = 1. This allows us to rearrange the adult
mortality rate function (Table 1) using parameters that more closely align with empirically
available data:

Tyr,g—T
dp(T) = dry,,, * e'VTap ™ ap for T > Tyy,,

We follow a similar approach for all other parameters in our modeling framework (Ap-

pendix A.1: Table A.1).

Specific parameterization for model analysis

As a case study for investigating warming effects on bird population dynamics, we focused our
analysis on passerine birds, the largest order of birds in the world (“Orders of Birds” 2020).
Specifically, we focus on small, non-migratory passerines that inhabit temperate deserts, for
several reasons. First, resident arid-zone species experience an environment in which water
availability remains low throughout the year, allowing us to characterize the baseline case
of how temperature variation alone influences population dynamics. Second, since arid-zone
birds experience conditions close to their physiological limits, they are especially at risk from
increasing global temperatures, a threat that is particularly severe for passerines with small
body masses (Albright, Mutiibwa, et al. 2017; Conradie et al. 2020). Third, arid-zone species
have been the focus of many physiological studies (reviewed in McKechnie, Rushworth, et al.
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2021; McKechnie & Wolf 2019, Appendix A.1: Table A.1). We parameterized the model
with realistic values for arid-zone passerines (Appendix A.1: Table A.1), and performed
sensitivity analyses for all parameters (Appendix A.2). Though we focus our results on arid-
zone passerines, the model is general and can accommodate a wide diversity of bird species,

including non-passerines.

1.3.2 Model Analysis

All analyses were performed in R version 4.3.2 (R Core Team 2022).

Typical seasonal variation in temperature

We used the stage-structured, multi-season model (Equation 1) to investigate the effects of
typical temperature variation (both diurnal and seasonal) as well as warming. We considered
intra-annual variation in the average daily temperature to capture seasonal temperature
variation, and diurnal variation in hourly temperatures to capture temperature extremes
that could negatively impact vital rates within a single day (Appendix A.3: Figure A 4).

We used the following sinusoidal functions to depict seasonal and diurnal variation:

27t
Taity(t) = Mp — ATcos<i>
Y
2mt
Thourly(t) — Tdaily (t) - (ITCOS<7)
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where My is the mean annual temperature, A7 is the magnitude of seasonal fluctuations:
Ar = w, and ar is the magnitude of daily fluctuations.

To define a regime of seasonal temperature variation typical of temperate deserts, we
obtained hourly temperature data from NOAA (https://www.ncdc.noaa.gov/cdo-web/
search) for a weather station in the Sonoran Desert. For simplicity, we assume that the
air temperature reflects temperatures experienced by the four life stages in our model (but
see O’Connor et al. (2018), Wolf (2000), and Wolf & Walsberg (1996) for evidence of how
operative temperature can vary due to behavioral thermoregulation and microsite selection).
We used these data to calculate the average annual temperature and the amplitude of sea-
sonal and diurnal fluctuations for 1961 to 1990 (the World Meteorological Society’s reference
period).

Using the temperature response functions above, we calculated average daily vital rates
for each life history stage. We simulated dynamics using these average daily vital rates,
and then characterized model behavior under typical temperature variation by examining

within-year and across-year dynamics.

Climate warming: deterministic warming scenarios

We tested the Intergovernmental Panel on Climate Change (IPCC) predictions about in-
creases in the mean annual temperature (IPCC 2021). We compared three magnitudes of
warming: a 1.5°C, a 3°C, and a 5°C increase in the mean temperature across 100 years. Fol-

lowing previous studies (Amarasekare 2019; Endo & Amarasekare 2022), we considered three
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Figure 1.2: Non-stationarity as a signature of warming. Typical seasonal variation in temperature
is stationary: the expected mean and variance of annual temperatures are constant with time.
In contrast, climate warming is non-stationary: the expected mean and variance in temperature
will change with time. We explore changes in mean and variance of annual temperatures with
deterministic (A-D) and stochastic (E) regimes. A represents typical seasonal variation, where
mean and variance are constant; B-E represent warming regimes with the same rate of change
in mean annual temperature, but with differences in how the variance changes with time. In
B (“warmer winters”), annual minimum temperatures increase faster than the annual maximum
temperatures, resulting in a decrease in amplitude through time. In C (“baseline warming”), both
the annual maximum and minimum temperatures increase at the same rate, resulting in no change
to the amplitude. In D (“warmer summers”), the annual maximum increases faster than the
minimum temperature, resulting in an increase in the amplitude. In E, warming occurs through a
regime of stochastic hot extremes that increase in both intensity and frequency.

deterministic warming scenarios for each magnitude of warming. In each scenario, the mean
annual temperature increases at the same constant rate, but the amplitude of the seasonal
fluctuations are different. In the warmer-than-average winters scenario (hereafter “warmer

winters”), annual minimum temperatures increase faster than annual maximum tempera-
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tures, resulting in a decrease in the amplitude of thermal oscillations (Figure 1.2B). In the
warmer-than average summers scenario (hereafter “warmer summers”), annual maximum
temperatures increase faster than annual minimum temperatures, resulting in an increase in
amplitude of thermal oscillations (Figure 1.2D). Finally, in the baseline warming scenario,
the maximum and minimum temperatures increase at the same rate, resulting in no change
in amplitude (Figure 1.2C).
We depict deterministic warming scenarios using the sinusoidal function:
27t

Tgaity(t) = My +mt — (Ap + at)cos<7>

where m and a represent the daily rate of increase in the average temperature and

the amplitude, respectively. We calculated these rates as follows: m = w and

T : —Tmi . . . .
a = ==L where Tpap, and 7T, are the daily rates of increase in maximum and
minimum annual temperatures. These daily rates of increase can in turn be calculated as

Ty = where s, is the degrees of increase over 100 years in the x = maxr or ming.

For each regime (degree of warming and warming scenario), we ran the model for 100
years and calculated the minimum adult abundance in the 101th year. We focused on
the minimum rather than the mean abundance because the lower the minimum abundance
the more susceptible populations are to extinction via demographic stochasticity. We also

recorded the first year of each the simulation when temperatures were hot enough to affect

mortality rates of the ectothermic and endothermic life stages (hereafter referred to as the
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ectothermic and endothermic mortality thresholds).

Climate warming: stochastic occurrence of hot extremes

In addition to increases in the mean annual temperature, the IPCC also predicts increases
in the intensity, frequency, and duration of hot extremes (IPCC 2021). We examined the
impact of hot extremes by simulating population dynamics for 100 years using a temperature
regime of typical seasonal variation with stochastic hot extremes that increased in intensity,
frequency, and duration over a period of 100 years.

We drew the number of hot extremes each year from a Poisson distribution. Both the
duration of each hot extreme period and the average daily temperature of hot extremes were
drawn from folded normal distributions (i.e. absolute value of draws from a Gaussian distri-
bution). For each of these parameters, the expected value of the distribution increased each
year. The start dates of each hot extreme period were sampled from a uniform distribu-
tion, restricting hot extremes to occur when eggs and hatchlings were present in the system
(i.e. during the breeding season and the first month of the post-breeding season).

We investigated the impact of increasing intensity, frequency, or duration of hot extreme
periods. We varied either the expected intensity, frequency, or duration in year 100 and
kept the other two parameters constant. We used realistic values for expected intensity,
frequency, and duration based on recent estimates about trends in heatwaves (Habeeb et al.
2015; Perkins-Kirkpatrick & Lewis 2020; Rohini et al. 2016; Russo et al. 2014): when the

expected frequency was kept constant, it was set to five hot extreme periods. The expected
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intensity was set to 306 K, and the expected duration was set to four days.

We conducted 20 replicate simulation runs for each hot extreme parameter (intensity,
frequency, or duration), and recorded the minimum adult abundance in the 101st year. We
also recorded the first year of the simulation in which a hot extreme impacted the ectothermic
and endothermic mortality rates. Finally, since hot extremes that increase in intensity,
frequency, or duration over 100 years by definition increase the mean annual temperature
over that period, we fit linear regression models to each simulation to calculate the degrees of
warming that resulted from the hot extreme regime. This allowed us to compare the relative
impact of the deterministic warming scenarios versus increasingly hotter, longer, and more

frequent temperature extremes.

1.4 Results

1.4.1 Typical seasonal variation

Daily temperatures under typical seasonal variation fall entirely within the incubation and
endothermic mortality thresholds (Figure 1.3A), resulting in maturation and mortality rates
that are constant with respect to time (Figure 1.3B). Despite this invariance in trait re-
sponses, there is a clear intra-annual signature of seasonal variation in abundances (Figure
1.3C). This pattern arises from seasonal breeding and stage transitions throughout the life-

cycle (e.g. hatchlings to juveniles, juveniles to adults). Since seasonal temperature variation

29



exhibits a stationary distribution (i.e. mean temperature and amplitude of fluctuations re-
main approximately constant over time), the intra-annual variation in abundance also settles
into a stationary distribution. As a result, mean annual abundance converges to a stable
point equilibrium (Figure 1.3D), regardless of initial population abundance (Figure 1.3E),

suggesting that population dynamics are stable under typical seasonal variation.

1.4.2 Climate warming: deterministic scenarios

Most of the deterministic warming regimes had moderate to no effects on bird population
abundance (declines of 0-2.3% relative to no warming for 6 of 9 regimes; Figure 1.4A). This
includes the magnitude of warming that corresponds to the optimistic IPCC projection: a
1.5°C increase in mean temperature over 100 years generated minor population declines (0-
0.3%). In contrast, one warming regime resulted in severe declines: 5°C of warming with
warmer-than-average summers led to a complete crash in abundance compared to typical
seasonal variation.

The three warming scenarios (warmer winters, warmer summers, and baseline warming)
varied substantially in their impact on population dynamics. Warmer summers had the most
detrimental effect on abundance, while warmer winters with any amount of warming caused
no declines in abundance. Baseline warming with 5°C of warming caused a 48.1% decline
in population abundance, an effect similar to warmer summers with 3°C of warming (49.6%

decline).
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Figure 1.3: Population dynamics under typical seasonal variation in temperature. (A) Typical
seasonal variation in temperature falls within the temperature thresholds where incubation becomes
less efficient (light gray horizontal line) or adults experience a change in mortality rate (dark gray
horizontal line). Vertical dashed lines indicate the beginning and end of the egg-laying period. (B)
Since typical variation falls within these thresholds, vital rates do not vary in time. These rates are
calculated for each hour and then averaged for each day. In the case of typical seasonal variation
(no warming), these rates are invariable with time. (C) This results in populations dynamics that
cycle during the year due to seasonal reproduction. Recall that after the egg-laying period, eggs
and hatchlings mature into juveniles, and at the end of the year, the juveniles instantaneously
become adults. When we consider population dynamics year-to-year, the dynamics appear to be
stable: (D) annual mean abundances of each stage approach stable points, regardless of starting
population size (E). Only adult dynamics represented in E for clarity.
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Since maximum temperatures in warmer summers scenarios are always higher than in
warmer winters or baseline warming for a given degree of warming, temperatures exceeded
the ectothermic and endothermic mortality thresholds more quickly for warmer summers
than for other warming scenarios (Figure 1.2B-C). For instance, when the mean temperature
increased by 3°C, the ectothermic mortality threshold was reached within 42 years for warmer
summers as opposed to 72 years for baseline warming and over 100 years for warmer winters;
when the mean temperature increased by 5°C, the ectothermic mortality threshold was
reached within 25 years under warmer summers, 43 years under baseline warming, and over
100 years under warmer winters (Figure 1.4B). The pattern was similar for the endothermic
mortality threshold, which was reached within 45 years for warmer summers 5°C, 75 years
for warmer summers 3°C, and 77 years for baseline warming 5°C (Figure 1.4C).

Two regimes with moderate increases in maximum annual temperatures (baseline warm-
ing with 1.5°C of warming and warmer winters with 5°C of warming) never exceeded the
ectothermic mortality threshold, but did exceed the incubation threshold. This led to an
increase in the egg maturation rate, without an accompanying increase in the egg mortality
rate. As a result, more eggs matured into hatchlings, resulting in very minor increases in

adult abundance (0.002-0.003% increase).
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Figure 1.4: Warmer summers have a large impact on bird populations. In A, bars represent the
minimum annual abundance of adults after 100 years with different warming regimes, relative to
the minimum abundance expected after 100 years of no warming (dotted horizontal line). In B
and C, points represent the first year of the simulation in which mortality rates for ecothermic
(B) or endothermic (C) stages change because the temperature regime exceeds the ectothermic or
endothermic mortality thresholds, respectively. For some regimes, these vital rates never changed
during the course of the 100-year simulation.

1.4.3 Climate warming: stochastic hot extremes

In contrast to the deterministic warming scenarios, stochastic hot extremes generated se-

vere population declines with only minimal increases in the annual mean temperature (Fig-
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ure 1.5A). For instance, a 0.75°C increase in the mean temperature over 100 years due to
stochastic hot extremes was sufficient for populations to crash. This is in stark contrast
to the deterministic trend of 1.5°C of warming over 100 years, which caused no decline in
abundance. In fact, our simulations suggest that a 0.75°C increase in the mean temperature
over 100 years due to hot extremes alone can have as detrimental an effect on bird population
dynamics as would a 5°C increase due to a steady deterministic trend.

In addition to causing population crashes, increasing intensity of hot extremes can cause
temperatures that impact both ectothermic and endothermic stages within 20 years of warm-
ing (Figure 1.5B). Increases in the frequency and duration of hot extremes yielded similar
results (Appendix A.3: Figure A4, A.5).

Figure 1.6 illustrates the underlying dynamics through which stochastic hot extremes
can generate such devastating effects (Figure 1.6; orange dot in Figure 1.5A). The extreme
temperatures exceeded the ectothermic and endothermic mortality thresholds as early as
year 38 and 47, respectively, leading to higher mortality rates across all stages (Figure 1.6B-
C). The egg maturation stage first increased in year 5, but could not compensate for higher
egg mortality rates later in the simulation (Figure 1.6B, 1.6D). By the end of 100 years,
the compounding effects of hot extremes on vital rates resulted in large declines across all

subsequent stages (hatchlings, juveniles, adults; Figure 1.6D, E).
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Figure 1.5: Stochastic hot extremes could have highly detrimental effects on bird populations.
In A, points represent the minimum annual abundance of adults after 100 years with different
warming regimes (relative to the minimum abundance expected after 100 years of no warming).
Warming here is calculated as the increase in mean temperature over 100 years due to a regime of
stochastic hot extremes that become increasingly hotter over the course of the simulation. Dynamics
underlying the orange point are depicted in Figure 1.6. In B, points represent the first year of the
simulation during which temperatures are high enough to affect the death rates of either ectothermic
(blue) or endothermic stages (red).
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Figure 1.6: Population dynamics under a regime of stochastic hot extremes that become in-
A depicts the thermal regime, in which hot extremes exceed
the temperature where adult incubation (light gray dashed line) and adult mortality rate (dark
gray dashed line) are affected. The hot extremes impact the vital rates for both the ectothermic
stages (B; egg maturation rate depicted with black points) and the endothermic stages (C). These
impacts result in changes in abundance, visualized for the last two years of the simulation (D) as
well as over all 100 years of the simulation (E; dashed lines depict maximum and minimum adult

creasingly hotter over 100 years.

abundance under no hot extremes).
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1.5 Discussion

An extensive body of research has documented avian population responses to warming and
used these observed trends to develop population-specific models for projecting dynamics
under climate warming (Fink et al. 2020; Hostetler et al. 2015; Nater et al. 2023; Rushing
et al. 2016; Wilson, LaDeau, et al. 2011) . Despite these advances, our ability to generate
predictions for the vast majority of bird species — for which detailed population dynamics
information is scarce — remains limited (Conde et al. 2019; Lees et al. 2020; Proenca et al.
2017). A promising approach for overcoming this limitation is to integrate climate effects on
bird vital rates using a mechanistic understanding of bird physiology, and incorporate these
effects across life stages in a dynamical, full-annual-cycle population model (Jenouvrier 2013;
McKechnie, Hockey, et al. 2012; Urban et al. 2016; Urban 2019). Here, we draw on decades
of work on ectotherm thermal ecology (reviewed in Angilletta 2009) and avian physiology
(reviewed in McKechnie 2022) to develop such a framework. Our model generates stable
dynamics under typical seasonal variation in temperature without warming, capturing the
seasonality characteristic of most bird population dynamics. Our framework also reveals the
undeniable role of temperature variation on arid-zone bird population dynamics: hot tem-
peratures reached through dangerous levels of warming or through stochastic hot extremes

can cause large declines in bird populations via direct effects on vital rates.
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1.5.1 Impacts of warming on arid-zone passerines

Parameterized to represent desert-dwelling passerine birds, our model yields starkly different
outcomes for population persistence depending on the magnitude of warming. We found
that a 1.5-degree deterministic increase in mean temperature over 100 years — a degree of
warming that corresponds to the best-case scenario of emissions reductions (IPCC 2021) —
had nearly no effect on population dynamics (Figure 1.4). In contrast, a 5°C increase in mean
temperatures over 100 years, corresponding to a high emissions scenario, caused complete
extinction of the population. Adult birds are endotherms, and use behavior to buffer their
ectothermic stages from temperature variation, so it is reasonable to expect that they can
maintain performance across some amount of temperature variation. This finding suggests
that even populations living fairly close to their thermal limits can withstand temperatures
up to 1.5°C outside of their typical range of experienced temperatures without much cost to
abundance, but that sufficiently high levels of warming can have devastating outcomes.
While the magnitude of warming plays an undeniable role in shaping bird population
dynamics, our analyses also underscore the importance of accounting for the specific ther-
mal patterns that give rise to warming. The same degree of increase in average annual
temperature can come about from a variety of thermal regimes that vary considerably in
how often and by how much they exceed critical thresholds for bird vital rates. For example,
even when warming occurs as a steady, deterministic increase in average temperatures, the

seasonal pattern of warming (e.g. a faster increase in winter minima or in summer max-
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ima) dramatically alters outcomes for desert passerine populations. Across all magnitudes
of warming, we repeatedly found that regimes where summer temperatures increased more
quickly than winter temperatures led to larger declines in abundance, simply because in-
creasing temperatures during the hottest time of the year exceeds threshold temperatures
more quickly than in other regimes. In contrast, warmer winters regimes did not directly
affect bird populations since the resulting temperatures were still well within the range of
what birds tolerate.

Warming does not occur as a steady, deterministic trend, however. Nowhere is this
more evident than in the numerous hot extreme periods felt across the globe (Habeeb et al.
2015; Luo et al. 2024; Rohini et al. 2016; Russo et al. 2014). Increases in the intensity,
duration, and frequency of hot extremes can increase average temperatures, and comparing
the impact of this form of warming to the deterministic trend analysis revealed a critical
insight: while our ability to predict hot extremes is weak, their impact on desert passerine
populations can be extremely strong. The same amount of warming over 100 years can be
devastating to bird populations if that warming happens through stochastic hot extremes,
yet unremarkable if temperatures generally follow a deterministic increase in mean annual
temperatures. Furthermore, extreme temperatures can have large effects within as few as
two decades — as we have already seen in several cases of mass mortality of desert birds due
to hot extremes (McCowan & Griffith 2021; McKechnie, Rushworth, et al. 2021; Sharpe,
Bayter, et al. 2021). Especially since hot extremes will not be evenly distributed around
the world (Luo et al. 2024; Russo et al. 2014), accurately forecasting hot extreme periods in
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climate change scenarios remains a challenge, one that our work highlights as a top priority
by revealing how not accounting for hot extremes could lead to considerable underestimation
of climate change impacts on birds.

Several studies have used physiological mechanisms to assess warming consequences for
arid-zone birds, specifically by estimating increases in lethal dehydration risk or cooling
costs for adult birds during the summer (Albright, Mutiibwa, et al. 2017; Conradie et al.
2020; Ma et al. 2023; McKechnie & Wolf 2010; Riddell et al. 2019). In many cases, these
studies have predicted severe repercussions of warming for desert birds, although the degree of
predicted severity is geographically variable due to differences in regional climate projections
(McCowan & Griffith 2021; McKechnie, Rushworth, et al. 2021; Sharpe, Bayter, et al. 2021).
Our model expands on this work by introducing a modeling framework that is dynamic,
year-round, and stage-structured, enabling us not only to account for temperature effects
on other life stages and during other seasons, but also to quantify how warming impacts
translate to changes in population abundance. The present parameterization of our model,
which represents a general group of birds as opposed to a specific species, supports these
previous studies’ predictions about severe outcomes of warming for desert birds, and can
be used to estimate the extent of population declines resulting from different temperature
regimes. While our present study primarily used deterministic warming trends based on
global averages, our model can also accommodate real temperature time series data, making

it suitable to address regional differences in projected warming intensity around the world.
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1.5.2 Beyond arid-zone passerines

Though we focused our analyses on desert-dwelling passerine birds, our framework provides
a trait-based approach for making mechanistic predictions about warming impacts on a
variety of avian systems, such that any of the underlying temperature response functions
can be parameterized or adjusted for the biology of specific species of interest. Our general
finding that the pattern of warming determines the net impact on population abundance is
likely to hold true for other systems, both non-passerine and non-arid-zone, but we expect
several specific results to differ.

Within arid-zone bird communities, the consequences of warming may vary in severity
for some groups of species. For example, some non-passerine groups such as columbids and
caprimulgids use different physiological mechanisms for thermoregulating, which in some
cases confer higher thermotolerance (McKechnie, Whitfield, et al. 2016; O’Connor et al.
2017) that might result in less sensitivity to warming. On the other hand, some desert bird
populations may inhabit places where temperatures routinely reach or exceed their mortality
thresholds; for these populations, even 1.5°C of deterministic warming could be sufficient to
impact vital rates and population abundance.

Outside of deserts, the ways the warming affects populations could differ. Parameterizing
the model for non-desert species who do not live so close to their thermal limits is likely to
show a limited effect of warming on bird populations, since the primary mechanism modeled

is acute responses of vital rates to temperatures that exceed threshold values. Indeed, instead
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of triggering the acute high mortality observed in the arid-zone (McCowan & Griffith 2021;
McKechnie, Rushworth, et al. 2021; Saunders et al. 2011; Sharpe, Bayter, et al. 2021) and
predicted by our model, for example, warming could predominantly drive phenological shifts
in migration and breeding (Romano et al. 2023). Such phenological shifts could expose
breeding birds and early life stages to higher incidence of cold weather events (Regan &
Sheldon 2023; Shipley et al. 2020)(Shipley or cause mismatches with resources or altered
interactions with competitors and parasites (Ahola et al. 2007; Both, Bouwhuis, et al. 2006;
ller et al. 2021; McKinney et al. 2012; Saino et al. 2009). Furthermore, other climatic factors
such as precipitation and drought can interact with temperature to determine outcomes
on demographic rates (Albright, Pidgeon, et al. 2010; Bourne, Cunningham, et al. 2020b;
Conrey et al. 2016; Gardner, Amano, et al. 2016; Garrett et al. 2022), and on their own
can have significant impacts on bird populations (Anctil et al. 2014; Dossman et al. 2023;
Smith et al. 2010; Studds & Marra 2007). Extending our framework to account for more
diverse ways that temperature and other aspects of climate change affect bird populations
(see Model Extensions) will be a challenging but important next step.

Expanding our framework within and beyond the arid-zone would benefit from additional
empirical research into bird temperature responses. One reason for focusing our analyses on
arid-zone birds was the availability of physiological and behavioral data on such species (e.g.
Bourne, Ridley, McKechnie, et al. 2021; Bourne, Ridley, Spottiswoode, et al. 2021; McK-
echnie, Gerson, et al. 2021). Nevertheless, even for arid-zone birds, no single species has
been sufficiently well described to provide precise values of each of the parameters in our
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mechanistic framework, highlighting an urgent need for further integration of theoretical and
empirical approaches. In particular, much research has focused on temperature responses
of adult and egg mortality (Conde et al. 2019; Jenouvrier 2013), with relatively less data
available about how other life stages (e.g. hatchlings, juveniles) and processes (e.g. matura-
tion, incubation, birth rate) are affected by temperature variation. One path towards a more
comprehensive understanding of avian temperature responses is through coordinated global
efforts, which could help establish research priorities and protocols that enable comparative
and synthetic research (Urban et al. 2016; Urban 2019). Integrating such information with
a mechanistic theoretical framework like the one we present here could help uncover geo-
graphic, phylogenetic, or functional patterns structuring physiological diversity and future
temperature responses. For example, the heat tolerance limits and various other physiologi-
cal properties of adult birds scale with body mass within phylogenetic groups (McKechnie,
Gerson, et al. 2021), which points to the potential value of using our framework for generat-
ing comparative predictions of how climate sensitivity varies across species of different body

size.

1.5.3 Model extensions

By integrating acute effects of climate warming on bird population dynamics, our model
lays the groundwork for future theoretical development that captures more diverse tem-

perature effects on birds. For example, even relatively low levels of warming that do not
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reach temperatures high enough to trigger acute mortality rate increases can still cause de-
clines in body condition (Bourne, Ridley, Spottiswoode, et al. 2021; Bourne, Cunningham,
et al. 2020a; Cunningham, Martin, et al. 2013; du Plessis et al. 2012), and therefore could
generate carry-over effects across seasons (Norris 2005; Runge & Marra 2005) that impact
survival and population abundance in the long term (Gardner, Amano, et al. 2016). Ex-
tending the framework to account for both acute and chronic responses to warming could
entail defining discrete states within the avian life stages representing poor versus good body
condition, which vary in temperature-dependent vital rate functions and have temperature-
dependent transition probabilities between them. Using delay-differential equations to model
delayed effects of exposure to high temperatures (such as egg incubation temperature affect-
ing fledgling survival, observed in Berntsen & Bech (2016) and Nord & Nilsson (2016)) is
another promising avenue.

Our model captures direct effects of warming on endothermic and ectothermic life stages
of birds, but temperature variation can also indirectly affect bird population dynamics
through changes to birds’ resources (e.g. insect prey) and natural enemies (e.g. parasites
and predators). For example, warming could increase insect abundance over short terms
(Lehmann et al. 2020), thereby boosting survival and/or fecundity among insectivorous
birds. Alternatively, higher temperatures could reduce insect abundance or shift insect phe-
nology (Abarca & Spahn 2021; Harvey et al. 2023; Williams et al. 2015), causing mismatch
between prey availability and nestling demand (Both, Van Turnhout, et al. 2009; Burgess
et al. 2018; Vatka et al. 2011; Visser et al. 1998). Extending our modeling framework to
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explicitly incorporate trophic dynamics (e.g. Casas Goncalves & Amarasekare 2021) and phe-
nological shifts would help capture this important dimension of avian responses to climate
warming as well as the cascading responses across communities.

In nature, direct and indirect effects of temperature will interact with other abiotic factors
to affect bird population dynamics. Habitat structure, topography, and other local factors
mediate the operative temperatures that individual birds experience (Cunningham, Gardner,
et al. 2021; Dzialowski 2005), and accounting for such variation can yield important insights
into population- and species-level variation in how they respond to warming. Accurately
predicting warming effects on population dynamics of birds outside of deserts, especially
tropical zones, will require accounting for humidity, since high levels of humidity affect the
physiology of thermoregulation (Gerson et al. 2019; van Dyk et al. 2019). Global climate
change is also likely to entail shifts in precipitation regimes, including intensification of
drought and rainfall across different regions (Douville et al. 2023). Such changes can have
sizeable effects on bird populations (Anctil et al. 2014; Bourne, Cunningham, et al. 2020b;
Canonne et al. 2023, Oberg et al. 2015), but require further theoretical and empirical research

to mechanistically link variation in precipitation to bird vital rates (Boyle et al. 2020).

1.5.4 Conclusion

In summary, integrating the temperature responses of vital rates into a dynamic model

that incorporates all avian life stages provides a powerful framework for projecting bird
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population dynamics under future climate warming. Our simulations reveal that stochastic
hot extremes represent an immediate threat and that realistic levels of warming over the next
century may cause severe declines in abundance. Our work represents a critical first step for
developing a mechanistic understanding of the multifaceted impacts of climate warming on

avian population dynamics.
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Chapter 2

Integrating the effects of
temperature-induced condition
changes on bird population dynamics
under climate warming

2.1 Abstract

Temperature variation can have acute effects on behavior, physiology, and vital rates that
shape population trajectories under warming. The rising and extreme temperatures associ-
ated with warming can also cause changes to body condition that can persist beyond the
exposure to such temperatures, but the relative importance of acute versus chronic responses
to temperature in shaping population dynamics is unknown. Here we introduce a mecha-
nistic framework that captures both the acute temperature responses of vital rates and the
chronic temperature responses that manifest as costly poor condition. Using non-migratory
arid-zone passerines as a case study, we investigate the relative importance of these temper-

ature responses in shaping warming outcomes for bird populations. We find that, if recovery
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to good condition is sufficiently slow (e.g. > 10 days), temperature-induced chronic changes
to condition can cause declines to population dynamics even for levels of warming that do
not affect acute temperature responses of vital rates. Rapid recovery and low costs of being
in poor condition, however, result in minimal impacts on abundance. At high magnitudes of
warming, such as those expected under pessimistic emissions scenarios (e.g. 5°C of warm-
ing over 100 years), acute temperature responses have a primary role in shaping population
outcomes, but chronic temperature responses of body condition can exacerbate declines. We
also find that the seasonal patterns of warming could drive shifts in seasonal timing of poor
condition. Finally, our framework underscores the importance of empirically evaluating the
demographic consequences of temperature-induced condition declines for more robust pre-

dictions of bird population dynamics under global climate warming.

2.2 Introduction

Complex responses of bird behavior and physiology to temperature variation can impact
the demographic responses that shape population dynamics, and become increasingly im-
portant to understand as climate warming shifts thermal regimes (IPCC 2021; Jenouvrier
2013; McLean, Lawson, et al. 2016; Pearce-Higgins et al. 2015). Temperature responses can
be categorized as acute — i.e. directly responsive to the temperature only during exposure —
or chronic, i.e. lasting beyond the period of exposure. For example, thermoregulatory costs

have an acute response to temperature, in that they increase when birds experience unusu-
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ally warm temperatures, but immediately reduce when temperatures become less extreme
(McKechnie 2022; Riddell et al. 2019). On the other hand, extreme temperatures can cause
lasting (chronic) changes to a bird’s body condition, the effects of which persist even when
temperatures are no longer extreme (Gardner, Amano, et al. 2016). While a robust body
of research points to the importance of accounting for acute temperature responses when
making predictions about population persistence under climate warming (Albright, Muti-
ibwa, et al. 2017; McKechnie & Wolf 2010, Chapter 1), the degree to which chronic changes
to body condition caused by temperature extremes affect bird population dynamics remains
unclear.

Evidence that even brief periods of exposure to elevated temperatures can have persistent
effects on condition comes from studies of numerous species and across life stages (Belnap
et al. 2019; Bourne, Ridley, Spottiswoode, et al. 2021; du Plessis et al. 2012; Gardner,
Amano, et al. 2016; Nord & Giroud 2020; Sharpe, Cale, et al. 2019; Van Buskirk et al. 2010;
van de Ven, McKechnie & Cunningham 2019; van de Ven, McKechnie, Er, et al. 2020).
For example, adult male White-plumed Honeyeaters survived repeated exposure to >35°C,
but were left with lower body mass than expected given their structural size (Gardner,
Amano, et al. 2016). Exposure to periods of extreme cold weather can also induce increased
thermoregulatory costs that result in reduced body condition (Williams et al. 2015), as has
been shown to occur in Red-winged Fairy-wrens (Gardner et al. 2018). Temperature can
also affect nestling body condition or body mass, both directly and through reductions in
food provisioning by parents that occur during hot periods (Bourne, Ridley, Spottiswoode,
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et al. 2021; Cunningham, Martin, et al. 2013; van de Ven, McKechnie, Er, et al. 2020; Wiley
& Ridley 2016).

For such temperature-induced changes in condition to affect bird population dynamics,
variation in condition must translate into consequences for demographic processes such as
survival, maturation, and birth. Although the long-term demographic effects of short-term
exposure to warm temperatures affecting body condition are largely undescribed, a few illus-
trative examples point to the potential importance of integrating such effects into predictions
of bird population dynamics under climate warming. Among adult male honeyeaters that ex-
perienced high temperatures, for example, poor body condition translated into lower survival
across the subsequent year (Gardner, Amano, et al. 2016). Similarly, temperature-induced
changes in nestling body mass have implications for future survival and reproductive success,
since mass-at-fledging is a key predictor of juvenile survival (Martin et al. 2018; Mitchell et
al. 2011; Monrés et al. 2002). Furthermore, non-optimal egg incubation temperatures can
have lasting effects on body condition and survival, even extending into adulthood (Berntsen
& Bech 2016; Hepp & Kennamer 2012; Nord & Nilsson 2016).

The timing and mechanistic basis of temperature-induced variation in condition are likely
important determinants of the consequences for vital rates and population dynamics. For
instance, birds in poor condition can have lower foraging efficiency (Geary et al. 2019) or be
more susceptible to predation (Crino et al. 2017; Dierschke 2003), and thus experience higher
mortality than birds in better condition. If extreme temperatures cause poor condition to
occur during the breeding season, birds could have less energy to invest in reproduction,

20



potentially leading to reduced birth rates that remain low even under normal temperatures
(Martin 1987; Milenkaya et al. 2015; Ruffino et al. 2014). Reduced body condition during
molting could impact quality of the newly molted feathers (Véagési et al. 2012), which could
affect the bird’s thermoregulatory abilities (Nilsson & Svensson 1996; Vagési et al. 2012),
potentially making it less tolerant of extreme temperatures. The net effect of such changes
will also depend on the duration over which poor body condition persists, which might range
from a matter of days (e.g. if foraging under better thermal conditions for several days could
enable a bird to regain its body mass and/or restore its energy reserves; Sharpe, Cale,
et al. 2019; van de Ven, McKechnie & Cunningham 2019) to months or years (e.g. if poor
feather quality causes low condition across seasons; Podlaszczuk et al. 2016) ). In sum,
temperature variation can affect body condition in various ways, and the ultimate impact
on population dynamics could arise through numerous mechanisms and can have variable
repercussions. Predicting how such effects translate into long-term consequences for bird
population dynamics remains a key gap.

Here, we address this gap by expanding the mechanistic framework we developed in
Chapter 1, which captures acute temperature effects on avian population dynamics, to in-
clude temperature effects on body condition and the resulting consequences for vital rates.
We model discrete body condition states, with temperature-dependent transition rates into
and out of condition states. We use our framework to investigate the relative importance of
chronic effects of warming on body condition for population dynamics, focusing on arid-zone
passerine birds as a case study. Specifically, we consider the impact of variable costs of being
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in poor vs. good body condition, the extent to which birds can recover good condition under
favorable temperatures, and the impact of different seasonal patterns of climate warming on

population dynamics.

2.3 Methods

2.3.1 Defining condition

Condition in birds is widely studied, but in the literature can refer to different traits, physi-
ological processes, and repercussions. Broadly, condition refers to a state that affects some
aspect of performance, and can be framed conceptually or operationally (Brown 1996). Oper-
ational considerations of condition often refer to body condition or energy reserves, estimated
through measurement of fat reserves or body mass (Labocha & Hayes 2012), but can also
refer to states such as degree of feather wear (Merild & Hemborg 2000) or differences at
the cellular level in oxidative stress (Berntsen & Bech 2021; Costantini 2008; Emami et al.
2021; von Schantz et al. 1999). Condition can be strongly affected by various factors such as
precipitation and habitat quality (Brown & Sherry 2006; Marra, Studds, et al. 2015; Norris
& Marra 2007; Smith et al. 2010), but here we focus on the aspects of body condition that
respond to variation in temperature (e.g. Gardner, Amano, et al. 2016; Sharpe, Cale, et al.
2019). In principle, condition can vary along a continuous axis, but given limited information

regarding how vital rates scale with condition, we discretize condition into “good” or “poor”

52



condition states that differ in the parameterization of certain vital rates. Depending on
the particular underlying mechanism that characterizes poor condition, the poor condition
states could exhibit a higher mortality rate for a given temperature, increased sensitivity to
high temperatures, and/or a lower per capita birth rate, for example. The general form of
our model can accommodate numerous definitions of condition, with that caution that care
should be taken to parameterize and interpret the model with a consistent definition of con-
dition for a given investigation. In our analyses, we operationalize condition as representing
high or low energy reserves, and we use empirical information about body condition and

body mass to parameterize our model (see Model Analysis).

2.3.2 Model overview

We introduce a stage-structured model of avian population dynamics that incorporates ef-
fects of temperature on bird vital rates as well as condition. We extend the mathematical
framework from Chapter 1 to include good and poor condition states for each life stage, with
temperature-dependent transition rates between condition states (Figure 2.1). The general
model allows birds in any life stage to transition from good condition to poor condition
depending on temperature, and poor condition juveniles and adults to recover and return to

good condition.

23



Ectothermic stages Endothermic stages

Egg Hatchling Juvenile Adult Bird
E H J B

b, (T) € (o3

de (1) d,,(7) d,(T) dy (T)

Stage

Good Condition mell) () transition after

(G) post-breeding
season

Ae(T) AJ(T)<> @,(T) AB(T)<> @5(T)
Stage
my(T) pansiage

Poor Condition (P) ;Z[s_’;:ezin‘;’

season

dE"(T) dN”(T) dJP(T) dsy(T)

by (T) &5

Figure 2.1: General stage- and condition-structured model of avian population dynamics with
temperature-dependent vital rates. The model is the same as Chapter 1, with the following addition:
each life stage is split into good and poor condition states. Good condition individuals transition to
poor condition at temperature-dependent transition probability Ax (T) (X = E, H, J, B), and poor
condition juveniles and adults can transition back to good condition at temperature-dependent
transition probability ¢y (T') (Y = J, B). The temperature-dependent mortality and birth rates for
a given life stage depend on condition state.
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The dynamics are given by:

Pre-breeding season (0 <t < t,.)

s — i, (T)Bes,. ~ No(T) By, + U5(T) B,
e — 1y, (T)Bry,. + A5(T) B, (1) B, .
initial conditions:
Bg,,.(0,0) = By for y =0

By

pre

(0,0)=0fory=0
Bk,,.(0,y) = Bk,,,.(365,y — 1) for y > 0 and K = G, P

Breeding season (t,,. +1 <t <t,)
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initial conditions:
XKbr(tpre + 1,y> =0 for XK = EK,HK,NK, JK and K = G,P

B, (tpre + 1,y) = Bx,,.(tpre + 1,y)) for K = G, P

Post-breeding season (t,, + 1 <t < 364)

dEg,
thpos = _mE(T)EGpost - dEG (T>Ecpost - AE(T)EG?DO“
dHg,,,,
T - mE(T)EGpost — Mg (T)HGPost - dHG <T)HGp°St o AH(T)HGPO“
dJGpost
T = mH(T)HGpost - dJG (T)JGpost - AJ(j—"> JGpost + 'le(T) Jpp‘mt
B,
2 = —d (1) By = Ap(T) By, + U5 (1) ey
dEp,
chos = )\E(T)EGpost - mE(T)EPpost —dgp (T)EPP’”‘*
dHp,,,,
dt 2u(T)Ha,,,, + me(T)Ep,,,, — mu(T)Hp,,,, — du,(T)Hp,,,
d‘]Ppost
dt - )\J(T> JGpost + mH (T)prost - dJP (T) JPPost - d}‘] (T) JPPOSt
dBp,, .,
% = AB(T)BGPost - dBP <T>BPPOS'5 - Z/}B (T) BPpost

initial conditions:

Xkpout (tor +1,y) = X, (tor + 1,y) for X = E, H,J, B and K =G, P (2.1)

where the state variables, F, H, J, and B represent, respectively, the abundances of eggs,
hatchlings, juveniles, and adults, and the subscripts G and P indicate good or poor condition
states. The parameter g depicts the intraspecific competition coefficient, the index y the
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year of the simulation, and t,.. and ;. the last days of the pre-breeding and breeding
seasons, respectively. The functions bx(T") (K = G, P), mx(T) (X = E,H), and dgz,(T)
(Z=FE,H,J,Aand K = G, P) depict, respectively, the temperature responses of per capita
birth, maturation, and mortality rates, and the functions Ax(T") (X = E, H, J, B) and 1y (T')
(Y = J, B) depict for a given life stage the transition rates between, respectively, good to
poor condition states and poor to good condition states. Note that the birth and mortality

rates depend on condition state (G, P).

2.3.3 Temperature-dependent transition rates between condition
states

We derive functional forms for the rates of transition between condition states by assuming
that birds can retain good body condition under most typical temperatures, but that condi-
tion deteriorates during extreme temperatures and can only be recovered when experiencing
an ideal range of temperatures. While the functional shape of the temperature response of
such transition rates has not be described in the literature, several studies have documented
threshold maximum daily temperatures above or below which adult birds lose body mass or
experience reductions in body condition over the course of 24 hours (Bourne, Ridley, McK-
echnie, et al. 2021; du Plessis et al. 2012; Gardner, Amano, et al. 2016; Gardner, Rowley,
et al. 2018; Sharpe, Cale, et al. 2019; van de Ven, McKechnie & Cunningham 2019; van de

Ven, McKechnie, Er, et al. 2020). We therefore use modified generalized normal functions to
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describe the temperature response of both the rate of transition from good to poor condition
(Ax(T), X = E,H,J,B) and the rate of transition from poor to good condition (¢y(7),
Y = J, B). The temperature responses functions of the condition transition rates are given

by:

| T—Tu|

Ax(T) = —)\X”me_( N ) ' +/\Xmax

(2.2)

7Tyl )%

where Ax(T) of stage X = E, H,J, B is the transition rate from good to poor condition

state; ¥y (T') for stage Y = J, B is the transition rate from poor to good condition state.
Ax,.. and vy, . represent, respectively, the maximum values of Ax(7) and ¢y (7T); both
functions are centered around temperature 7),; 8z (Z = X, 1)) represents, respectively, the
variation in Ax(7") and ¢y (T") around 7),; and oz (Z = A, ¢) describes the kurtosis of the
functions. We assume that 1(7") has a narrower breadth than Ax(7") (i.e., Sy < B)), since
birds cannot recover to good condition at a temperature where they are also losing good

body condition.

2.3.4 Model analysis

Parameterization

We focus our analysis on non-migratory arid-zone passerine birds as a case study. Such
species live close to their thermoregulatory limits, and have been observed to suffer reduc-
tions in body condition as a result of high temperature exposure (Bourne, Ridley, Spottis-
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woode, et al. 2021; Gardner, Amano, et al. 2016; Sharpe, Cale, et al. 2019; Wiley & Ridley
2016). Having investigated the acute responses of vital rates to warming scenarios in Chap-
ter 1, we use this same system to now evaluate the role of chronic responses to warming for
population dynamics. We therefore parameterize all vital rate (birth, maturation, mortality)
temperature response functions using the same parameterization from Chapter 1.

As a first step toward using our framework to investigate the impacts of temperature-
induced changes in condition on population dynamics, we focus on the condition state of the
adult life stage. We allow only adults to change from good to poor or from poor to good
condition by setting Ax(7') = 0 for X = E, H,J, and 1;(T") = 0. We use reported temper-
ature thresholds (Supplemental Table S1) to parameterize the Ag(T") and ¢ 5(T") functions

(Figure 2.2).

Thermal regimes

We investigate the model under no-warming and warming scenarios. For the no-warming
scenario, we follow the framework from Chapter 1, which implements a deterministic thermal
regime with both seasonal and diurnal variation in temperature. For warming scenarios,
we use deterministic warming scenarios from Chapter 1, which enables us to investigate
both changes in the magnitude of warming over 100 years (1.5-, 3-, or 5-degree increase
in mean annual temperatures over 100 years) and in the variance in temperature over 100
years (“warmer winters” where the minimum annual temperature increases faster than the

maximum, “warmer summers” where the maximum annual temperature increases faster than
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Figure 2.2: Temperature-dependent transition rate functions. A depicts the Ag(7'), the rate
of transition from good to poor condition for adults; B depicts the 1¥p(T), the rate of transition
from poor to good condition for adults. Vertical green lines depict the annual minimum and
maximum temperatures under typical seasonal variation in temperature. In A, purple vertical lines
indicate the endothermic upper mortality inflection point (T = 313.85 K) and the endothermic total
mortality point (T = 323.15 K). Dashed vertical lines are maximum daily temperatures reported
in the literature as thresholds above which adult birds experience a loss in body mass or body
condition (Supplemental Table B.1). In B, dashed vertical lines are maximum daily temperatures
reported in the literature as temperatures below which birds have a net daily increase in body mass
(Supplemental Table B.1).

the minimum, and “baseline warming” where temperatures increase at the same rate).
As in Chapter 1, we focus on non-migratory arid-zone passerine birds, and thus define
the deterministic no-warming and warming equations with parameters based on data from

the Sonoran Desert.

Temperature response of adult condition

To investigate the relative importance of temperature-induced changes in adult condition
state on population abundance, we explore two features that characterize the poor con-
dition state: first, the extent to which good condition can be recovered, and second, the

consequences of being in poor condition.
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We begin by comparing the effect of three baseline warming scenarios with varying mag-
nitude of warming (1.5-, 3-, or 5-degree increase in mean annual temperatures over 100
years) on population dynamics, for populations with and without the ability to recover good
condition. For these, we define the cost of being in poor condition as having a 20% higher
mortality rate (i.e., the poor condition adult mortality rate (dp, (7)) has the same shape
as the good condition adult mortality rate (dg.(7")), and therefore the same temperature
thresholds, but is shifted 20% higher).

Next, we assess the importance of the type and magnitude of the cost of being in poor
condition. Specifically, we explore variation in the mortality rate shift as well as variation
in the birth rate relative to good condition adults, while also exploring variation in ¥ 5(7T)
to compare differences in good condition recovery rate. For this analysis, we focus on 1.5°
of baseline warming.

Finally, we investigate whether the seasonality of temperature-induced poor condition
affects warming outcomes for populations. We use an alternate parameterization of Ag(T)
which allows for good-to-poor condition state transitions due to cold temperatures (< 5°C,
Gardner, Rowley, et al. (2018)) experienced in winter under typical seasonal variation (no
warming), as well as due to hot temperatures experienced under warming. We compare
the effect on population abundance of different patterns of deterministic warming (warmer
winters, warmer summers, and baseline warming).

All analyses were performed in R version 4.3.2 (R Core Team 2022).
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2.4 Results

With our parameterization based on arid-zone passerine birds, transitions to poor condition
can occur even for levels of warming that are not hot enough to generate acute effects on vital
rates (i.e. baseline warming with a 1.5-degree increase in mean annual temperature over 100
years, which never exceeds mortality inflection points; Figure 2.3). These transitions from
good to poor condition occur during a short window of peak summer temperatures. When
birds in poor condition can recover rapidly into good condition, the peak of poor condition
adults is small and lasts only a short period of time (Figure 3B). When birds cannot recover
from poor to good condition, the population of poor condition birds grows as temperatures
rise and is present in the population year-round (Figure 2.3C).

The effect on abundance of these good-to-poor condition transitions depends on whether
adults can recover (Figure 2.4). Allowing poor condition birds to recover rapidly has a rela-
tively small effect on abundance, though this effect increases with magnitude of warming. In
contrast, if poor condition is permanent, populations can decline substantially. For example,
1.5 degrees of warming in a population of birds that cannot recover from poor condition is
more detrimental than 3 degrees of warming when we do not account for temperature effects
on condition.

We examined recovery rate and the cost of being in poor condition more closely under
1.5 degrees of warming. We found that fast rates of recovery (e.g. < 10 days needed under

favorable temperatures) considerably reduce the effect of condition on population abundance
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(Figure 2.5). If recovery takes longer than 10 days under favorable temperatures, reductions
in population abundance can be moderate to substantial, depending on the severity of the
cost of being in poor condition. This trend holds true regardless of whether being in poor
condition imposes a cost to adult birds’ baseline mortality rates (Figure 2.5A), or to their
birth rates (Figure 2.5B).

Bird populations in which transitions to poor condition can happen at typical cold tem-
peratures experience good-to-poor condition state transitions in the winter, but recover as
temperatures become seasonally warmer under typical seasonal variation (Figure 2.6A). Cli-
mate warming that arises primarily through increased winter temperatures eliminates these
winter peaks (Figure 2.6B). If the same extent of average climate warming occurs due to
increases in year-round temperatures (i.e. baseline warming), the winter season peaks of poor
condition are reduced or eliminated, but new poor condition peaks arise during the sum-
mers (Figure 2.6C). The magnitude of these summer peaks is even higher under a warming
regime that primarily increases summer temperatures; moreover, the nature of warming in
this scenario means that the winter peaks also persist, albeit reduced in abundance (Figure
2.6D).

These changes in the timing and magnitude of poor condition peaks can have variable
effects on the overall population sizes (Figure 2.7). Even under relatively high amounts of
overall warming, if this warming arises due to warmer winters, there is a minor benefit to
populations sizes. For other patterns of warming, warming is initially beneficial, but then the
increasingly large summer peaks, combined with warming impacts on vital rates, outweigh
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any possible benefits (especially for 3 and 5C of warming).
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Figure 2.3: Abundance time series for the last two years of the simulation, under (A) no warming,
(B) baseline warming (1.5 degrees over 100 years) with adults able to recover rapidly from poor
to good condition (1 day recovery in optimal temperature), or (C) baseline warming (1.5 degrees
over 100 years) with adults unable to recover to good condition. The cost of adult poor condition
is a 20% higher mortality rate than the mortality rate for good condition adults. The abundances
of good condition birds (first column) summed with abundance of poor condition birds (second
column) give the total abundance (third column).
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Figure 2.4: Mean adult abundance under different magnitudes of baseline warming (1.5, 3, or
5 degrees over 100 years) depends on whether we account for temperature effects on condition
and whether poor condition is permanent. Simulations that do not include temperature-dependent
condition are in gray; simulations that account for condition but permit rapid recovery (1 day
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Figure 2.5: Mean adult abundance under baseline warming (1.5 degrees over 100 years) depends
on the rate of recovery from poor to good condition and the cost of being in poor condition. whether
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dotted horizontal line represents the abundance under no warming, with no transitions to poor
condition. The x-axis is calculated as 1/the maximum rate of recovery to good condition, and can
be interpreted as the recovery time needed in optimal temperature for recovery.
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Figure 2.6: Timing of poor condition peaks varies with temperature regime, for a population
that is sensitive to typical winter temperatures and can recover rapidly (1 day recovery in optimal
temperature) to good condition. Panels depict abundance time series for the last two years of
simulations under no warming (A) vs three warming scenarios with a 3-degree increase in average
annual temperatures over 100 years: warmer winters (B), baseline warming (C), and warmer sum-
mers (D). The cost of adult poor condition is a 20% higher mortality rate than the mortality rate
for good condition adults. Total abundance is not depicted here since the total depends on the
effects of both direct temperature effects on Vita()l,zrates and temperature-induced poor condition.
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Figure 2.7: Mean annual abundance timeseries for a population with condition sensitive to typical
winter temperatures and rapid recovery (1 day recovery in optimal temperature) to good condition,
depicting simulations under three magnitudes of warming (A: 1.5 degrees; B: 3 degrees; C: 5 degrees)
with different patterns of warming (turquoise: warmer winters; purple: baseline warming; orange:
warmer summers). Dashed horizontal line represents mean annual abundance in year 100 for a
simulation with no warming.
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2.5 Discussion

We developed a novel theoretical framework to evaluate the effects of temperature-driven
variation in condition on bird species’ long-term population dynamics under climate warm-
ing, and analyzed the model using parameter values informed by the physiology of non-
migratory arid-zone passerine birds. Our results indicate that under certain scenarios,
warming-induced persistent changes to adult condition can result in reductions in abundance
beyond what would be expected if birds experienced only acute (i.e. immediate) effects of
warming on vital rates. We also find that different patterns of warming (e.g. warming that
occurs due to higher temperatures throughout the year, vs. warming driven by an increase in
summer temperatures alone) have different implications for how changes in condition affect
long-term dynamics.

Our analysis yields two key findings regarding the role of temperature-induced condition
changes on arid-zone passerine population dynamics. First, we find that the degree to which
temperature-mediated changes to adult condition scale up to affect population dynamics
depends on the cost associated with being in poor vs. good condition, and on the extent
to which birds in poor condition can recover good condition under favorable temperatures
(Figure 2.5). Specifically, when birds can rapidly recover into good condition, the impact of
temperature-induced condition deterioration on abundance is low, even if costs of being in
poor condition are high. In contrast, when the recovery rate from poor to good condition is

sufficiently low, these chronic effects of temperature on condition can substantially reduce
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population abundance, even under low levels of warming that otherwise do not affect bird
vital rates (1.5°C of baseline warming over 100 years; Figure 2.4). Thus, if adult poor con-
dition is long-lasting or even irreversible, not accounting for chronic temperature responses
of condition risks substantially underestimating the consequences of warming on arid-zone
passerine populations, regardless of the predicted magnitude of future climate warming.
Whether or not such long-lasting condition changes arise due to warming temperatures,
however, is likely to depend on the specific aspect of condition that is affected by temper-
ature. For example, chronic responses of adult condition are often measured in terms of
changes to body mass or fat reserves, which are likely recoverable on a short timescale, such
as a matter of days (e.g. Sharpe, Cale, et al. 2019). On the other end of the spectrum,
irreversible temperature-induced poor condition is easier to envision for early life stages,
where temperature stress during early development can cause life-long changes to condition,
such as degree of oxidative stress or differences in mass and morphology (Belnap et al. 2019;
Berntsen & Bech 2021; Nord & Nilsson 2016). Even so, the rate of recovery to good condition
for adults can be low if it results in cascading effects of poor condition (e.g., juvenile feather
quality impacts the timing of energy-intensive molting, thus reducing energy reserves in a
future season; Podlaszczuk et al. 2016). Lower recovery rates could also arise if we accounted
for severity of poor condition (e.g., body mass is continually lost every day of exposure to
elevated temperatures (du Plessis et al. 2012; van de Ven, McKechnie & Cunningham 2019),
so the length of exposure should affect the total body mass lost, which must be recovered
to return to good condition). Furthermore, as temperature rise and the intensity, frequency,
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and duration of extreme temperatures increase (IPCC 2021), the probability of being in poor
condition while also experiencing elevated temperatures that do not allow for recovery could
make interactive effects of temperature and poor condition on vital rates more important
than poor condition recovery rate, simply because the circumstances permitting recovery are
rarer.

Our second key result addresses the consequences of climate warming for arid-zone passer-
ines that are sensitive to cold temperatures. We find that such species may experience a
transient benefit of climate warming if warming occurs primarily due to warmer winter tem-
peratures (Figure 2.7). Even under such conditions, however, these benefits are minor given
our model parameterization. If summer temperatures increase at the same or faster rate
as winter temperatures, any benefits of milder winters are likely to be overwhelmed by the
negative effects of rising summer temperatures — especially under 3° or 5°C of warming over
the next century. These results are consistent with recent work in Australia on changes in
body condition and survival following different patterns of warming. In a study in western
Australia, Red-winged Fairy-wrens experienced fewer cold extremes (< 5°C) and relatively
mild summers, and showed a corresponding increase in body condition (Gardner, Rowley,
et al. 2018), which is aligned with our finding that mitigating winter temperatures due to
warming could improve body condition. In a study of banding data across semi-arid eastern
Australia, improvements in survival during wintertime due to warming could not offset re-
ductions in survival due to warmer summers (Gardner, Clayton, et al. 2022), as we predict
for warming regimes that experience increases in both winter and summer temperatures.
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Our analysis examining dynamics for cold-sensitive arid-zone passerines also highlights
how differences in warming regimes could alter the timing of peak poor condition in a popula-
tion. Under typical seasonal variation in temperature, adults transitioned to poor condition
only during the winter (Figure 2.6A). Warming regimes that had significant increases in
winter temperatures (i.e., warmer winters and baseline warming) could greatly reduce or
even eliminate the number of adults transitioning to poor condition during the winter, but if
summer temperatures also increased substantially (i.e., under baseline warming and warmer
summers regimes) temperature-induced transitions to poor condition shifted to the summer
(Figure 2.6B-D). Especially if temperature-induced poor condition is a transient state, the
shift in timing of poor condition could have different impacts on population dynamics. Ac-
counting for additional energy-demanding events that have specific seasonal timings across
the annual cycle (e.g. molting and migration) could uncover additional impacts of poor con-
dition on population dynamics. Additionally, given our previous finding that stochastic heat
extremes can have outsized consequences for arid-zone passerine populations beyond those
expected for an equivalent level of deterministic warming (see Chapter 1), evaluating the
impacts of such stochastic extremes when temperature can also affect condition is a clear
next step.

Of course, the relative importance of chronic responses of condition versus acute responses
of vital rates on bird population dynamics could differ outside of the arid-zone. Birds that
do not live as close to their thermal limits may not experience such strong acute vital
rate responses to extreme temperatures, making the role of temperature-induced condition
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changes (which can arise even for temperatures that do not cause acute mortality) relatively
more important. On the other hand, the relative importance of temperature for impacting
condition could be lower than other factors such as habitat quality and/or precipitation
(Brown & Sherry 2006; Marra, Studds, et al. 2015; Norris & Marra 2007; Smith et al.
2010). Indeed, drought has been shown to exacerbate temperature responses of condition
(Bourne, Cunningham, et al. 2020b; Gardner, Amano, et al. 2016), although not in all
cases (Van Buskirk et al. 2010). Furthermore, while we investigated cold sensitivity of body
condition, we did not examine the potential role of chronic responses to stochastic extreme
cold temperatures on population dynamics. Though the frequency of extreme cold events are
generally declining due to climate change (Ummenhofer & Meehl 2017), in some areas of the
world, phenological shifts in breeding timing could make exposure of early life stages (eggs,
hatchling, nestlings) to extreme cold temperatures more common (Regan & Sheldon 2023;
Shipley et al. 2020). Addressing the impact of such stochastic extremes is an important next
step.

Our model lays the groundwork for future theoretical work aimed at evaluating the com-
plex pathways through which climate warming can affect bird population dynamics. While
the most general form of our modeling framework allows for temperature to affect condi-
tion at all life stages, our analyses focus only on the population dynamics consequences of
temperature-induced changes to adult condition. Evaluating how variation in temperature-
induced condition transitions of egg, hatchling, and nestling stages affect population dy-
namics is a key next step. This extension should account for potential direct effects of
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temperature on early-life stages as well as the indirect effects of temperature that can arise
because of variation in adult provisioning of food to hatchlings and nestlings under warmer
temperatures (Bourne, Ridley, Spottiswoode, et al. 2021; Cunningham, Kruger, et al. 2013;
Wiley & Ridley 2016). Finally, a promising area for future development of this framework is
to explicitly incorporate information about how bird vital rates scale with body mass, which
is often measured in the field as an empirical proxy for body condition. Such a model would
be ideally suited for comparative analyses of how acute and chronic temperature responses
and their impact on population dynamics may vary across species.

Our model analysis builds on parameter values derived from a vast body of empirical
research on temperature-dependent physiology of arid-zone passerine birds (Supplemental
Table B.1, see also Chapter 1), but our work nevertheless underscores the importance of
addressing key gaps in our empirical understanding of bird condition. Specifically, while
numerous studies have documented changes in body condition due to exposure to extreme
temperatures (e.g. Bourne, Ridley, Spottiswoode, et al. 2021; du Plessis et al. 2012; Gardner,
Amano, et al. 2016; Sharpe, Cale, et al. 2019; van de Ven, McKechnie & Cunningham 2019;
van de Ven, McKechnie, Er, et al. 2020), there is little quantitative evidence regarding how
temperature-induced condition affects key vital rates, and on the rate at which birds in
poor condition can recover to a good condition (Milenkaya et al. 2015). The consequences of
variation in condition on bird performance during migration and breeding are relatively well-
studied (Cooper et al. 2015; Marra, Hobson, et al. 1998; Marra & Holberton 1998; Studds
& Marra 2005, 2007; Tonra et al. 2011), and extending this body of work to quantifying
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temperature-dependence of these effects is an important avenue for future empirical research
as temperatures rise around the globe.

In conclusion, we present an integrative theoretical framework for generating quantitative
predictions regarding the role of temperature-induced changes in bird condition on long-
term bird population dynamics. We show that the consequences of such effects for desert-
dwelling birds vary with how severely poor condition affects the vital rates that underlie
bird population dynamics, and on the rate at which poor condition birds can regain good
condition. We also show that under high (but realistic) levels of climate warming, the
primary detriment to arid-zone bird population dynamics will arise from the acute effects of
temperature on bird vital rates rather than through changes to condition. Finally, our work
highlights key gaps in our empirical understanding of how temperature affects bird condition,

and in how condition in turn affects the vital rates that determine long-term demography.
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Chapter 3

Behavioral mechanisms underlying
trait-mediated survival in a coral reef
fish

This chapter was originally published as Rankin, T.L.*, Cowen, M.C.*, Kandlikar, G.S.,
Shulzitski, K. and Sponaugle, S. 2024. Behavioral mechanisms underlying trait-mediated
survival in a coral reef fish. Frontiers in Fish Science, 1, p.1276343. *: co-first authors
M.C. developed the analytical approach, conducted the statistical analysis, and wrote the
manuscript with T.R. and S.S. T.R. collected field data with K.S. All authors contributed

to writing and revisions.
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3.1 Abstract

Fast growth and large size generally increase survivorship in organisms with indeterminate
growth. These traits frequently covary, but where they do not, trade-offs often exist in the
behavioral choices of organisms. Juvenile bicolor damselfish Stegastes partitus that settle
to coral reefs at larger sizes generally experience enhanced survivorship but have slower
juvenile growth rates. We hypothesized that differences in behavior may mediate this trade-
off, so to test whether trait-related behaviors or the traits themselves enhance early survival,
we combined individual behavioral observations with otolith (ear stone)-based daily growth
measurements for juvenile S. partitus in the Florida Keys. Foraging, sheltering, and chasing
behaviors of 256 fish were measured during five different months (2008-2009) and patterns of
differential survival were similar to those from a 6-year (2003-2008) recruitment time-series.
We found a trade-off between sheltering and foraging that significantly explained patterns in
size-at-settlement: damselfish that settled at larger sizes spent less time sheltered and more
time feeding high in the water column. Juvenile growth rates were unrelated to any of the
sheltering-foraging behaviors, but instead were inversely related to adult conspecific density.
Damselfish that settled near higher densities of conspecifics were subjected to increased
territorial chasing. Chasing intensity interacted with settlement size such that large juveniles
who were chased more frequently exhibited slower growth rates, whereas smaller settlers did
not experience this energetic cost. Thus, the dominant survival strategy of S. partitus is to

settle at a large size and spend more time foraging high in the water column while dodging
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conspecifics at an energetic cost to their growth rates. Size-at-settlement is determined
during the larval period and after settlement, this trait is key to subsequent behaviors and
the strength of trait-mediated survival. Understanding how somatic growth, body size, and

survival are intertwined in early life is necessary to help explain population dynamics.

3.2 Introduction

Predation is one of the major selective forces shaping the form and behavior of animals
(Endler 1991). This is particularly true of the minuscule early life stages of marine organ-
isms, which frequently endure high mortality rates due to predation (Houde 2002; Sogard
1997). Individuals with morphologies or behaviors that facilitate avoidance of or escape from
predators will have a greater probability of surviving to reproductive maturity and increasing
their fitness.

The Growth-Mortality Hypothesis (Anderson 1988), or as it has been recently renamed,
the Growth-Survival Paradigm (GSP; Robert et al. (2023)), provides a theoretical framework
for evaluating which traits may be selectively removed from a population by predators.
Focused on the youngest life stages when all animals are most vulnerable to predation, the
paradigm posits that individuals that grow faster, attain larger sizes-at-age, or have reduced
early life stage durations experience enhanced survival. Much evidence has accumulated
that suggests this may indeed be the case for a diversity of taxa (Arendt 1997), including

fishes (e.g., Marshall et al. (2003), Searcy & Sponaugle (2001), and Semlitsch et al. (1988)).
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However, fast growth is also known to be associated with reduced fitness (Alonso-Alvarez et
al. 2007; Arendt 2003; Gotthard 2000; Olsson & Shine 2002; Rankin & Sponaugle 2011) and
several potential trade-offs with accelerated growth may explain why slower growth can be
beneficial. For example, rapid growth may be attained at the expense of development, tissue
maintenance, and repair, and for fish, swimming capabilities (Arendt 1997). Compromise of
these functions could result in a reduced ability to escape predation.

Conflicting field and laboratory results for different fish species over the past four decades
have created some debate about the generality of the GSP. A recent review reconsidered the
empirical evidence for the GSP and proposed a new synthetic framework that encompasses
a range of patterns of selective survival (Robert et al. 2023). While the GSP and this new
framework include reference to behaviors underpinning trait-based predation, it is challeng-
ing to document behaviors that are linked directly to survival.

Behavior likely mediates the relationship between growth, size, and vulnerability to pre-
dation. For instance, increased foraging activity or selection of certain foraging habitats may
result in accelerated growth, but also greater visibility to predators (Biro, Abrahams, et al.
2006; Biro & Stamps 2008; Stamps 2007). These trade-offs have been proposed as drivers of
the evolution of submaximal growth rates in some taxa (Biro, Abrahams, et al. 2006; Stoks
et al. 2005). Additionally, initial size may further interact with behavior to influence growth
and survival. For example, smaller fish are more vulnerable to gape-limited predation and
therefore may be more wary and shelter more often or for longer durations (Sogard 1997).
However, smaller individuals also typically have lower fat reserves, higher weight-specific
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metabolic requirements, and larger drag coefficients, and therefore may need to spend more
time foraging than larger individuals (Krause et al. 1998; Wooton 1994).

For a common Western Atlantic reef fish, the bicolor damselfish, Stegastes partitus, indi-
viduals that preferentially survived the first few weeks on the reef (i.e., post-settlement) were
those that were larger at settlement but had slower juvenile growth rates during the first
week of life on the reef (Rankin & Sponaugle 2011). A similar relationship between juvenile
growth and survival was observed in older juveniles of this species in the Bahamas (Johnson
& Hixon 2010) and field experiments demonstrated that increased intraspecific chases re-
duced juvenile growth rates (Johnson 2008). Slower juvenile growth is contrary to both the
current paradigm (Anderson 1988) and to observations of survival in other western Atlantic
reef fishes (e.g., Grorud-Colvert & Sponaugle (2011) and Searcy & Sponaugle (2001)). The
objective of the present study was to identify the behavioral mechanisms underlying these
relationships among settlement size, juvenile growth rate, and survivorship.

While we have previously documented selective survival of large S. partitus settlers who
grew more slowly as juveniles (Rankin & Sponaugle 2011), as well as changes in the patterns
of selective survival with water temperature and lunar phase (Rankin & Sponaugle 2011,
2014), we were only able to speculate on the underlying behavioral mechanisms. In the
present study, to tease apart the role of the early life history traits and test the hypothesis
that survival-related behaviors underlie these selective patterns, we observed early juvenile
behaviors of multiple cohorts of naturally settled juvenile S. partitus and coupled these
with otolith-derived measurements of size and growth from the same individuals. Although
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otolith microstructure analysis is a common tool used to elucidate patterns in growth and
mortality during the early life stages of fishes (e.g., Sponaugle (2010)), it has rarely been used
in conjunction with field observations to link behavior with growth (but see, for example,
McCormick & Meekan (2010) and Meekan et al. (2010) ). Otolith microstructure analysis
enables the estimation of daily size and growth rate at any point in the life history of an
individual and the comparison of such traits at common points in the life of individuals who

vary in their behavioral traits and survivorship.

3.3 Methods

3.3.1 Study species and site

The bicolor damselfish Stegastes partitus maintains benthic territories on spur and groove
reefs in the Caribbean and Western Atlantic (Emery 1973), including dead coral rubble piles
at the reef base (Rankin & Sponaugle 2014). Adults and juveniles are diurnal planktivorous,
consuming a range of planktonic cyanobacteria ( Trichodesmium sp.) and other zooplankton
along with limited amounts of benthic algae (Emery 1968; Goldstein et al. 2017). Territories
are important for acquiring food, shelter, and eventually mates, and are defended against
conspecifics and potential predators. Adults are benthic brooders, with males guarding the
embryos for 4 d until hatching (Robertson et al. 1988). Larvae have a pelagic larval duration

of 1 mo., after which they arrive to nearshore reefs in multi-day pulses generally during the
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dark half of the lunar cycle (D’Alessandro et al. 2007; Grorud-Colvert & Sponaugle 2009).
Larvae settle to reef and rubble areas, metamorphosing into juveniles overnight, a transition
that is recorded in their otoliths (Sponaugle & Cowen 1996). Daily deposition of material
on otoliths provides a continuous chronological record of size and growth. S. partitus is an
ideal model species for studying relationships among size, early juvenile growth, and behav-
ior because they are abundant, easy to sample as benthic juveniles, and remain strongly
site-attached following settlement. All observations and measurements for the present study
were obtained from newly settled fish in the upper Florida Keys. The main predators of S.
partitus juveniles are unknown, but barracuda (Sphyraena barracuda), bar jack (Caranz ru-
ber), and cero (Scomberomorus regalis) have been observed preying on adults (Emery 1968).
Gut contents indicate that S. partitus are also preyed upon by trumpetfish (Aulostomus
maculatus), but not muraenids or other nocturnal fishes (Randall 1967). More recently,
S. partitus juveniles and adults have been shown to be readily consumed by the invasive

Indo-Pacific lionfish (Albins & Hixon 2008; Green et al. 2011; Palmer et al. 2016).

3.3.2 Behavioral observations

Behavioral observations of recently settled S. partitus were made in July, August, and
September 2008 and in May and July 2009 on Sand Island Reef (25°01.09’N, 80°22.08W)
and Snapper Ledge Reef (24°58.92°N, 80°25.30'W) at an average depth of 8 m (range 5-12

m). All fish (n = 256) were collected after observations using quinaldine and MS-222 and
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stored in 95% ethanol to enable the comparison of behavioral observations to otolith-derived
traits. Observations were conducted each day between 1030 and 1430 h, the peak period
of activity for newly settled S. partitus (Rankin and Sponaugle, unpublished pilot study),
and consistent with general feeding patterns of the species (Myrberg 1972). Furthermore, as
boldness and aggression have been shown to be influenced by small within-day changes in
water temperature in another damselfish Pomacentrus moluccensis (Biro, Beckmann, et al.
2010), the restriction of the time of day that observations were conducted minimized daily
temperature fluctuations.

For all observations, a pair of SCUBA divers would haphazardly locate settled juveniles,
position themselves 3 m away, and allow 2 min for the subject(s) to acclimate to their
presence, comparable to other in situ behavioral studies of juvenile coral reef fish (Nedelec
et al. 2017; White & Warner 2007). The divers would then observe the subject for 5 min, and
using a timer, stopwatch, and data sheet, record for each fish: (1) total time spent sheltered,
(2) number of times shelter was sought, maximum distance travelled (3) horizontally and
(4) vertically from primary shelter. Sheltering was defined as when the fish was under or
within the crevices of coral or rubble, often hidden from view. Maximum distance traveled
horizontally and vertically was noted during the observation period, then measured using
a pair of weights and a tape measure afterward. Since the number of adults surviving can
be used as a proxy of habitat quality and potential aggressive pressure, we also visually
estimated (5) density of adult conspecifics within a 1.5-m radius (7 m? area) around each
fish’s primary shelter, which is greater than the average territory size of 1 m? (Emery 1973),
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but within the range of how far conspecifics will travel to each other (Knapp & Warner
1991). In addition to these metrics, in 2009 (May and July), divers recorded for each fish the
(6) number of times an individual was chased by a conspecific (n=168), and (7) number of
bites an individual took in the water column (n=46). Separately, and for a limited number
of fish (n=15), divers measured (8) burst swim speed in response to a predator. For this
measurement, a model of a predator was used to elicit an escape response, and this was
videotaped with a stereo camera at a frame rate of 30 s™1 to estimate escape swimming
speeds. Digital images were processed with VideoMach (Gromada v. 5.5.3) and analyzed
in Image Pro Plus (Media Cybernetics v. 4.5). All fish were collected following a single
observation period and stored in 95% EtOH to preserve their otoliths for microstructure

analysis.

3.3.3 Otolith processing

Standard procedures were used to digitally measure the standard length (SL) of each fish,
dissect and clear (in immersion oil) their otoliths, and read, innumerate, and measure incre-
ments (at 400X) along the longest axis of the clearest lapillus (sensu Sponaugle & Pinkard
(2004)). All readings were made using an oil immersion 40X lens attached to a Leica DMLB
microscope equipped with a polarized filter between the first stage and light source. Otolith
images were captured by a Dage MTI video camera and analyzed using Image Pro Plus

(v4.5; Media Cybernetics). Each otolith was read (increments enumerated) once blind (i.e.,
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without sample information available) and saved as a digital file. Readings were validated
as per Searcy & Sponaugle (2001). Otolith microstructure analysis was used to determine
juvenile age (number of concentric increments following the settlement mark), mean juve-
nile growth rates (average of post-settlement otolith increment widths, in pm/day), and

size-at-settlement (otolith radius-at-settlement, in pm).

3.3.4 Data analyses
Comparison of traits with 6-year recruitment time-series

To set the context for the study, we first re-analyzed a six-year (2003-2008) time-series
of S. partitus recruitment (Rankin & Sponaugle 2014). In that study, the otoliths of a
representative sample of newly settled juveniles were analyzed to obtain individual age and
daily growth rates. While these data were used to examine lunar cyclic patterns in larval and
settlement traits (Rankin & Sponaugle 2014), the present analysis focused on how average
early life history traits change over time among young juveniles via differential survival. Our
goal for this comparison was to ensure the data used in the present study aligned with the
larger patterns evident in the six-year dataset.

Rankin & Sponaugle (2014) separated juveniles into two age groups — young fish 1-10
d old post-settlement and older fish, or survivors, 11-29 d old post-settlement — and found
significant differences between the age groups with respect to size-at-settlement and juvenile

growth rate (measured over the first two days of juvenile life). We reproduced that finding
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to compare to the present dataset (2008-2009 data), which has fewer fish, especially in the
older juvenile group since the focus of the collection was the youngest recruits. We separated
the fish into similar aged groups and used Mann-Whitney U tests to compare age groups
for each dataset. Because the number of fish in the older age group in the present study
was low, we also re-analyzed the time-series using age as a continuous variable. To avoid
data loss and maximize relevance of the present dataset, we chose to use the entirety of the
juvenile growth record (minus the last incomplete increment from the day of collection). We
note that the mean juvenile growth rate during the first 2 days and mean growth rate over
the entire juvenile period were significantly correlated (Pearson correlation, r = 0.87, n =
814, p<0.001; Supplementary Figure C.1); thus hereafter we used mean juvenile growth rate
over the entire juvenile period.

We next examined whether there were individual-level trade-offs between settlement size
and juvenile growth rate in both datasets. Since young fish in our dataset represent an
‘initial” population prior to post-settlement selective pressures, and older fish are those who
have survived selective mortality, i.e., ‘survivors,” we expected to see a relationship between
settlement size and juvenile growth rate in older fish, and not necessarily in the younger
fish. Thus, we included an interaction term between settlement size and juvenile age for
predicting juvenile growth rate, using a linear mixed model with collection site as a random

intercept.
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Otolith derived early life history traits and temperature

Temperature has been shown to influence growth-related early life history traits in S. partitus
(Rankin & Sponaugle 2011). Therefore, to control for the influence of temperature over the
multiple months of observations, we controlled for the temperature that fish experienced
during their juvenile period. Daily water temperature values were obtained from the NOAA
Buoy MLRF1 and averaged for each fish across their actual days of life. We used average
temperature experienced during the juvenile period to predict juvenile growth rate and used
the residuals from this linear regression as a temperature-standardized measure of juvenile

growth rate.

Behavioral observations and relationships to traits

To test for associations between the two main traits (settlement size and juvenile growth)
and different behaviors, we planned to run a principal component analysis (PCA) on all of
the observed behaviors. Unfortunately, bite count was measured for only a portion of the
fish in 2009 (n=46), so using it in the PCA would have substantially reduced our sample size.
Instead, we examined those 2009 fish for a relationship between the Number of bites and
Maximum vertical distance in the water column. Indeed, the number of bites by a fish in the
water column was significantly related to the maximum vertical distance a fish travelled in
the water column; thus, we assume for our purposes that the inclusion of Maximum vertical

distance is associated with foraging success (Supplementary Figure C.2, Table S1). We also
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did not include the number of times chased by conspecifics in the PCA, since being chased is
a behavior not instigated by the individual itself, and may be a consequence of behaviors we
included in the PCA. Horn’s Parallel Analysis for component retention (Horn 1965) indicated
that we should use three principal components in the analysis.

To examine the relationship between juvenile fish behavior and the two primary early
life history traits (settlement size and juvenile growth rate), we constructed three different
hypotheses in the form of directed acyclic graphs (DAGs) that explain how each trait of
interest relates to survival (approximated by juvenile age). In the first hypothesis, settlement
size affects survival directly (e.g., through gape-limited predation) and/or indirectly via
behavior. Settlement size also affects juvenile growth rate directly and/or indirectly via
behavior. Juvenile growth rate in turn affects survival. In the second, adult density affects
juvenile growth and survival directly (e.g., through competition, or because higher density
indicates better habitat quality) and/or indirectly via the number of times an individual
is chased by conspecifics. This second hypothesis was developed from observations that
adult density and increased intraspecific chasing reduce growth in experimental fish (Johnson
2008). We factored in size-at-settlement as relative size may interact with chasing behavior to
affect juvenile growth. We also included the possibility that fish behaviors (e.g., sheltering)
could affect how often a fish is chased. Finally, the third hypothesis describes an energetic
trade-off between swimming behavior (speed; measured for a small subset of fish) and juvenile
growth that could arise if fast-growing fish invest in size over other important developmental
and morphological processes, resulting in fast growers who swim more slowly. Slower growers
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are potentially faster swimmers and thus better able to escape predation, and therefore
experience higher survivorship.

To assess all direct and indirect relationships represented in the DAGs, we used confirma-
tory path analysis (Shipley 2009). We represented each path with a linear mixed (LMM) or
Poisson-distributed generalized linear mixed model (GLMM; when the response variable was
count data, such as Number of times chased), with the collection site as a random intercept.
In several cases, we were unable to fit a model with random effects due to singularity issues;
in that instance, we fit a simpler model without the random effect term. We then used psem
from piecewiseSEM (Lefcheck 2015) to assess the structure of the DAG by quantifying path
coefficients for all hypothesized relationships and testing the goodness of fit of the model.
All data processing and statistical analyses were conducted in R version 4.2.1 (R Core Team
2022). We used functions from the lmerTest package (Kuznetsova et al. 2017) for linear

mixed models and the glmmTMB package (Brooks et al. 2017) for GLMMs.

3.4 Results

3.4.1 Comparison of traits with 6-year recruitment time-series

Comparison of the present dataset with a longer 6-yr recruitment time series yielded very
similar patterns (Figure 3.1). Older juveniles, who had survived longer, had settled larger

(Figure 3.1A,B), and grew more slowly during their first two days on the reef (i.e., post-
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settlement; Figure 3.1C,D). The shorter and longer datasets had the same significant pattern
of directional selection in early juvenile growth (Mann-Whitney U: p = <0.001-0.01), and
the same trend in settlement size. Likely due to low sample sizes in the present study (i.e.,
fewer older individuals), the pattern of larger settlers selectively surviving was not significant
(Mann-Whitney U: p = 0.13). Using age as a continuous variable in generalized additive
models to increase the power of the trait analysis provided a clearer view of the age-related
changes in traits (settlement size in the 6-yr dataset and juvenile growth in both datasets: p
<0.001-<0.01; Supplementary Figure C.3), though the trend of larger settlement size among
older survivors in the present smaller dataset remained non-significant (p = 0.27).

In both datasets, there was a significant interaction between settlement size and juvenile
age for predicting juvenile growth: settlement size and juvenile growth became increas-
ingly negatively associated with age (i.e., survival) (current dataset: conditional R* = 0.17,
Pinteraction = 0.015; 6-yr dataset: conditional R? = 0.40, pinteraction = 0.011; Figure 3.2; Sup-

plementary Tables C.2-C.3).

3.4.2 Behavioral observations and relationships to traits

The first axis (PC1) from the PCA of measured behaviors on the full dataset (n = 256)
explained 41.9% of the variance and separated fish based on their sheltering versus foraging
and other swimming behavior (Figure 3.3). Positive loading on PC1 represented fish that

spent more time sheltering and did not travel long distances. PC2 and PC3 explained less
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Figure 3.1: Comparison of early life traits between young and older juveniles for S. partitus data
in the (A, C) 6-year (2003-2008) recruitment time series from Rankin and Sponaugle (24), and
in the (B, D) present study (2008-2009). Fish age groups were defined similarly in each data set
(young fish = 2-10 days old post-settlement; older fish = 11-29 days post-settlement). Settlement
size (A, B) was derived from the position of the settlement mark on otoliths of individual fish;
juvenile growth (C, D) was similarly computed by averaging daily otolith increment widths for the
first 2 days of life on the reef. Pink lines indicate significantly different medians; black lines are
non-significant but included to facilitate visualization. *indicates significance (P < 0.05).

variance (21.8% and 20.7%, respectively) and captured not how long fish sheltered, but how
they sheltered (Supplementary Figure C.4). In both of these PCs, mean shelter time and the
number of times sheltering loaded in opposite directions. Mean shelter time increases when a

fish is sheltering fewer times, but for a long time period, as opposed to many short sheltering
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Figure 3.2: Mean juvenile growth rate as a function of settlement size for juvenile Stegastes
partitus sampled as part of the (A) 6-year (2003-2008, n = 818) time series and in the (B) present
dataset (2008-2009, n = 256). Data points are traits from individuals color-coded by juvenile age.
Lines depict the significant interaction between settlement size and age (A: Linear mixed model;
B: Linear model; Supplementary Tables C.2-C.4), with selected ages spanning the range of ages in
the present dataset. *indicates significance (P < 0.05).

periods. Thus this trade-off can be interpreted as having long, infrequent bouts of sheltering
versus short, frequent bouts of sheltering. PC2 can thus be interpreted as separating fish
that travel far and shelter fewer times (but for longer), versus fish that do not travel far and
shelter for short, frequent periods. PC3 separates fish that travel far horizontally and return
frequently to shelter for short periods from those that do not travel far and remain sheltered

for long periods (Supplementary Figure C.4).
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Figure 3.3: Primary dimensions (PC2 vs. PC1) in principal component analysis (PCA) of be-
haviors observed over 5 min for newly settled Stegastes partitus juveniles (n = 256). Observations
were made over 5 different months in the Florida Keys. Behaviors are mean and total time spent
sheltered, number of times shelter was sought (number of times sheltering), and maximum distance
traveled horizontally (max horizontal distance) and vertically (max vertical distance) from the pri-
mary shelter.

Settlement size

PC1, the measure of time spent sheltered vs time spent foraging, was negatively related to
size-at- settlement (LM: p = 0.008; Figure 3.4 A-B, Table S4), with larger fish spending less
time hiding and more time traveling both horizontally and vertically in the water column.
Settlement size did not predict PC2, but did predict PC3 (LM: p = 0.59 and LMM: p
= 0.04, respectively; Figure 3.4A,C-D; Table S4). Interestingly, both PC1 and PC3 were
significantly associated with survival (increasing juvenile age), and settlement size did not

predict survival when controlling for these behavioral axes (Figure 3.4E; Table S4). In other
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words, the associations between PC1 and survival and between PC3 and survival are not
simply spurious correlations that arise because they are each associated with settlement size.
Instead, size-at-settlement is related to survival through size-related behaviors (Figure 3.4A).
In an analysis with a smaller dataset (n = 168), relationships between behaviors and survival
were harder to distinguish (due to reduced power), and the relationship between PC3 and
survival was not significant (Figure 3.5E). However, there was a positive relationship between

PC2 (distance traveled and frequency of sheltering) and survival.
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Figure 3.4: Confirmatory path analysis of Stegastes partitus settlement size, juvenile growth,
and survival (n = 256). (A) Directed acyclic graph (DAG) outlining alternative hypotheses of
how settlement size relates to survival (approximated by juvenile age) and juvenile growth rate:
settlement size affects survival and juvenile growth rate directly and/or indirectly via behaviors.
Solid pink arrows indicate significant relationships; gray dashed arrows indicate the relationships
we investigated and found them to be non-significant. (B—D) Relationship between principal com-
ponents and settlement size from a linear model (B) or from linear mixed models (C, D). Marginal
R2-values are included to describe the variance captured by the main effects and interaction terms
of each model. (E) Path coefficients from the component model of survivorship (juvenile age) of S.
partitus as a function of settlement size, juvenile growth rate, and all PCs. (F) Path coefficients
from component model of juvenile growth rate as a function of settlement size and all PCs. (E,
F) Pink indicates significant relationships at a p-value of <0.05; black indicates non-significance
(p > 0.05). For standardized path coefficients, see Supplementary Table C.4 For R2-values of all
component models, see Supplementary Table C.5 . For PCA biplots showing how the measured
behaviors load on each axis, see Figure 3.3 and Supplementary Figure C.4 . indicates significance
(P < 0.05). n.s. indicates non-significant.
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Figure 3.5: Confirmatory path analysis of Stegastes partitus adult density (habitat quality; ag-
gressive pressure), chasing behaviors, and relationship to juvenile growth rate (n = 168). (A)
Directed acyclic graph (DAG) outlining alternative hypotheses of how adult S. partitus density
relates to juvenile growth rate and survival. Adult density could affect juvenile growth rate by
impacting the frequency of conspecific chasing, or through another mechanism. Adult density may
also directly impact survival, such as if the presence of adults indicates higher quality habitat, or in-
directly through increased chasing. The effect of chasing on both growth and survival could depend
on settlement size. Furthermore, foraging and sheltering behaviors could predict how frequently
fish are chased by conspecifics. (B) Path coefficients from component model of adult density, set-
tlement size, and behavioral axes on the number of times an individual was chased. (C) Path
coefficients from the component model of adult density, behavioral axes, number of times chased,
and the interaction of chased times and settlement size on juvenile growth rate. (D) Visualization
of the interaction between the number of times chased and settlement size for predicting juvenile
growth rate; 0 or 3 times chased were selected for simplicity of visualization. (E) Path coefficients
from the component model of the same variables on survivorship (juvenile age). In the DAG, the
solid pink line is a significant relationship; the gray dashed line indicates the lack of a significant
relationship. (B, C, E) Pink color indicates a significant relationship from linear mixed models
at p < 0.05; black color indicates non-significance (p > 0.05). For standardized path coefficients,
see Supplementary Table C.6. For R%-values of all component models, see Supplementary Table
C.7. For PCA biplots showing how the measured behaviors load on each axis, see Figure 3.3 and
Supplementary Figure C.4.
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Juvenile growth

Although settlement size-related behaviors influenced juvenile S. partitus survival, surpris-
ingly, the same behaviors captured by the PCA dimensions did not predict variation in
juvenile growth rate (Figure 3.4F; Table S4). In fact, settlement size neither directly nor
indirectly (via the behaviors in the PCA) predicted juvenile growth rate (Figure 3.4A E-F;
Table S4). Instead, when we considered fish for which we had data on chasing behavior (n
= 168), settlement size affected juvenile growth rate through an interaction with how often
fish were chased by conspecifics (Figure 3.5A,C-D; Table S6). Juvenile growth was unre-
lated to settlement size where no chases were observed, but when fish were chased multiple
times during the 5-min observation period, juvenile growth became a negative function of
settlement size—larger fish at settlement experienced slower juvenile growth, the dominant
emergent relationship of surviving S. partitus (Figure 3.2). We also found that PC3, which
captured far horizontal travel with frequent, short bouts of sheltering, predicted the number
of times fish were chased by conspecifics.

As shown previously for this species (Johnson 2008), adult density was negatively asso-
ciated with juvenile growth (Figure 3.5C; Table S6). Adult density was also directly related
to the number of times an individual was chased (Figure 3.5B; Table S6). Despite these re-
lationships, adult density and the interaction of chasing and settlement size did not predict
survival (Figure 3.5E; Table S6). Furthermore, the significant relationship we found between

juvenile growth and survival in the full dataset model (Figure 3.4A E; Table S4) disappeared
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in this model (Figure 3.5A E; Table S6). We note, however, that we had low power to detect
relationships between measured variables and juvenile survival in this data subset, since this
subset had fewer older fish than the full dataset (only 3 fish were 11+ days old and 9 fish
9+ days old, compared to 11 and 23 fish respectively in the full dataset).

Unfortunately, swim speed was only measured in 15 fish and since they were the same
age when collected, we could not assess how swim speed related to survival. The inverse
correlation between swim speed and juvenile growth was not significant, though we note that

we had low power for this analysis (Supplementary Figure C.5B).

3.5 Discussion

For larval fishes to successfully recruit to adult populations, individuals need to survive the
highly dangerous period of early life. Predators are known to target prey with particular
traits (e.g., small sizes and slow growth; Anderson (1988)). Thus, settlers with particular
traits may be more or less successful at navigating the hazardous first few weeks of life on
the reef, potentially influencing the overall strength of recruitment to the population. The
Growth-Survival Paradigm (GSP; Robert et al. (2023)) describes how we might expect the
characteristics (or traits) of young fish to change over time due to predation pressure, but
it is typically challenging to identify the mechanisms underlying observed shifts in traits.
By combining otolith microstructure analysis and direct observations of behavior in indi-

vidual fish, we have been able to pinpoint early life processes that create variation in the
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characteristics of survivors.

3.5.1 Consistency of behavioral dataset with a 6-yr recruitment
time-series

Previous work with our focal species, the bicolor damselfish, Stegastes partitus, demonstrated
that juveniles who settled at larger sizes and had slower juvenile growth experienced higher
survival during the first few weeks of life on the reef (Johnson 2008; Johnson & Hixon 2010;
Rankin & Sponaugle 2011, 2014). While differential survival of fish with large settlement
sizes is consistent with the GSP, the success of slow growers is not. To identify the behaviors
underlying this trait selection, we measured behaviors for 256 fishes and combined them
with otolith-derived early life history traits. This dataset exhibited the same patterns in
trait distributions over time as a 6-year monthly time series of recruitment in the Florida
Keys (Rankin & Sponaugle 2014), justifying the use of this smaller dataset in examining

behavior in the context of growth-related traits.

3.5.2 Relationship between settlement size and juvenile growth

For data from both the present study and the larger 6-year recruitment time-series, com-
parison of mean juvenile growth as a function of size-at-settlement revealed clear patterns
associated with juvenile age. The relationship between the two traits changed from no rela-

tionship among the youngest juveniles to a significant inverse relationship among the oldest
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juveniles. Thus, this relationship is not inherent to the species or individual but instead
emerges as a result of selective survival. While there was variation among individuals with
regard to both variables, surviving older juveniles on average were those who settled at larger
sizes and then had slower early juvenile growth. Although this relationship was not exam-
ined explicitly in previous studies, the inverse relationship among the traits of survivors is
consistent with previous studies (Johnson 2008; Johnson & Hixon 2010; Rankin & Sponaugle
2011, 2014).

Size-at-settlement of S. partitus is determined during the larval period by larval growth
rates and the number of days larvae spend growing at this rate in the plankton (i.e., pelagic
larval duration, PLD; (Rankin & Sponaugle 2011, 2014)). Faster-growing damselfish larvae
spend less time in the plankton (shorter PLD) and vice versa, with both traits “carrying
over” to affect size-at-settlement. Regardless of seasonal fluctuations in water temperature
or cyclic lunar phases, the size of settling S. partitus larvae sets the stage for juvenile survival
(Rankin & Sponaugle 2011, 2014). Similar carry-over phenomena is common in other coral
reef fishes with complex life histories (e.g., Dingeldein & White (2016) and Shima & Swearer

(2010)).
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3.5.3 Behaviors underlying selective changes in early life history
traits

A PCA of the dataset in the present study (n=256) enabled us to collapse multiple observed
behaviors into a single behavioral variable. PC1 captured the variance associated with
the relative time fish spent sheltering vs the maximum distances fish swam in vertical and
horizontal dimensions. Maximum vertical distance was also positively associated with the
number of bites in the water column, thus serving as an indication of foraging success.
Fundamentally, PC1 reflected the trade-off between foraging (planktivory) and sheltering.
When fish are sheltered under a coral or other reef rubble, they are unable to feed on their
preferred diet in the water column (Emery 1968, 1973).

We found a significant relationship between settlement size and the sheltering-foraging
axis of behavior (PC1). Bicolor damselfish settling at larger sizes had lower PC1 scores,
indicating reduced sheltering behavior and increased foraging high in the water column.
Further, PC1 changed with juvenile age: survivors (old fish) had significantly lower PC1
scores, suggesting progressive removal of fish with high PC1 scores. Settlement size alone
(i.e., controlling for PCs) did not predict survival. Together these results point to the behav-
iors that underlie observed patterns of selective mortality. Larger settlers need not shelter
as much as smaller settlers and are able to forage higher in the water column, obtaining
more zooplankton prey. Previous experiences being equal, larger individuals should be less

vulnerable to gape-limited predation (Anderson 1988; Miller et al. 1988; Sogard 1997) and
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should therefore have the benefit of sustaining greater activity. This has been shown in Great
Barrier Reef pomacentrid Pomacentrus aboinensis, where larger juveniles exhibited greater
rates of foraging activity and aggression, but also experienced higher survivorship (Meekan
et al. 2010). Larger lemon damselfish, Pomacentrus moluccensis, in Indonesia also sheltered
less frequently (Gauff et al. 2018). Theoretical (Arendt 1997; Stamps 2007) and empirical
evidence (Damsgard & Dill 1998; Hurst et al. 2005) suggests that smaller settlers should
spend more time foraging and less time sheltered to accelerate their growth and “catch up”
to their larger conspecifics, even though this should increase their exposure to visual preda-
tors. Instead, and consistent with other damselfishes, we observed the contrary: juvenile
S. partitus that were smaller at settlement spent more time sheltered and travelled less far
from those shelters.

Greater activity of larger settlers suggests that they are ‘bolder’, a trait that has been
associated with higher survival in some species (Fuiman et al. 2010; Godin & Davis 1995;
McCormick, Fakan, et al. 2018; Réale & Festa-Bianchet 2003). For instance, Fuiman et al.
(2010) found that juveniles of another pomacentrid, Pomacentrus wardi, with reduced escape
swimming speeds and lower boldness were more susceptible to predation. They suggested
that boldness is a form of vigilance that reduces the risk of a predator attack, therefore
increasing overall survival. Similarly, a lab experiment with guppies (Poecilia reticulata)
found that bolder individuals tended to inspect predators, which resulted in fewer attacks
(Godin & Davis 1995). McCormick, Fakan, et al. (2018) found that selection on the white-
tailed damselfish Pomacentrus chrysurus was related to a suite of behavioral traits associated
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with boldness. Whether boldness is a trait that reduces vulnerability to predation, or simply

covaries with other traits that increase survivorship is unknown.

3.5.4 Influence of adult conspecific density on juvenile growth

If larger settlers forage more than smaller settlers, why is higher survival associated with
slower early juvenile growth? Johnson (2008) found that S. partitus grew more slowly in
areas of high adult density. We examined this in our full dataset and found the same relation-
ship: juvenile growth decreased significantly with increasing adult density. But surprisingly,
juvenile growth was unrelated to any sheltering or foraging behaviors. Larval settlement
into an area of the reef with high adult densities implies that the habitat is favorable (can
successfully support higher numbers of conspecifics). While this area may be favorable for
some reason (higher food supply, fewer predators, higher vigilance possible, etc.), settling in
proximity to adult conspecifics also brings with it an increasing likelihood of being chased
by conspecifics. Johnson (2008) found that more intraspecific chasing was associated with
reduced juvenile growth for S. partitus in the Bahamas. Being chased requires evasion and
burst swimming by the chased, and typically smaller fish, followed by quick sheltering. Such
escape behavior disrupts an individual’s foraging and requires energy expenditure. Agonis-
tic behavior, such as chasing, can be physiologically costly (Briffa & Sneddon 2007) due to
build-up of lactic acid, production and release of stress hormones (Briffa & Sneddon 2007;

Wilson, Gatten, et al. 1990), injury (McDougall & Kramer 2007), and energy expenditure
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(Neat et al. 1998). Repeated chasing would likely cause reduced growth in the fish being
chased.

In our dataset that included chasing measurements, the number of times an individual was
chased increased significantly with adult density, but this variable alone did not directly re-
duce juvenile growth. Instead, the number of times chased interacted with size-at-settlement
to predict juvenile growth rate. Individuals who were not chased did not experience a trade-
off between size and juvenile growth. Among fish who were chased, larger fish had slower
juvenile growth rates, and smaller fish had faster growth rates. This result for large fish is not
surprising, as evading frequent chasers would require energy expenditure. More surprising is
that small settlers who were chased frequently did not experience reduced juvenile growth
rates. For those fish, it is possible that chases were of shorter intensity /duration, reducing
the energetic cost of this evasive behavior, or evasive movement of smaller fishes simply does
not cost as much energetically, such that these smaller fish are able to maintain relatively
high juvenile growth rates.

We also found fish that were chased more were those who traveled farther horizontally,
sheltering frequently but for brief periods of time. This behavior, captured by PC3, is associ-
ated with larger settlers, suggesting that larger fish venture farther into neighboring territo-
ries, which then results in chases. That adult density and the number of times an individual
was chased interacting with settlement size significantly predicted juvenile growth points to
the possibility of both behavioral and energetic mechanisms underlying the preferential sur-
vival of slow-growing juveniles. However, these variables did not predict survivorship, likely
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due to the low number of older fish in this data subset. Thus, we cannot distinguish whether
these relationships are byproducts of size-dependent behaviors or drivers of survivorship in

themselves.

3.5.5 Predator evasion, condition, and juvenile growth

Another non-mutually exclusive process that may play a role in the phenomenon of reduced
juvenile growth of survivors is predator evasion via escape swimming. Fast swimmers could
experience higher survivorship, yet pay a price in lower juvenile growth rates due to energetic
costs of swimming performance. We could not measure in situ burst swim speeds following
a simulated predator attack for many S. partitus juveniles and thus could not formally test
this hypothesis; our data for 15 new settlers show a negative but non-significant correlation
between burst swim speed and juvenile growth rate. While we did not have the power to
evaluate this hypothesis, trade-offs between growth and swimming performance have been
observed in other teleosts (Billerbeck et al. 2001; Kolok & Oris 1995; Sogard & Olla 2002)
and amphibians (Arendt 2003).

Additional trade-offs can exist between condition (i.e., lipid reserves) and accelerated
growth (Johansen et al. 2001; Sogard & Spencer 2004). For instance, (Johnson 2008) ob-
served that high-condition S. partitus juveniles grew more slowly than low-condition juveniles
and attributed this reduction in growth to more agonistic interactions among high-condition

individuals. We did not measure condition in our study, but condition often covaries with
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size (Henderson et al. 1988; Schultz & Conover 1997; Thompson et al. 1991) and we observed
that larger settlers were more active, grew more slowly as juveniles, and had higher survival

(Rankin & Sponaugle 2011).

3.5.6 Conclusions

Size-at-settlement is a key trait influencing the survival of young S. partitus settlers. We
found that preferential survival of large settlers is not merely a function of gape-limited
predation but rather occurs via specific fish behaviors. Large settlers forage higher up in
the water column, which could provide access to larger quantities of planktonic food and
enhance survival. However, spending more time unsheltered likely engages more conspe-
cific chasers. We found that being chased by conspecifics results in slower juvenile growth
rates for large settlers than for small settlers, suggesting differences in the energetic costs
of territorial behavior. Furthermore, the degree to which this extra energy expenditure is
required depends on the reef ‘neighborhood’ fish settle into. Favorable habitats that support
high adult densities could require additional energy expenditure on the part of juveniles, as
resident adults chase the new arrivals.

Thus, the size at which settlers arrive to and enter the juvenile habitat plays a critical role
in determining subsequent behaviors and trait-mediated survival. Because territorial defense
and maintenance are necessary for fitness and conspecific agonistic behavior is a dominant

part of damselfish life history, this phenomenon is likely to apply to other damselfish species
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in numerous locations. Understanding the role of agonistic behaviors in survival is important
as changing habitat (territory size; Silveira et al. (2020)), depth (Goldstein et al. 2016), and
environmental conditions (Silva-Pinto et al. 2020), including levels of predation pressure
(Ferrari et al. 2019), can affect the frequency or intensity of damselfish agonistic behaviors.
Such an understanding of how food availability, somatic growth, survival, and behavior are
intertwined in early life is necessary to help explain population dynamics of small territorial

fishes such as the bicolor damselfish.
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Appendix A

Supplement for Chapter 1

A.1 Appendix S1

Table A.1: Empirical support for parameter choices used in Chapter 1. This table includes
all parameters for each temperature-dependent vital rate function (equations found in Table 1),
with possible proxies or measurements from the literature listed next to each. Example ranges of
parameter values for each proxy are provided based on a thorough but non-comprehensive literature
search, specifying values for arid-zone passerines separately from other birds (which could include
non-arid-zone passerines as well as non-passerines from various habitats). N/A indicates that our
literature search did not yield values for a given proxy. Finally, the proxy or measurement used
for model simulations in the main text is described, and the value used in main-text simulations
is listed. For parameters with units of temperature, we list values in Celcius in the table, but use
Kelvin in our models. See following page for table.
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A.2 Appendix S2

Here we show the effect of varying various parameters on adult abundance. In general, these
analyses reveal that the results we present in the main text are robust to parameter choice.
In some cases, changing parameters has very little effect on year 100 adult abundance. In
others, the qualitative result (e.g. very low abundance at 5C of warming, high abundance
at 1.5C warming, and some mid-level abundance at 3C of warming) is robust, while the
exact abundance depends on parameter choice. In these cases, the analyses we present in
this supplement demonstrate the potential for species with different life history traits to be
differentially impacted by warming, and lay the groundwork for further exploration in this

area.

A.2.1 Sensitivity analysis 1: egg maturation parameters

We begin by considering parameters that dictate the shape of the egg maturation temper-
ature response function at normal-to-high temperatures. We focus on THmE, the upper
maturation threshold, and two parameters that determine the shape of the temperature re-
sponse function at normal-to-high temperatures, AmE and AHmE. Since the shape of this
function can only be evaluated in warming scenarios, we ran the sensitivity analyses in three

warming scenarios (warmer summers with 1.5, 3, and 5 degrees of warming).
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Figure A.1: Adult abundance does not respond strongly to three parameters that dictate the
shape of the egg maturation function. Colors represent warming regimes (1.5, 3, or 5 degrees of
warmer summers).

A.2.2 Sensitivity analysis 2: “base” parameters

Next, we show the effect of varying base mortality rates (i.e., mortality rates within lower and
upper inflection points) and maturation rates (mH, the temperature-independent hatchling
mortality rate, and mETR, the egg maturation rate at the reference temperature). Since
these parameters affect dynamics regardless of warming, we explore their effect on adult
abundance under typical seasonal variation. To compare the effects of the parameters to
each other, we use a range of percentages of each parameter, but also present individual

plots to show dynamics with reasonable ranges of values for each vital rate (Table S1).
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Figure A.2: Species that vary in life history traits (i.e. average lifespan, average incubation dura-
tion, and expected mortality rates of life stages) will vary in abundance, making these interesting
axes in which to explore warming effects in future studies. Colors represent life stages (red = adults,
yellow = juveniles, turquoise = hatchlings, and blue = nestlings), and line type represents the vital
rate (solid line = mortality rate, dashed line = maturation rate of ectothermic stages). In A, all
traits are overlaid so as to compare how percent changes in each parameter affect adult abundance
relative to the values used in the simulation (dotted vertical line). In a-f, traits are represented
individually using reasonable values for each parameter (with value used in the simulation marked
with a dotted vertical line).
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A.2.3 Sensitivity analysis 3: parameters whose units are
temperature

The final set of parameters we explore are those related to upper inflection points (for
mortality rate and incubation functions) and rates of increase above those upper inflection
points. Since these are temperature thresholds that are only crossed in warming scenarios,
we ran the sensitivity analyses with three warming scenarios (warmer summers with 1.5, 3,
and 5 degrees of warming).

When varying upper inflection points, we kept the rates of increase (and all other param-
eters) the same as the values used in main text simulations. When varying rates of increase,
we kept the upper inflection points the same as main text simulations and calculated new
rates of increase by considering a range of total mortality points. For each parameter, we
ran the simulation with 10 alternative temperatures, considering 5 degrees on either side of
the parameter. There were exceptions for two stages: the upper inflection point and total
mortality points for the egg and hatchling stages were about 4.5 degrees apart, so we did
not consider total mortality points 5 degrees lower than the value used in main text simula-
tions, since that would make the total mortality point a lower temperature than the upper

inflection point.
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A.3 Additional Supplemental Figures
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Figure A.4: Averaging hourly vital rates is important for capturing how temperature impacts
bird populations. Temperatures and bird vital rates are displayed for the last year of a warming
simulation where average annual temperature increases by 3°C over 100 years, with annual variation
in temperature increasing because of increasingly warmer summers. (A) Hourly temperatures
during the summer exceed the temperature at which bird vital rates are no longer constant. The
model calculates vital rates for each hour (B), and averages them to get daily average rates to
use in the simulation (C). Using average daily temperatures (D) instead of hourly temperatures to
calculate daily average rates (E) results in constant vital rates across the year, since the average
daily temperatures do not exceed the temperature at which bird vital rates are no longer constant.
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Figure A.5: Averaging hourly vital rates is important for capturing how temperature impacts
bird populations. Temperatures and bird vital rates are displayed for the last year of a warming
simulation where average annual temperature increases by 1.5°C over 100 years, with annual varia-
tion in temperature increasing because of increasingly warmer summers. (A) Hourly temperatures
during the summer exceed the temperature at which bird vital rates are no longer constant. The
model calculates vital rates for each hour (B), and averages them to get daily average rates to
use in the simulation. Using average daily temperatures instead of hourly temperatures (D) to
calculate daily average rates (E) results in constant vital rates across the year, since the average
daily temperatures do not exceed the temperature at which bird vital rates are no longer constant.

125



"
A: 88100 B C

S

o i °
TQ § 075" Rt 0-9
255 Tee

(] %
S & 2 0501 *% 0.8

[e]

E o+~ .. e
g%g 0.251 ®- 0.7
€308 -
S Soo000__ ....._..

|~ 02 04 06 08

®
D £ E F
oo 1004 %01, o o
CDb o, ° 40 1 ozoo%o%o
E a<.) 801 ;?goo: 00 ooo°°€ O‘?}%&%&QS
e 40. & %02 ° 8 [ ] om ° o °
o L3 e ° %880 % ° o
£2 oo SRR RN
3 o 5 ®  000%° °
T > 40- ’3%0‘988-@50 > 201 & ® | Z°°:§:gg;§oo
o 20 1 ;.QDW:G% °§ o R gof %8 )
27 201 % 0 et o o%'ﬁn" p o
=0 R X oﬁc . I N P
e ol o 0 e
KR 02 04 06 08 02 04 06 02 04 06 08
Warming (K/100 yr) Warming (K/100 yr) Warming (K/100 yr)
due to hot extremes due to hot extremes due to hot extremes
(varying intensity) (varying frequency) (varying duration)

Which stages ¢ Endothermic ° Ectothermic

Figure A.6: Averaging hourly vital rates is important for capturing how temperature impacts
bird populations. Temperatures and bird vital rates are displayed for the last year of a warming
simulation where average annual temperature increases by 1.5°C over 100 years, with annual varia-
tion in temperature increasing because of increasingly warmer summers. (A) Hourly temperatures
during the summer exceed the temperature at which bird vital rates are no longer constant. The
model calculates vital rates for each hour (B), and averages them to get daily average rates to
use in the simulation. Using average daily temperatures instead of hourly temperatures (D) to
calculate daily average rates (E) results in constant vital rates across the year, since the average
daily temperatures do not exceed the temperature at which bird vital rates are no longer constant.
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Appendix B

Supplement for Chapter 2

B.1 Appendix S1

Table B.1: Information on temperature-induced condition changes (causes, consequences/costs,
and recovery).Orange cells contain threshold temperatures displayed in Figure 2A; blue cells contain
threshold temperatures displayed in Figure 2B. See following page for table.
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Figure C.1: Significant correlation between two different measures of Stegastes partitus juvenile
growth rate data in the present study (n = 256): the mean daily growth rate across the first two
days of the juvenile period as reported in Rankin and Sponaugle (2014) and the mean growth rate
over the entire juvenile period (i.e. from settlement to collection).
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Figure C.2: Number of bites taken in the water column by newly settled juvenile Stegastes partitus
over a b-min observation period vs maximum vertical distance travelled by the same individual
during that period. Pink line indicates a significant relationship (negative binomial-distributed
generalized linear model: p<0.001). Number of bites taken in the water column was measured for
a subset (n = 46) of fish from 2009.
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Figure C.3: Comparison of Stegastes partitus early life traits across juvenile age for data in
the (A,C,E) 6-yrrecruitment time-series (n = 818) from Rankin and Sponaugle (2014) and in
the (B,D,F) present study (n =256). Data plotted for continuous aged juveniles, with pink lines
representing significant relationships and black lines non-significant relationships from generalized
additive models (GAMSs). Settlement size (A,B) was derived from the position of the settlement
mark on otoliths of individual fish. Juvenile 1-2d growth rate (C,D) was computed from mean
otolith increment widths for the first two days of life on the reef, while juvenile growth rate (E,F)
was computed from mean otolith increment widths across the entire juvenile period (from settlement

to collection). Vertical dashed orange line indicates scope of the present study(oldest fish = 14 days
old).
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Figure C.4: PC3 vs PC2 in principal component analysis (PCA) of behaviors observed over 5
min for newly settled Stegastes partitus juveniles (n = 256), observed over 5 months in the Florida
Keys. Behaviors are mean and total time spent sheltered, number of times shelter was sought
(Number of times sheltering), maximum distance travelled horizontally (Max horizontal distance)
and vertically (Max vertical distance) from the primary shelter
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Figure C.5: Stegastes partitus energetic trade-offs in predator evasion. (A) Directed acyclic
graph (DAG) outlining a hypothesis for how juvenile S. partitus slow juvenile growth rate could
be related to increased survival. Energy allocation (unmeasured in our study) could lead to a
trade-off between juvenile growth and swim speed, and faster swim speeds could increase chance
of survival. A significant correlation between swim speed and juvenile growth rate would support
this hypothesis. Black dotted lines indicate potential causal relationships between unmeasured
and measured variables; black solid line indicates potential causal relationship between measured
variables. Due to the small sample size, we did not perform a path analysis on this DAG and instead
investigated (B) the correlation between juvenile growth rate and burst swim speed in response to
a simulated predator attack. Swim speed measured in situ for n=15 new settlers using a stereo
camera. We report the non-significant Pearson’s correlation and p-value on the figure
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C.2 Supplemental tables

Table C.1: Generalized linear model (GLM) with a negative binomial error structure predicting
number of times fish take bites in the water column.

Estimate Std. Error z value p value

(Intercept) 3.13 0.12  25.28 <0.001
Max vertical distance 0.07 0.02 3.08 0.002

Table C.2: Linear mixed effects model (LMM) predicting juvenile growth rate (um/d, residuals)
in the 2008-2009 dataset, with random intercepts for collection site.

Estimate Std. Error df t value p value
(Intercept) 0.45 0.11 4.50 4.26 0.010
Settlement size 0.15 0.09 249.51 1.75 0.081
Juvenile age -0.09 0.01 251.60 -5.84 <0.001
Settlement size x juvenile age -0.03 0.01 251.47 -2.30 0.022

Table C.3: LMM predicting juvenile growth rate (um/d, residuals) in the 2003-2008 dataset, with
random intercepts for collection site.

Estimate Std. Error z value p value

(Intercept) 0.61 0.04 14.67 <0.001
Settlement size 0.05 0.04 1.22 0.223
Juvenile age -0.05 0.00 -16.05 <0.001
Settlement size x juvenile age -0.01 0.00 -2.47 0.014
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Table C.4: Path coefficients for the DAG in Figure 3.4A. The model is well fit to the data (C-
statistic = 1.33, df = 6, p-value = 0.97). A p-value < 0.05 would indicate that the hypothesized
structure in the DAG is not supported by the data. Estimates correspond to partial regression
coefficients and can be interpreted as the expected change in the response given a unit change in
the predictor. Standardized estimates are calculated by scaling these estimates by the ratio of the
standard deviation of the predictor over the standard deviation of the response.

Response Predictor Estimate  Std.Estimate  Std.Error DF  Crit.Value P.Value
PC1 Settlement size -0.24 -0.17 0.09 254 -2.69 0.008
PC2 Settlement size -0.04 -0.03 0.07 254 -0.54  0.591
PC3 Settlement size -0.13 -0.13 0.06 256 -2.08 0.038
Juvenile age Juv. growth rate -1.36 -0.35 0.23 250 -6.03 <0.001
Juvenile age Settlement size 0.00 0.00 0.15 250 0.01  0.989
Juvenile age PC1 -0.30 -0.16 0.10 250 -2.84 0.005
Juvenile age PC2 -0.28 -0.11 0.14 250 -1.91  0.057
Juvenile age PC3 -0.36 -0.14 0.15 250 -2.46 0.015
Juv. growth rate PC1 0.00 0.00 0.03 251 0.08 0.939
Juv. growth rate PC2 0.06 0.10 0.04 251 1.55 0.123
Juv. growth rate PC3 -0.02 -0.03 0.04 251 -0.40 0.691
Juv. growth rate  Settlement size -0.04 -0.07 0.04 251 -1.05 0.297

Table C.5: R-squared values for component models for the DAG in Figure 3.4A.

Response Family Link Mixed model Marginal R2 Conditional R2
PC1 Gaussian identity No 0.03 NA
PC2 Gaussian identity No 0.00 NA
PC3 Gaussian identity Yes 0.02 0.08
Juvenile age Gaussian identity No 0.19 NA
Juvenile growth rate Gaussian identity No 0.01 NA
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Table C.6: Path coefficients for the DAG in Figure 3.5A. The model is well fit to the data (C-
statistic = 13.55, df = 12, p-value = 0.33). A p-value < 0.05 would indicate that the hypothesized
structure in the DAG is not supported by the data. Estimates correspond to partial regression
coefficients and can be interpreted as the expected change in the response given a unit change in
the predictor. Standardized estimates are calculated by scaling these estimates by the ratio of the
standard deviation of the predictor over the standard deviation of the response.

Response Predictor Estimate  Std.Estimate Std.Error DF  Crit.Value P.Value
Times chased Adult density 0.10 0.13 0.03 162 3.44 0.001
Times chased Settlement size -0.02 -0.01 0.11 162 -0.19 0.848
Times chased PC1 0.05 0.04 0.07 162 0.78 0.435
Times chased PC2 0.08 0.04 0.11 162 0.75 0.454
Times chased PC3 -0.27 -0.14 0.11 162 -2.47 0.014
Juv. growth rate Adult density -0.04 -0.19 0.02 159 -2.43 0.016
Juv. growth rate Times chased 0.01 0.02 0.05 159 0.26 0.792
Juv. growth rate Settlement size 0.03 0.05 0.05 160 0.58 0.560
Juv. growth rate PC3 -0.08 -0.14 0.05 145 -1.74 0.084
Juv. growth rate PC1 0.00 0.00 0.03 160 -0.05 0.959
Juv. growth rate PC2 0.04 0.07 0.04 159 0.89 0.375
Juv. growth rate Chased:Settlmt size -0.11 -0.19 0.05 159 -2.29 0.024
Juvenile age Juv. growth rate -0.47 -0.13 0.29 159 -1.60 0.111
Juvenile age Times chased -0.15 -0.06 0.18 158 -0.84 0.404
Juvenile age Settlement size -0.09 -0.04 0.19 159 -0.48 0.634
Juvenile age PC3 -0.32 -0.14 0.18 157 -1.78 0.076
Juvenile age PC2 -0.31 -0.15 0.16 158 -2.01 0.046
Juvenile age PC1 -0.28 -0.20 0.11 159 -2.54 0.012
Juvenile age Adult density -0.03 -0.03 0.07 158 -0.43 0.665
Juvenile age Chased:Settlmt size -0.09 -0.04 0.17 158 -0.54 0.593
PC1 Settlement size -0.26 -0.16 0.12 166 -2.11 0.036
PC2 Settlement size 0.01 0.01 0.09 166 0.08 0.936
PC3 Settlement size -0.21 -0.20 0.08 168 -2.68 0.007

Table C.7: R-squared values for component models for the DAG in Figure 3.5A

Response Family Link Mixed model Marginal R2 Conditional R2
Times chased Poisson  log No 0.13 NA
Juvenile growth rate Gaussian identity Yes 0.08 0.10
Juvenile age Gaussian identity Yes 0.09 0.13
PC1 Gaussian identity No 0.03 NA
PC2 Gaussian identity No 0.00 NA
PC3 Gaussian identity Yes 0.04 0.10
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