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ABSTRACT 

Variation and Extinction: Models for Alternative Strategies and Climate 

by 

Carla M. Sette 

 

The merging of empirical tests and theoretical models allows us to make sense of 

complex biological concepts. This thesis explores questions of biological variation 

(both within and between species) and its persistence through evolutionary time scales 

primarily through the development of mechanistic models. The first chapter uses a 

game theory framework to describe drivers of persistence in systems of alternative 

strategies, and presents a new framework to describe competition within large systems. 

The second chapter describes the plastic system of developmental polyphenisms in the 

Mexican spadefoot toads, Scaphiopus multiplicata using a game theory framework. 

The possibility that anthropogenic climate change will alter selection on developmental 

polyphenisms is explored. The third chapter uses a mechanistic ecophysiology-based 

model to explore extinction risk in seven species of tropical New World day geckos 

(Sphaerodactylidae, Squamata). These studies highlight the importance of 

incorporating empirical data in modeling. Given anthropogenic changes to climate and 

habitat availability, ecosystem resilience of particular concern to conservationists. We 

need tools to predict how species losses will affect eventual equilibrium outcomes – 

whether ecosystems will survive in a recognizable state, or whether the loss of key 

species can affect larger-scale stability.  
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GENERAL INTRODUCTION 

 

 Variation within populations is an essential condition for evolution (Darwin 

and Wallace 1858). Conversely, the expectation of evolution by natural selection is 

that selection will reduce that variation over time. Nevertheless, we recognize vast 

variation within and among lifeforms. An essential unanswered question is how do 

evolutionary processes maintain variation, both within and between species? 

Biologists have similarly struggled with the apparent dichotomy that although large 

systems of competitors lead to mathematical instability (May 1972), a high degree of 

species diversity correlates with ecosystem stability. It has been a challenge to 

reconcile these contradictory observations, in part due to the different scales between 

ecosystem observations and models (McCann 2000).  

 Temperature and climate are some of the strongest forces influencing species 

abundance and distribution, i.e. ecology (Brown et al. 2004). Anthropogenic climate 

change threatens to disrupt (and has already altered) ecosystem norms globally. Shifts 

in phenology, geographic distribution, and interactions across trophic levels have 

already been recorded in many species (Parmesan 2006). Widespread extinctions as 

climate conditions exceed species’ physiological thresholds have been predicted 

across taxa (Sinervo et al. 2010; Pinsky et al. 2019). The knock-on effects of these 

changes are nearly impossible to predict at the ecosystem level due to the difficulty of 

predicting ecosystem stability from changes in individual species’ persistence. 
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 Empirical analysis of large systems of species or strategies is needed to work 

out the broader forces which drive these patterns. Computational modeling provides a 

way to understand complex systems, such as ecosystem interactions, through the 

construction of plausible simplifications. Progress is made through the merging of 

empirical tests and theoretical models (Pielou 1981). The three chapters in this thesis 

are united by a computational approach to understanding questions of biological 

variation and its persistence through evolutionary time scales. I utilized published and 

field-collected data to develop primarily mechanistic models of species and trait 

persistence. Each chapter centers on a different selective mechanism – competition, 

developmental plasticity, and physiological constraints. 

 In Chapter 1, “A game theoretic framework for assessing stability in large 

systems of competitors,” I identified mathematical and ecological properties that 

contribute to stability in a system of competitors. I utilized an evolutionary game 

theory framework to assess the relationship between system stability and number of 

competitive types. I applied these analyses to a number of empirically quantified 

competitive outcomes in systems of alternative strategies, including the largest known 

biological system of alternative strategies, the Amazonian Para molly, Poecilia parae 

(Bourne et al. 2003). Finally, I expanded existing frameworks to describe systems of 

alternative strategies to encompass competition within larger systems, such as 

ecosystem-level interactions. 

 In Chapter 2, “An evolutionary game theory model for plastic developmental 

strategies of omnivory and carnivory in Scaphiopus multiplicata,” I applied the 
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evolutionary game theory framework from Chapter 1 to a system of plastic, rather 

than fixed, competitive types. Mexican spadefoot toads, Scaphiopus multiplicata, 

have two developmental polyphenisms which are comprised of phenotypically 

distinct morphs like alternative strategies, but arise from the same genotype. I 

modeled morph determination in S. multiplicata based on empirical data. I addressed 

challenges in describing fitness outcomes in plastic systems where lifetime 

reproductive fitness may not be a practical endpoint to compare the relative fitness of 

plastic traits. Additionally, I also explored the possibility of climate-driven changes to 

morph competitive ability due to anthropogenic climate change. 

 Chapter 3, “Thermal ecology and extinction risk of New World day geckos 

(Sphaerodactylidae, Squamata) under climate change” describes extinction risk in 

spherodactyline geckos due to predicted changes in temperature and climate based on 

species’ ranges and ecophysiology. Tropical ectotherms are predicted to have 

particular vulnerability to changes in environmental temperature (Tewksbury et al. 

2008; Huey et al. 2009; Sinervo et al. 2010). Spherodactyline geckos provide a good 

model system for small tropical ectotherms as inhabit a broad range of habitats and 

elevations throughout the New World tropics. I used a mechanistic ecophysiology-

based model to predict climate-driven extinctions in seven species of spherodactyline 

geckos. I identified abiotic factors linked to species persistence, as well as several 

species at risk due to climate change.  
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A game theoretic framework for assessing stability in large systems of 

competitors 

Introduction  

 Biologists struggle to explain how variation among individuals in populations 

are maintained over evolutionary time, when the expectation is that natural selection 

will reduce variation in populations. Systems of alternative strategies are an often 

used as model system in the study of natural variation because they exist as an 

evolutionary stable state (ESS) or Nash Equilibrium (NE) in which each strategy has 

equal fitness. Alternative strategies are an extreme example of variation where 

discontinuous behavioral and morphological traits serve the same functional end. 

Alternative strategies are most conspicuous when they occur within individuals of the 

same species and sex. Systems of two and three alternative strategies have evolved in 

diverse taxa from yeast to elephant seals (reviewed in (Sinervo and Calsbeek 2006; 

Taborsky et al. 2008; Friedman and Sinervo 2016; Sinervo 2021). The same 

mechanisms maintaining alternative strategies may be present in larger competitive 

systems and competitive interactions between species, such as in food webs. 

The biological system with the largest number of documented discrete 

strategies is the five-strategy mating system of the Amazonian freshwater fish, the 

Para molly, Poecilia parae. Males exhibit five polymorphisms with different 

morphology and reproductive behavior based on haploid inheritance of a sex-linked 

trait (Lindholm et al. 2004). Parae males engage in courtship and territorial behaviors; 

immaculata males are smaller and specialize in sneaked copulations; and the three 
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colors of melanzoa male – blue, red, and yellow – engage in both courtship and 

sneaking behaviors with different success rates. If we extend our current thinking on 

alternative strategies to include ecological interactions among species, systems of five 

or more competitors is not unrealistic (Buss and Jackson 1979; Kraft et al. 2008; 

Coyte et al. 2015), particularly when considering intraguild competition (Sinervo 

2021).  

The best-described system of alternative reproductive strategies is the side-

blotched lizard, Uta stansburiana. Both males and females of this species exhibit 

behavioral polymorphisms that are identifiable by color whose intrasexual 

competitive strategies intersect through sexual selection and mate choice. Males 

exhibit three polymorphisms: orange-throated territorial despots, blue-throated 

cooperative mate-guarders, and yellow-throated female mimics which interact in a 

rock-paper-scissors-like intransitive (cyclical) hierarchy. Females exhibit two 

polymorphisms; orange females lay fewer large eggs and yellow females lay many 

smaller eggs. Each is favored under different population densities and generate 

density and frequency cycles of r- vs. K-strategists (Sinervo et al. 2000; Alonzo and 

Sinervo 2001). Frequency manipulations of Uta stansburiana span decades (Sinervo 

et al. 2000; Bleay et al. 2007; Friedman and Sinervo 2016) and have elucidated the 

causes of frequency- and density-dependent selection on male and female sexual 

strategies (Sinervo and Lively 1996; Sinervo et al. 2000; Sinervo 2001), female mate 

choice (Alonzo and Sinervo 2001), evolution of sex ratios (Alonzo and Sinervo 

2007), greenbeard social interactions among male and female strategies (Sinervo and 
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Clobert 2003; Sinervo et al. 2006), and the loss of strategies across large geographic 

ranges in response to climatic variation (Corl et al. 2010; Friedman et al. 2017). 

Evolutionary game theory has been an invaluable tool in explaining the various 

behavioral and ecological dynamics within this system. However, relatively few 

systems of two or three strategies have been described in a mathematic (as opposed to 

qualitative) framework. 

A game theoretic approach to explaining evolutionary outcomes is highly 

flexible – one does not need to have intimate understanding of life history tradeoffs 

between competing strategies, only phenotypic fitness. Reproductive success, 

changes in demography, and experimental competitive trials can all be used to 

parameterize models, making these methods adaptable to many study systems and 

questions (Brown 2016). The mathematical properties of competitive systems with 

two and three competitive strategies have been well studied in mathematical, 

economic, and biological frameworks (Zeeman 1980; Smith 1982; Bomze 1983; 

Friedman and Sinervo 2016). Two-strategy systems have a limited number of 

possible outcomes: there may be a stable equilibrium internal to the system, known as 

a Sink and also an ESS, an unstable internal equilibrium, known as a Source, or one 

strategy may dominate and go to fixation. With each added strategy, the graphical 

dimensions of the game also increase by one (Fig. 1.1), and game classification 

becomes more complex. Systems with three or more strategies therefore have more 

equilibrium types, including Saddles. They may additionally have equilibria that lie 

on faces (any edge-game with reduce dimensionality) of the system’s state space, 
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where at least one strategy in the system has a population of zero. A system of three 

strategies or more may have multiple equilibria: internal, on faces, or at vertices.  

 
Figure 1.1. Four-strategy (3D) game plotted with constituent three-strategy face games 
(2D), and RL two-strategy face game (1D). Payoff matrices for the full four-strategy 
game, RSL three-strategy and RL two-strategy faces are shown. Examples of Source, 
Saddle1, and Sink equilibria are identified. 

 

Applying these mathematical methods to larger systems, such as what we 

observe in Poecilia, greatly increases model complexity. Few studies model 

ecological interactions of more than three competitors in a mathematical framework, 

and those that do typically apply spatial constraints (Avelino et al. 2012; Juul et al. 

2013; Kang et al. 2013) or assume competitive intransitivity as the basis for stability 

(Laird and Schamp 2009; Allesina and Levine 2011). These assumptions can lead to 
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underestimates of the prevalence of larger competitive systems persisting in 

admixture. Thus, it is important to develop methods for simplifying and describing 

higher-dimension systems if we hope to extend these methods to understanding 

systems of competitors at the ecosystem level. 

 In this study, I utilize evolutionary game theory to assess the mathematical 

and ecological properties of stable systems of competitors. I simulated systems of two 

to five strategies, and solve for the equilibria. I then classified games by their 

equilibrium outcome and other properties. I compared the properties of stable and 

unstable games. I used these simulated games to develop a framework for describing 

competitive systems with more than three strategies. I utilized previously published 

experimental data to model the largest known naturally-occurring system of 

alternative strategies, Poecilia parae morphs. Finally, I applied the analytical 

framework I developed to several naturally-occurring systems of three alternative 

strategies and the Poecilia parae model to assess whether the features of stable 

simulated systems appear in naturally-occurring systems of alternative tactics.  

 

Methods 

Estimating payoff matrices 

 The fitness of a strategy (i) in competition with another strategy (j) can be 

represented as an element of a payoff matrix (!!") where positive values indicate 

direct benefit to the target competitor, negative values indicate loss of fitness, and 0 is 

a neutral outcome in continuous time. These elements, when aggregated into a payoff 
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matrix, have one row (i) for each invasion (rare) strategy and one column (j) for each 

common strategy. Values along the right-facing diagonal represent competition 

against one’s own type (own-response) (Fig. 1.1).  

 The relative values of competitive outcomes in the payoff matrix can be used 

to describe game dynamics. If a strategy’s own-response has the lowest fitness of all 

the payoffs in that row, it is described as apostatic. Apostatic strategies are 

disadvantaged because the likelihood of low-fitness interactions with own-type grows 

as the strategy becomes common in a population. Apostasis gives a complementary 

advantage to off-diagonal strategies when they are rarer in the population (Sinervo 

and Calsbeek 2006; Friedman and Sinervo 2016). When a strategy’s own-response 

has the highest fitness, it is anti-apostatic. This is analogous to the Allee effect in 

ecology, which is density-dependent, and gives an advantage to strategies that are 

common in a population. Finally, intransitivity refers to systems of strategies with 

cyclical hierarchy, such as rock-paper-scissors. A game is intransitive when each 

strategy in the system is the best response (gains the highest fitness) to exactly one 

other strategy in the system.   

 

Game solutions  

 I used the R 3.5.0 (R Core Team 2018) to develop a series of functions to 

solve for the equilibrium of haploid, continuous time (rather than discrete) replicator 

systems of alternative strategies. I used frequency-dependent, continuous replicator 

dynamic modeling methods from Friedman and Sinervo 2016. The frequencies or 
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shares (s) of all strategies in the population should sum to 1; the state space for each 

competitive system is comprised of all possible combinations of shares that satisfy 

this criteria. The fitness of a single strategy (!!) is described as the sum of all 

competitive outcomes between that strategy and each strategy in the population, 

weighted by the frequencies henceforth referred to as shares of each strategy (", $!).  

!!($) = ∑ !!"$"#
"$%    i = 1, …, n    (1) 

The shares of each strategy will increase or decrease over time (t), based on the 

difference between the fitness of that strategy and the average fitness of all strategies 

in the population (!)). 

$&̇(+) = (!! −!))$!(+) I = 1, …, n    (2) 

 The equilibrium, or internal stable state (s*), of the population can be 

calculated from the resulting series of ordinary differential equations. First, I calculate 

equations for lines of equal fitness for pairs of strategies by subtracting values of each 

row of the W-matrix from the previous row (looping top-to-bottom) (solutions in 

Friedman and Sinervo 2016). Next, I calculate the eigenvalues for that series of 

equations. If a zero eigenvalue exists, its corresponding eigenvector describes the 

population frequencies where those lines of equal fitness intersect. The eigenvector 

may need to be scaled to sum to 1 (unity) by dividing all the values of the vector by 

the sum of the eigenvector elements. If no zero eigenvalue exists for the system, then 

it lacks an internal stable state.  
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Equilibrium types 

 Internal stable states must additionally be classified, since the dynamic 

behavior around a stable state may differ, driving a population towards or away from 

that stable state, or both, depending on the direction of approach. Only a stable state 

which is globally asymptotically stable will lead to the persistence of all strategies 

through evolutionary time. I classified stable states using the eigenvalue technique 

described in Friedman and Sinervo 2016. An n x n Jacobian matrix is calculated 

-!!($∗) = .!!($∗)/.$" , then scaled by multiplying by a projection matrix 0( = 1 −
%
# 1#)#. The eigenvalues for this matrix, 3 = 0(-!!($∗), are calculated and sorted by 

their real parts from largest to smallest (Sandholm 2010).  

 Positive eigenvalues represent trajectories moving away from an equilibrium 

point, while negative eigenvalues represent trajectories moving toward an equilibrium 

point. Equilibria are Sinks if all the eigenvalues have a negative real part; populations 

with different starting frequencies will shift to the equilibrium frequency over time. 

Equilibria are Sources if all the eigenvalues have a positive real part; populations at 

this equilibrium frequency will remain stable, but populations at other frequencies 

will move away from the equilibrium frequency, potentially losing strategies. Finally, 

Saddle equilibria have both positive and negative real parts; population outcomes 

depend on starting frequencies relative to the equilibrium point. Five-strategy systems 

have three separate types of Saddle points because they have more dimensions (and 

eigenvalues), which I classified by the number of positive eigenvalues they have 

(Saddle1, Saddle2, Saddle3). To simplify comparisons, games with more negative 
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eigenvalues will be described as more “Sink-like” and games with more positive 

eigenvalues will be described as more “Source-like.”  

 An internal Sink equilibrium which is the only Sink in the state space is a 

global steady state, a mixed evolutionary stable state (ESS). However, if another Sink 

is present on a face or vertex, it is a local steady state, or non-ESS Nash equilibrium, 

hereafter referred to as “Nash equilibrium” or NE. For the purpose of distinction, I 

classify games with no internal equilibrium as None, though these games may have 

equilibria on faces or vertices. A game with a single strategy which reaches fixation is 

described as dominated.  

 

Game classification 

 When classifying systems of three strategies, I took into account the dynamics 

on the faces and vertices of the state space in addition to the type of internal 

equilibrium (Table 1.1). To my knowledge, systems of four and five strategies 

haven’t been classified in any systematic way. Defining four- and five-strategy games 

following the same convention as three-strategy games results in exponentially more 

categories of games, since the number of potential equilibrium types, number of face-

game dimensions, and number of face games all increase with each added strategy. 

Because I was primarily interested in the possibility of evolving higher-order games 

from games with fewer competitive types, I have chosen to define four- and five-

strategy games in terms of their equilibria and component three-strategy face games. 
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 I focused on games with internal Sinks, because these dynamics sustain 

multiple strategies (Fig. 1.2). There are five classes of games with internal Sinks, 

distinguished by the number of Saddle1 equilibria on the system’s faces and the 

vertices. True RPS systems (RPS0) (defined in Friedman and Sinervo 2016) are fully 

intransitive and have Saddle1s on all vertices. There is an interesting subset of RPS0 

games that are NE, because population trajectories form stable orbits around the 

equilibrium point, rather than move toward the attractor over time. RPS1 has a 

Saddle1 on one face, while the corresponding vertex is a Source. RPS2 has two 

Saddle1s on its faces. An RPS2 with a Nash internal equilibrium (RPS2-N) also 

exists, with a Saddle1 on one vertex, a Sink at another vertex, and two Saddle1s on 

the opposite face (Zeeman 1980; Bomze 1983). RPS3 has Saddle1s on all three-faces, 

and all strategies are apostatic. Equivalent games with Source equilibria exist, with 

Sinks at the vertices, rather than Sources. Seven types of Saddle1 games and 14 types 

of games with no internal equilibria can be defined, but this added complexity does 

not help elucidate ecological patterns, so I did not include those here (Bomze 1983). 

 I also classified two types of two-strategy games that interest biologists 

because they both describe competition between cooperating and non-cooperating 

strategies: Prisoner’s Dilemma, which is dominated by the non-cooperating strategy, 

and Snowdrift, which is dominated by the cooperative strategy. In both Prisoner’s 

Dilemma and Snowdrift games, competitors have the option to cooperate (C) with 

one another toward a shared goal, or to behave selfishly or “defect” (D), forcing the 

cost of competition onto the other competitor. These games both have narrowly 
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defined conditions for cooperation and non-cooperation (Doebeli and Hauert 2005; 

Friedman and Sinervo 2016). The outcome of these games depends on the relative 

fitness of each of the four possible competitive interactions in the payoff matrix. In 

Prisoner’s dilemma games, the defect strategy dominates the cooperate strategy, 

driven by the following relationship between the values in the payoff matrix: DC > 

CC > DD > CD. In Snowdrift, the cooperate strategy outperforms defection, however 

it can be invaded by rare defectors: DC > CC > CD > DD. An additional condition 

must be added to the Prisoner’s Dilemma and Snowdrift games to ensure that mutual 

cooperation has a higher payoff than either outcome with a single defector, and both 

cases have a higher payoff than mutual defection: CC > ½(CD + DC) > DD 

(Friedman and Sinervo 2016). 

 

Simulations 

 I randomly generated 1,000,000 payoff matrices with uniformly distributed 

values bounded [-1, 1] for systems with two to five strategies. I calculated equilibria 

and classified games as described above. I also counted the number of apostatic and 

anti-apostatic nodes in each payoff matrix and classified qualifying games as 

intransitive. For games with more than two strategies, I classified internal, face, and 

vertex equilibria. I assessed face equilibria two ways: as components of a larger game 

in which populations of strategies not represented on that face are zero and as 

independent games.  
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Figure 1.2. Three-strategy game types classified by internal equilibrium: Sink, Saddle1, 
Source, and None. 
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Invasion pathways  

 The most parsimonious explanation for the existence of larger systems of 

competitors is that new strategies invade existing, smaller stable systems, rather than 

evolve simultaneously. Therefore, a stable invasion pathway would consist of a stable 

system of n competitors before the addition of a novel strategy, a pathway for the new 

strategy to invade, and a stable system of n+1 competitors after invasion. I assess 

games for the presence of invasion pathways by looking for faces with Sink equilibria 

when assessed as independent games and Saddle1 equilibria (a trajectory off the face 

into the interior of the higher-dimension state space) when assessed as face games. By 

this reasoning, a complete invasion pathway from 2 strategies to 5 strategies would 

consist of a 5-strategy system with an internal Sink and these dynamics on at least 

one 4-face, then that 4-face must have the same dynamics on one of its 3-faces, and 

one of those 3-faces must have the same dynamics on one of its 2-faces. 

 

Analysis of natural systems 

 I applied the above analytical framework to several naturally-occurring 

systems of three alternative strategies in order to assess whether these games share 

the same features as stable simulated systems. Because two-strategy systems have 

simple dynamics, and no naturally-occurring four-strategy systems have been 

experimentally described, I focused on three-strategy systems. I also develop a model 

for morph competition in Poecilia parae.  
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 I used published data (Hurtado-Gonzales and Uy 2009, 2010) to estimate the 

payoff matrix for Poecilia parae, partitioning fitness into various phases of selection. 

I generated a mating payoff matrix using average copulation rates for each strategy in 

pairwise competition, and by adding the rates of successful courtship and sneaked 

copulations for each male strategy for average copulation rates against own-type 

competitors, and (Hurtado-Gonzales and Uy 2009, 2010). I generated a sperm 

competition payoff matrix by calculating the ratio of log-transformed average sperm 

loads for each pair of male strategies (Hurtado-Gonzales et al. 2010). I calculated a 

payoff matrix for the baseline game by using the Hadamard product (multiply 

matrices element-wise, sensu (Sinervo et al. 2007; Friedman et al. 2017) of the first 

two payoff matrices (Fig. 1.7). The baseline game has a Sink on the immaculata-

parae-red face. Because blue males’ reproductive success was likely underestimated 

in pairwise experiments in the lab (Hurtado-Gonzales 2014), I performed a breakpoint 

analysis to estimate the value required to add to blue mating payoffs to generate a 

stable four-strategy face. Finally, because yellow was underperforming in the model,  

yellow payoffs in competition against immaculata (yellow is most aggressive toward 

immaculata sneakers) were increased until a five-strategy equilibrium was reached.  

 I used the game theoretic framework described above to re-analyze several 

previously-quantified three-strategy competitive systems in order to compare results 

from the simulations to naturally-occurring games. These included the mating 

systems of the side-blotched lizard, Uta stansburiana (references above), the blue 

gilled sunfish, Lepomis macrochirus (Neff et al. 2003; Sinervo and Calsbeek 2006), 
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the marine isopod, Paracerceis sculpta (Shuster and Wade 1991; Sinervo and 

Calsbeek 2006), the female damselfly, Ischnura elegans, and male avoidance 

strategies (Svensson et al. 2005; Sinervo and Calsbeek 2006). I also assessed stability 

in a system of plant competitors consisting of a nitrogen-stealing parasitic plant, 

Rhinanthus minor, its host grass species with no parasitic defenses, and its host forb 

species with defenses against parasitic plants (Cameron et al. 2009). Competitive 

fitness (dry biomass ratios) was compared under high and low nitrogen conditions.  

 

Other analyses 

 Simulation outcomes were validated statistically. The relative proportions of 

each equilibrium outcome can be predicted by calculating the expected frequency of 

combinations of eigenvalues for each number of competitors. Differences in 

frequency of outcomes between game sizes and equilibrium types were determined 

by equal proportions tests with a 95% confidence level. I also tested whether traits 

expected to contribute to stability of competitive systems differ among game outcome 

types. Student’s t-test was used to compare the degree of apostasis or anti-apostasis 

between groups. All p-values are > 0.05 unless otherwise stated (for all p-values, see 

Table 1.3). I used linear models to compare whether the number of negative 

eigenvalues defining each equilibrium type predicted the proportion of intransitive 

games and average number of apostatic nodes for each game size. I used binomial 

generalized linear models to test whether apostasis contributes to intransitivity for 

games with three to five strategies. I calculated average interaction strength for each 
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equilibrium type as the average absolute value of all the W matrices. I also recorded 

the presence of evolutionary stable pathways to build larger systems of strategies 

from smaller systems. Faces have a trajectory off the face into the interior of the 

higher-dimensional state space when they have Sink equilibria when assessed as 

independent games and Saddle1 equilibria when assessed as face games, indicating 

the potential for the additional strategy to invade, even as a rare mutant. 

 

Results  

Equilibrium types 

 In simulations for two- to five-strategy games, the most frequent outcome was 

the absence of any internal equilibrium, indicating systems in which at least one 

randomly-generated strategy is lost. In two-strategy systems, internal equilibria 

occurred in 50% of games. The proportion of games with internal equilibria 

approximately decreased by half with each additional strategy added (p = 0.70) (Fig. 

1.3). The reverse is true when assessing face games of any system: for faces, the 

proportion of stable games doubles with every strategy excluded (Table 1.2). The 

average interaction strength for every equilibrium type for every size game was 0.50, 

and each had a standard deviation of 0.289. 

 The frequency of each internal equilibrium type can be calculated as the 

probability of obtaining the necessary combination of positive and negative 

eigenvalues from the Jacobian matrix (Table 1.2). Therefore, Sinks and Sources are 

always the least frequent equilibrium types. Equilibrium outcomes defined by  
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Figure 1.3. Simulation outcomes. Top row: proportion of internal equilibrium types 
(and intransitive games) by equilibrium type. Middle row: proportion of apostatic node 
counts by equilibrium type. Bottom row: proportion of anti-apostatic node counts by 
equilibrium type. 
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inverse-eigenvalue decomposition occur in equal proportions: Sinks and Sources of 

all game sizes, Saddle1 and Saddle2 equilibria in four-strategy systems, and Saddle1 

and Saddle3 equilibria in five-strategy systems (p-values, Table 1.3). In the 

simulations, four-strategy Source, Sink, Saddle1, and Saddle2 outcomes and five-

strategy Source, Sink and Saddle2 occur with significantly different frequency than 

expected through probability of eigenvalue combinations (equal proportions test, all: 

p < 0.01, Table 1.3). The equilibria calculated for face games of larger systems are 

the same when those strategies are assessed as independent games. The equilibrium 

type may differ when a system of strategies is assessed as an independent game and 

as a face of a larger game, since the latter adds one or more dimensions to the system. 

When the face games of larger systems (e.g. five-strategy, four-face) are assessed as 

independent games, the proportion of each equilibrium type is the same as randomly 

generated systems of the same size (equal proportions test, all: p > 0.05).  

 

Apostasis, intransitivity and game stability 

 Games with no internal equilibrium have equal average numbers of apostatic 

and anti-apostatic nodes, as do games with equilibrium outcomes defined as having 

the same number of positive and negative eigenvalues (i.e. three-strategy Saddle1s 

and five-strategy Saddle2s) (Fig. 1.2). More “Sink-like” games have higher average 

numbers of apostatic nodes, and more “Source-like” games have a higher average 

number of anti-apostatic nodes (linear regression, 3-5s: p < 0.01, Table 1.3). The 

equilibria calculated for face games of larger systems are the same when those). For 
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all game sizes, Sinks have the same average number of apostatic nodes as Sources 

have anti-apostatic nodes (Student’s t-test, all: p > 0.05, Table 1.3). A similar pattern 

can be observed between Saddle equilibria with opposite eigenvalue signs.  

 Two-strategy games and two-faces have equal proportions of intransitive Sink 

and Source outcomes. In games and faces with more than 2 strategies, the proportion 

of intransitive games is higher in more “Sink-like” games (Fig. 1.3). This pattern is 

weakly predicted by the number of negative eigenvalues defining each equilibrium 

type (linear regression, 3s, 4s(3), 5s, 5s(4), 5s(3): p < 0.01, 4s: p = 0.02). Intransitivity 

is not significantly predicted by the number of apostatic nodes at any game size 

(generalized linear regression: all: p > 0.05, Table 1.3).   

 Games with three or more strategies may have interior Sink equilibria that are 

global ESS or are otherwise NE, differentiated by the presence of additional Sink 

equilibria on the faces of the state space. In the simulations, mixed ESS’s are much 

more common than NE (Table 1.1). Games with mixed ESS’s are more likely to be 

intransitive than games with NE (3-5s: p < 0.01). Among Sinks, only games with NE 

have anti-apostatic nodes. Games with mixed ESS’s have a higher average degree of 

apostasis than games with NE (3-5s: p < 0.01) and no anti-apostatic nodes. Games 

with NE never have more than half anti-apostatic nodes (Table 1.1).    
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Figure 1.4.  Proportion of three-face outcome types in five-strategy games and four-
strategy games, and all outcomes of three-strategy games. 
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Table 1.1. ESS and non-ESS Nash Sink equilibria outcomes by game size. Apostatic 
and anti-apostatic nodes are reported as mean number of nodes, with the range 
parenthetical. 

 5 strategies 4 strategies 3 strategies 
 ESS Nash ESS Nash ESS Nash 

Total % Sink eq. 0.25% 1.35% 6.23% 
% of Sinks 85.43% 14.57% 91.65% 8.35% 96.35% 3.65% 

% Intransitive 7.26% 3.85% 16.98% 10.39% 40.04% 18.99% 
Apostatic nodes 2.26 (0-5) 1.67 (0-4) 2.16 (0-4) 1.46 (0-3) 1.99 (0-3) 1 
Anti-apostatic 

nodes 
0 0.40 (0-2) 0 0.60 (0-2) 0 1 

 

Game types 

 Two-strategy games can be classified as Prisoner’s Dilemma (PD) or 

Snowdrift (SD) games if they fit certain criteria. PD games make up 8.28% of all  

two-strategy games and 16.58% of games without internal equilibria. SD games make 

up 8.33% of all games and 33.28% of Sink games. Using a more rigorous definition 

of these games based on two criteria (defined above and in Cameron et al. 2009), the 

proportion of both PD and SD games is reduced by half (equal proportions test, PD: p 

= 0.54, SD: p = 0.46). SD and PD games also occur in equal proportions (equal 

proportions test, relaxed: p = 0.21, rigorous: p = 0.95). PD and SD games are not 

common face game types of most three-strategy systems. 81.38% of RPS0 games and 

47.06% of RPS1 games have PD faces, though the other three-strategy equilibrium 

outcomes most commonly have no PD or SD faces. Notably, though 57.45% of 

RPS2-N games have no PD or SD faces, 41.36% of games have one SD face, the 

most of any three-strategy outcome. 

 Three-strategy games have 31 different combinations of internal, face, and 

vertex equilibria, four-strategy games have 3,822 different combinations, and five-
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strategy games have 250,729 different combinations of internal, face, and vertex 

equilibria. For clarity, I define larger games by the equilibrium types of their 

component three-faces, when assessed as independent games (Fig. 1.2). The most 

common constituent three-face type for all game outcomes is no internal equilibrium 

(Fig. 1.4). For most other game outcomes, the second most abundant three-face type 

is Saddle1. However, for mixed ESS games, the next most abundant three-faces are 

RPS3 and RPS2, which are also the most common Sink outcomes for three-strategy 

games. Sink four- and five-strategy games have a higher proportion of Sink three-

faces than occur in randomly-generated three-strategy games (equal proportions test, 

4(3) & 5(3): p < 0.01, Table 1.3).  

 
Figure 1.5.  Invasion trajectories between games of different sizes. The purple trace 
shows the pathway new strategies must take to invade existing systems of two or more 
strategies. 
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Figure 1.6. Results from empirical game theory models. Strategies are plotted anti-
clockwise from the top. 
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 Mixed ESS’s have the highest proportion of Sink three-faces, followed by NE 

games (equal proportions tests: p < 0.01, Table 1.3). Nash Sinks have a higher 

proportion of Saddle1 and Source faces than do mixed ESS’s (4(3) & 5(3): p < 0.01, 

Table 1.3). Each three-face RPS type occurs in Sinks in the same proportion as the 

Anti-RPS face type occurs in Sources for both four- and five-player games (all: p > 

0.05, Table 1.3), except for five-player RPS1 and Anti-RPS1 in the simulations (p = 

0.05). Source games have the highest proportion of Source three-faces of any 

equilibrium type, and Saddle games of all types also have the have the highest 

proportion of Saddle1 three-faces (equal proportions tests: p < 0.01, Table 1.3). RPS0 

games have 0 trajectories since there are no saddle points on the 2-faces, RPS1 and 

RPS2-N games have 1, RPS2 games have 2, and RPS3 games have 3. The number of 

complete invasion trajectories from two strategies upwards decreases as more 

strategies are present in the system (Fig. 1.5). 

 

Ecological examples  

I assessed experimentally-generated payoff matrices from a variety of 

previously-quantified ecological systems using the framework established above. The 

side-blotched lizards, blue gilled sunfish marine isopods, and female damselflies 

systems have been thoroughly described previously within a game theoretic 

framework (Cameron et al. 2009), so I revisit them only briefly here (Fig 1.6). I 

examined one game of each Sink equilibrium type. I also explored a three-species 

system of plant competitors consisting of the parasitic plant, Rhinanthus minor, and 
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its host grass and forb species (Cameron et al. 2009) under two sets of experimental 

conditions that affect the equilibrium of the system. 

 Side-blotched lizard, bluegill sunfish, and the grass-forb-parasite system of 

plant competitors are all intransitive systems. Male bluegill sunfish males and marine 

isopods, and female blue-tailed damselflies all have apostatic strategies; none of the 

systems have anti-apostatic strategies. No PD- or SD-type games were detected 

among the two-faces of these games. Interaction strengths in the grass-forb-parasite 

system were experimentally tested under low- and high-nitrogen treatments. Payoffs 

for grass and parasite and forb and parasite pairs were calculated as average dry plant 

biomass from growth experiments while the payoffs for grasses and forbs were 

estimated from apparent competitive ability. Under the high-nitrogen treatment, the 

system has an anti-RPS0 Source equilibrium, driven by two anti-apostatic nodes in 

the parasite-forb face game (Fig. 1.6, bottom column 2). Under low-nitrogen 

treatment, the system has an RPS0 Sink, which was reflected in their converged non-

spatial model (Fig. 1.6, bottom column 3).  

 The base payoff matrix for male Para molly derived from experimental 

copulation rates for each morph and sperm competition is shown in Fig. 1.7. The base 

matrix has a Sink equilibrium on the immaculata-parae-red face, as well as five 

separate two-faces with Saddle equilibria. Increasing the average copulation rate for 

blue males in all competitive encounters by 0.29 generates in a Saddle1 equilibrium 

on the immaculata-parae-blue-red face and additional Saddle equilibria on the 

immaculata-parae-blue, immaculata-blue-red, and blue-red-yellow faces. Because the 
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yellow strategy has a lower average fitness than the other strategies, we increased the 

fitness of yellow when in competition with immaculata, based on observed rates of 

aggression of yellow directed towards immaculata (Hurtado-Gonzales and Uy 2010). 

A multiplier of 2.97 or higher results in a system with a five-strategy Saddle1 

equilibrium, Saddle2s on the immaculata-parae-blue-red and immaculata-parae-blue-

yellow four-faces, as well as Saddles on the immaculata-parae-blue and blue-red-

yellow three-faces and Sinks on the immaculata-parae-red and immaculata-blue-red 

three-faces. 

 
Figure 1.7. Calculated payoffs for Poecilia parare immaculata, parae, blue, red, and 
yellow male strategies. Adjustments to experimentally-determined payoffs are 
indicated in bold italics. 

 Copulatory success   Sperm competition   Y vs I adjustment 
 I P B R Y   I P B R Y   I P B R Y 
I 0.16 0.50 0.80 0.60 0.00  I 1.00 1.24 1.15 1.08 1.13  I 1 1 1 1 1 
P 0.80 0.49 0.80 1.00 0.70 x P 0.81 1.00 0.93 0.87 0.91 x P 1 1 1 1 1 
B 0.20+0.29 0.10+0.29 0.54+0.29 0.50+0.29 0.00+0.29  B 0.87 1.07 1.00 0.94 0.98  B 1 1 1 1 1 
R 1.20 0.40 0.60 0.17 0.78  R 0.92 1.14 1.06 1.00 1.04  R 1 1 1 1 1 
Y 0.40 0.30 0.60 0.88 0.50  Y 0.89 1.10 1.02 0.96 1.00  Y 2.97 1 1 1 1 

  
 Estimated payoff matrix  

  I P B R Y  
 I 0.16 0.62 0.92 0.65 0.00  

=        P 0.65 0.49 0.74 0.87 0.64  
 B 0.43 0.42 0.83 0.74 0.28  
 R 1.11 0.46 0.64 0.17 0.81  
 Y 1.06 0.33 0.61 0.85 0.50  

 

Discussion   

A large number of two- and three-strategy systems of alternate mating 

strategies have been described, but examples of larger systems are sparse (Taborsky 

et al. 2008). Xiphophorus multilineatus has four size classes of males, differing in 
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body size and mating behavior (Kingston et al. 2003; Tudor and Morris 2011). 

Another potential system of four male strategies exists in the lizard species 

Gonatodes rozei, however the mating behavior of this species has not yet been 

studied (Rivero-Blanco and Schargel 2012). The Para molly (Poecilia parae) is the 

only single-population system of five strategies I have found described. Although 

mating systems are easily-identified systems for study, it is necessary to move beyond 

mating systems as model systems if we wish to understand the processes that 

maintain larger stable systems in nature. A new framework is needed to bridge the 

apparent gap between studies on mechanisms of stability at smaller scales, and 

modelling systems at the ecosystem scale. One such system occurs among co-

occurring salamanders in Northern California: Taricha torosa are toxic and have 

aposematic coloration (A) to deter predators, Ensatina eschscholtzii xanthoptica are 

non-toxic Batesian mimics (B) of Taricha, and Ensatina eschscholtzii eschscholtzii 

are cryptic (C) (inconspicuous) and non-toxic. Predators may inexperienced (naïve, 

N) with regards to these three prey types or responsive (R) to species’ cues based on 

prior experience (Kuchta et al. 2008; Friedman and Sinervo 2016; Sinervo 2021). The 

resulting two-population game has five total strategies and is depicted in four 

dimensions, the same as the Para molly system. Considerably larger systems of co-

occurring competing species are also known (Buss and Jackson 1979; Kraft et al. 

2008; Coyte et al. 2015). 

 Analysis of face games of larger systems suggests a possible bridge between 

within-species and ecosystem-level scales. Face games in this study are analogous to 
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the “block” structures which are hypothesized to stabilize larger competitive systems 

(May 1972; Allesina and Tang 2012; Bairey et al. 2016; Levine et al. 2017). Because 

the equilibria of face games remain unchanged when assessed individually or as 

components of larger games, we can build accurate models of complex systems by 

empirically assessing face subsets of strategies. At the ecosystem level, systems may 

consist of stable blocks of strategies with strong interactions, which are connected by 

weaker interactions. Intraguild competition is likely to be stronger than interguild 

competition given that “niches” of individuals within a species overlap more strongly 

than individuals between species. This approach may also be the key to reconciling 

niche models with neutral theory models of community ecology, however as long as 

empirical studies focus on smaller systems of competitors, evidence for this link will 

remain largely theoretical (Chave 2004).  

 The likelihood of stability decreases with each additional strategy added, thus 

smaller systems (blocks) of competitors are more likely to occur in nature than more 

complex systems. Stable games are more likely to have stable faces than other 

equilibrium types, but they do not arise from a subset of games with smaller 

interaction strengths. Sinks have the same average interaction strength as every other 

equilibrium type in the simulations and have a standard deviation consistent with 

uniform probability density resulting from the random generation of payoff matrices. 

My findings on game size and stability are consistent with prior assertions that larger 

systems may be inherently less stable than smaller ones, but contradict assertions that 
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weak competitive interactions may allow larger competitive systems to remain stable 

(May 1972; McCann 2000). 

 I was not able to calculate a stable Sink equilibrium for the Para molly system 

of five male strategies based on the raw data in the laboratory. To arrive at an 

equilibrium for the full system, I had to apply assumptions about blue males’ mating 

success in their natural habitat vs. laboratory conditions and yellow’s competitive 

advantage against immaculata due to male-male aggression. Blue males’ reproductive 

success has likely been underestimated in the base mating rate payoff matrix, because 

the visual environment during mating experiments does not match the visual 

environment in the wild (Hurtado-Gonzales 2014). Furthermore, blue males school 

with own-type and this may reflect a coordinated strategy (G. Bourne, pers. comm.). 

This behavior is beyond the ability of pairwise experiments to capture, thus larger-

scale frequency experiments are required. Predation likely plays an important role in 

reducing the overall fitness of conspicuous male morphs (Hurtado-Gonzales et al. 

2010), however realistic predation rates in the wild are needed to accurately model 

this aspect of male fitness. Nonetheless, there are still insights we can glean from this 

system as it is currently modeled. For example, increasing the mating success of the 

blue strategy by as little as 0.06 makes the blue-red-yellow face intransitive; it is 

likely that these strategies form an intransitive RPS0 face in the complete game. As 

the model became more stable when parameters were added, more equilibria 

appeared on the faces of the system. This matches the results of the randomly-

generated simulations; games with stable equilibria had more face equilibria.  



 

37 

 While empirical studies on pairwise interactions have been sufficient to 

quantify competitive interactions in three-strategy systems, this may not be sufficient 

to accurately assess payoffs in larger systems, particularly if anti-apostasis, positive 

frequency-dependence, is present. Frequency manipulation experiments are often 

necessary to understand dynamics in systems of alternative strategies (Sinervo and 

Basolo 1996). Frequency manipulations on the side-blotched lizard have revealed the 

paternity game is an RPS0 with an internal NE driving frequency fluctuations among 

the three strategies (Bleay et al. 2007). Tracking population frequencies over many 

years reveals that these cycles are maintained in orbits around the mixed NE but are 

also perturbed by climate fluctuations that push the game toward edge games with 

two stable strategies (Friedman et al. 2017). Manipulations of the frequency of kin vs. 

non-kin males in nest sites reveal that blue males exhibit greenbeard recognition of 

mutualistic behavior due to a shared phenotypic trait (blue throat, cooperative mate 

guarding) (Sinervo and Clobert 2003; Sinervo et al. 2006). In addition to the three 

male strategies, female strategies include mate choice and sex ratio (Alonzo and 

Sinervo 2001, 2007) as well as egg size as a driver of female r- and K-strategies, 

which was also revealed through frequency manipulations (Sinervo et al. 2000). 

Similar frequency manipulations of Para molly males in mesocosm experiments will 

likely be required to fully describe the competitive dynamics among male strategies. 

 Structuring our understanding of larger systems around the dynamics of 

smaller faces of those systems also allows us to assess the possible evolutionary 

history of larger systems. I apply the assumption that larger systems of strategies 
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evolve from smaller stable systems of strategies that experience the invasion of new 

mutant strategy off a Saddle1 face of the larger system (Fig. 1.5). It is possible to use 

this same structured approach to assess the effect that loss of a strategy or multiple 

strategies will have on the system as a whole – whether the system will reach a stable 

equilibrium at a smaller number of competitors or collapse into a system dominated 

by a single strategy. These dynamics are particularly important in multi-species 

ecosystem interactions, where resilience to perturbation (particularly anthropogenic) 

is of great concern to conservationists (McCann 2000).  

 With the exception of the pure-paternity game of side-blotched lizards (Bleay 

et al. 2007), the three-strategy games I examined all have potential invasion pathways 

off at least one two-strategy face. This assessment is based on the assumption that 

competitive interactions are not themselves evolving through character displacement. 

Existing strategies can shift in competitive strength, both upon the invasion of a novel 

strategy or the loss of an existing one. While the paternity game of side-blotched 

lizards shown here does not exhibit any invasion trajectories nor face equilibria, the 

game computed from life-time reproductive success indicates yellow is susceptible to 

loss from its strategy performing well under warm climates, but poorly in cool 

environments (Friedman et al. 2017). Yellow has been lost from eight populations 

located in cooler climates across the species’ range (Corl et al. 2010). We see these 

same invasion dynamics at a phylogenetic time scale. Rodent species evolve mating 

systems with RPS dynamics that transition at the species level among promiscuous, 

polygynous, and monogamous strategies along predictable invasion trajectories 
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(Sinervo et al. 2020). Several species of Xiphophorus swordtail fish, the ancestral 

clade to Poecilia, exhibit male polymorphism in body size (Ryan et al. 1992; 

Schroeder and Oiten 1999) or coloration (Moretz 2005; Borowsky 2010), suggesting 

that male polymorphism may be ancestral to Poecilia. Several of these 

polymorphisms, including Xiphophorus multilineatus, are Y-linked traits, like 

Poecilia parae (Ryan et al. 1992; Schroeder and Oiten 1999; Kingston et al. 2003).  

 I show that while intransitivity is more common in stable systems, it is not 

necessary for stability. In fact, the majority of stable games in the simulations are not 

intransitive, which is consistent with findings by (Laird and Schamp 2009; Levine et 

al. 2017). RPS0 games are intransitive by definition and thus considered true 

intransitive RPS systems (Friedman and Sinervo 2016). However, RPS1-3 games 

may or may not be intransitive. I find stable non-intransitive systems in nature such as 

male marine isopods and female damselflies. Bluegill sunfish male strategies are 

technically intransitive, but a Saddle1 equilibrium on the parental-sneak face alters 

these dynamics. Empirical studies on alternative tactics (Laird and Schamp 2006; 

Szolnoki et al. 2014) as well as theoretical studies (Allesina and Levine 2011) often 

focus on intransitive competitive systems. Intransitivity can be stabilizing, but 

focusing on intransitivity as the basis for stability can lead to incorrect conclusions, 

such as the assertions in Allesina and Levine (2011) that no single theoretical patch 

can support an even number of species, and that stable five-strategy systems are more 

common than four-strategy systems.  
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Apostasis, or negative frequency-dependence, also contributes to the presence 

of Sinks within a system of competitors, such as the stable non-intransitive systems 

described above. Among the simulations, many games with internal Sinks have both 

apostatic and anti-apostatic nodes (and some nodes which are neither). One can easily 

imagine how negative frequency-dependence can maintain systems of strategies; each 

strategy’s fitness decreases as its frequency increases, preventing any strategy from 

becoming dominant. Bluegill sunfish’s parental strategy, marine isopods’ territorial 

and female mimic strategies, and all female damselfly strategies are all apostatic RPS 

systems. For despotic (parental/territorial) strategies, increased frequency can lead to 

lower fitness due to an increase in the rate of aggressive encounters. Marine isopods’ 

female mimicry and cryptic strategies and all female blue-tailed damselfly strategies 

rely on evading detection, so high frequency could lead to higher detection through 

development of a search image (Lindström et al. 2001; Rowe et al. 2004). 

 Conversely anti-apostasis contributes to the presence of Sources. The presence 

of positive frequency-dependence is a hallmark of cooperation, which increases 

fitness at higher strategy frequencies, and possibly Allee effects. Consistent with 

these findings, cooperation destabilizes competitive systems, while competition is 

stabilizing (Nowak and Sigmund 2004; Doebeli and Hauert 2005). None of the 

systems I looked at have positive frequency-dependent nodes in the full games, 

though some were present on two-strategy faces. The side-blotched lizard’s mate-

guarding strategy is cooperative (Sinervo et al. 2006); however, that cooperative 

interaction is not strong enough to be anti-apostatic. I likewise didn’t detect SD or PD 
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games in any real-world competitive systems, likely because both of these scenarios 

are very narrowly-defined (see Supplement). Spatial population structure may be 

central to maintaining cooperative strategies, as even spatial PD games, cooperative 

strategies can persist if they are able to cluster together in space such as in the 

cooperative mate-guarding strategy of side-blotched lizards (Sinervo and Clobert 

2003; Sinervo et al. 2006). Parental-type bluegill sunfish males also aggregate and 

share parental care (Neff et al. 2003). This analytical approach was able to shed new 

insights into the parasite-grass-forb competitive system (Cameron et al. 2009). The 

original study calculated payoff matrices for the high- and low-nitrogen treatments 

but used time series simulations, rather than a game theoretic framework for analysis. 

Their simulations for the high-nitrogen treatment had vastly different outcomes, 

sensitive to the starting frequencies of each plant type. My analysis clarifies that this 

is due to the presence of an anti-RPS0 Source equilibrium in the system. Cameron et 

al. (2009) identified the parasite-forb interaction as causing the biggest impact 

between the high-nitrogen and low-nitrogen simulations. 

 In addition to intransitivity and apostasis, other forces, such as fluctuating 

environmental conditions, for instance climate, can also stabilize systems of 

competitors (Chesson and Huntly 1997; Friedman et al. 2017). I modeled admixed 

populations, but spatial population structure can also maintain strategies both 

theoretically (Avelino et al. 2012; Juul et al. 2013; Kang et al. 2013) and 

experimentally (Kerr et al. 2002). Behavioral selection of local neighborhoods allows 

morphs which may have low fitness in an admixed population to select a more 
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favorable competitive environment. These models have haploid inheritance of 

strategies, but in models which account for more complex genetic inheritance 

additional characteristics such as plasticity and genic dominance play a role in the 

stability of game theoretic models (McCann 2000; Sinervo 2001, 2021; Friedman and 

Sinervo 2016; Moulherat et al. 2017). Game theory is an extremely useful approach 

to understanding competition, as it relies on the competitive outcomes among 

phenotypes. While these can be mechanistically modeled, with game theory it is not 

necessary to quantify the underlying ontogenetic tradeoffs that differentiate 

competing strategies or species. The game theory can also be applied to any 

competitive system, evolutionary or ecological, and models can be modified to 

include density-dependence, spatial dynamics, and other environmental perturbations 

(Friedman et al. 2017). 

  Ecologists need more empirical studies and experimental manipulations 

(Schluter 1994; Sinervo and Basolo 1996) on larger competitive systems to truly 

understand the mechanisms that arise in nature to maintain complex systems of 

interactions. Models can be built up from subsets of strategies to simplify the 

experimental process. Conversely, independently assessing stability of subsets of 

strategies within large systems can give insights into the evolutionary-ecological 

dynamics present. I provide a new framework for describing systems too large to 

visualize graphically, as well as tools to assess how subsets of competitors may 

contribute to overall system stability that can be generalized to even higher 

dimensions. 
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Table 1.2. Percentages of expected and simulated Sink, Saddle, and Source game 
outcomes of full two, three, four, and five-strategy games, and percentages two-, 
three-, and four-strategy face games of larger systems. 
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Table 1.3. Table with p-values from various statistical analyses: equal proportions test 
comparing frequency of equilibrium outcomes within and between game types, 
student’s t-tests comparing degree of apostasis and anti-apostasis, linear and 
generalized linear models comparing degree of apostasis and intransitivity. P-values 
<0.01 are highlighted in yellow. 
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   2 
strategies 

3 
strategies 

4 
strategies 

5 
strategies ALL 

Eq
ua

l p
ro

po
rti

on
s t

es
t, 

p-
va

lu
es

 
Proportion 
of games 
with Sink 
eq. 

Sinks decrease by ½, 
full games     0.6954 

Sinks decrease by ½, 
face games  0.4982 0.7578 0.9979  

Expected vs. 
actual eq. 
outcomes 

Sink 0.5512 0.5726 < 0.01 < 0.01  
Saddle1  0.6690 < 0.01 0.3913  
Saddle2   < 0.01 < 0.01  
Saddle3    0.8732  
Source 0.6800 0.9200 < 0.01 < 0.01  
No eq. 0.3800 0.9700 0.9300 0.9900  

Eq. 
outcomes w/ 
equivalent 
eigenvalues 

Sink vs. Source 0.8511 0.6420 0.3563 0.5258  
Saddle1 vs. Saddle2   0.2452   

Saddle1 vs. Saddle3    0.3065  

Full vs. face 
games with 
same # of 
strategies 

Sink 0.1713 0.2230 0.2386   
Saddle1  0.8690 0.3040   
Saddle2   0.0589   
Source 0.2740 0.1205 0.4236   
No eq. < 0.01 0.1713 0.9024   

Prop. of 3-
faces 

ESS vs. Nash, Sinks   < 0.01 < 0.01  
ESS vs. Nash, Saddle1   < 0.01 < 0.01  
ESS vs. Nash, Sources   < 0.01 < 0.01  
Full 3-player games 
vs. 3-faces, Sinks   < 0.01 < 0.01  

St
ud

en
t's

 t-
te

st
, p

- v
al

ue
s 

Apostatic vs. 
anti-
apostatic 
nodes by eq. 
outcome 

Sinks apostatic vs. 
Sources anti-apostatic  0.7770 0.1940 0.5436  

Sources apostatic vs. 
Sinks anti-apostatic  0.5172 0.7077 0.9854  

Saddle1 apostatic vs. 
Saddle2 anti-apostatic   0.2318   

Saddle2 apostatic vs. 
Saddle1 anti-apostatic   0.3995   

Saddle1 apostatic vs. 
Saddle3 anti-apostatic    0.7863  

Saddle3 apostatic vs. 
Saddle1 anti-apostatic    0.9043  

Degree 
apostasis ESS vs. Nash  < 0.01 < 0.01 < 0.01  

Li
ne

ar
 m

od
el

s,  
sl

op
es

 &
 p

-v
al

ue
s  

Avg. 
apostasis vs. 
# of negative 
eigenvalues 

Full games: 
slope (p-value) 

  

0.9594 
(< 0.01) 

0.6721 
(< 0.01) 

0.5166 
(< 0.01)  

Avg. anti-
apostasis vs. 
# of negative 
eigenvalues 

Full games: 
slope (p-value) 

  

0.9605 
(< 0.01) 

0.6763 
(< 0.01) 

0.5124 
(< 0.01)  

Intransitivity 
vs. # of 
negative 
eigenvalues 

Full games: 
slope (p-value)   

0.0583 
(< 0.01) 

0.0169 
(0.0164) 

4.471e-3 
(< 0.01)  

3-faces: 
slope (p-value)     0.0354 

(< 0.01) 
0.0233 
(< 0.01)  

4-faces: 
slope (p-value)       0.0101 

(< 0.01)  

G
LM

 Intransitivity 
vs. # of 
apostatic 
nodes 

Full games: 
slope (p-value) 

0.0035 
(0.301) 

0.0046  
(0.121) 

-0.0015      
(0.578) 

-0.0013   
(0.606)  
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 An evolutionary game theory model for plastic developmental strategies of 

omnivory and carnivory in Scaphiopus multiplicata 

 

Introduction  

 Phenotypic plasticity is a form of biological variation wherein multiple 

phenotypes may arise from a single genotype, depending on environmental 

conditions. The potential for plastic variation resides within a single individual, rather 

than a population. Phenotypically plastic traits may be continuous or discrete. 

Polyphenisms are a subset of plastic traits which, like alternative strategies, are 

comprised of discontinuous morphs that may vary behaviorally as well as 

physiologically (Taborsky et al. 2008). Plasticity is found in nearly every taxon, 

including inducible chemical defenses in algae and plants, feeding morphs in 

amphibian tadpoles, sequential hermaphroditism in various invertebrates and fish, and 

caste differences in eusocial insects (Pomeroy 1981; Charnov 1982; Policansky 1982; 

Schlichting 1986; Padilla and Savedo 2013; Lackey et al. 2019; Yang and Pospisilik 

2019).  

 The evolution of plasticity is a topic of some controversy due to alternate 

views on the level at which selection acts. Plasticity is alternately considered trait that 

is itself under selection (de Jong 2005), or the result of selection favoring different 

phenotypes under different environmental conditions (West-Eberhard 1989; van 

Tienderen 1991; Via 1993). I take the latter view, that plasticity evolves under 

environmental variation, which gives rise to variable selective pressure on trait values 
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(Via 1993). This selection shapes the reaction norm - the range of phenotypes 

produced contingently in response to environmental cues. There is additional debate 

whether due to selection, plastic traits may become fixed at a particular value through 

genetic assimilation, erasing the reaction norm, or whether the potential for plasticity 

is maintained, though environmental conditions may not reveal all potential 

phenotypes (Pigliucci et al. 2006; Levis et al. 2018; Levis and Pfennig 2019). Testing 

these varying hypotheses empirically can be extremely challenging, however, as a 

multiple biotic and abiotic factors can simultaneously influence phenotypic 

expression. Models are a powerful tool in understanding the factors acting on 

evolution of plasticity (Friedman and Sinervo 2016).  

 Polyphenisms can be modeled using an evolutionary game theory framework. 

However, unlike genetically determined alternative strategies, polyphenisms are 

frequently associated with non-reproductive life phases and may be reversible (West-

Eberhard 1989). Because these traits may not have a direct link to fecundity, 

parameterizing game theoretic models is more challenging. Fitness variation due to 

environmental pressures occurs within a generation for plastic traits as well as 

between generations, and may impact survivorship, fecundity, or both. The goal of 

this study was to model the biotic and abiotic factors which influence fitness in a 

species with plastic developmental morphs. 

 Plasticity has been extensively studied in spadefoot toads in the genus Spea, 

which have multiple developmental morphs which respond to resource levels in their 

environment (Pfennig 1992a; Levis and Pfennig 2019), and particularly in the 
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Mexican spadefoot toad, Spea multiplicata (previously Scaphiopus multiplicatus). S. 

multiplicata lives in the Chihuahuan Desert in the southern US and Mexico (Fig 2.1). 

They reproduce in ephemeral ponds and man-made structures such as cattle tanks 

during the Spring and Summer after rain (Pomeroy 1981; Stebbins 2003). Eggs are 

laid within one day of pond filling and hatch into tadpoles within 42 hours (Pfennig et 

al. 1991).  

 
Figure 2.1. Spea multiplicata range in blue (Santos-Barrera et al. 2010) in the Southern 
United States and Mexico. 
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 Spadefoot tadpoles have high mortality rates (Creusere and Whitford 1976) – 

as many as 10% of ponds may dry before any tadpoles are able to metamorphose 

(Pfennig 1990a), and even in high-resource environments as many as 50% of tadpoles 

may fail to metamorphose before pond drying (Pfennig et al. 1991). Because pond 

duration is so strong a selective force during development, spadefoot tadpoles have 

evolved resource polyphenisms: omnivore and carnivore morphs whose specialized 

diets provide tradeoffs between increasing fat storage and shortening time to 

metamorphosis (Pfennig 1992a). Slow-drying ponds favor omnivores, which take a 

minimum of 17 days to develop and build larger fat stores, while quickly-drying 

ponds favor carnivores, which develop in 12 days and grow to a larger average body 

length with smaller fat deposits (Pomeroy 1981; Pfennig 1990a). As both temperature 

and precipitation levels shift globally due to climate change (Pomeroy 1981), S. 

multiplicata tadpoles may experience large shifts in survivorship and selection on the 

morph reaction norm may change. 

 All S. multiplicata tadpoles begin life as omnivores, eating a diet that 

primarily consists of detritus and algae (Pomeroy 1981). Morphs can be distinguished 

2-4 days after hatching (Pomeroy 1981; Pfennig 1990a, 1992a; Levis et al. 2015). 

Tadpoles that eat enough anostracan shrimp, known as fairy shrimp, or other tadpoles 

and obtain thyroid hormones through their diet transform into the carnivorous morph 

with enlarged jaw muscles and shortened intestines (Pomeroy 1981; Pfennig 1990a, 

1992a; Levis et al. 2015). The reaction norm for S. multiplicata describes the 

proportion of carnivore morphs in a population depending on fairy shrimp density; 
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ponds with few fairy shrimp may have no carnivores (Pfennig 1990a). Only one 

naturally-occurring population of all carnivores has been reported, and that was a 

small water tank described as having an “unusually dense” population of fairy shrimp 

(Pomeroy 1981). It is possible for carnivore morphs to revert to back to omnivore 

physiology (Pfennig 1992b), constituting a third “switcher” strategy. The switcher 

strategy likely exhibits state-dependent costly plasticity (Friedman and Sinervo 2016). 

I am not aware of any studies on S. multiplicata that have attempted to quantify the 

proportion of switcher morphs in unmanipulated populations, nor the cost of reverting 

from carnivore back to omnivore morphology. 

 Tadpoles primarily compete for food with other individual of the same 

morphotype, leading to negative frequency-dependence (Pfennig 1992b). Carnivores 

also exhibit territorial behavior and occasionally cannibalism towards conspecifics 

(Pomeroy 1981; Pfennig and Frankino 1997). On the other hand, intraspecific 

predation by carnivores is reduced while omnivores aggregate into feeding schools, 

potentially providing a fitness benefit to omnivores at higher frequencies (Pfennig 

1990a). Both morphs also experience density-dependent fitness; inadequate resource 

levels result in smaller body size (both length and mass) and longer time to 

metamorphosis for both carnivore and omnivore morphs (Pfennig 1990a). After 

metamorphosis, mass is the primary predictor of survivorship for juvenile toads 

(Pfennig 1990a). Omnivores are resource-limited by detritus quality, which varies 

between ponds, but has never been explicitly quantified (Bomze 1983). Carnivores 

are limited by shrimp abundance, and this may reduce body size and increase time to 



 

57 

metamorphosis as well as trigger a shift to the switcher strategy. Pfennig (1992) 

proposed a game theory model of morph determination based on the Lotka-Volterra 

competition model (Bomze 1983), though he does not estimate parameter values for 

his model. The equilibrium frequency in Pfennig’s model incorporates morph 

frequency and resource values as factors, but not population density. 

 In this study, I used a game theory to model the biotic and abiotic drivers of 

fitness in S. multiplicata. I utilized published data on S. multiplicata morphs to model 

developmental morph fitness (Pomeroy 1981; Pfennig 1990a, 1990b, 1992b, 1992a; 

Pfennig et al. 1991; Buchholz and Hayes 2000). Because the tadpole life stage is non-

reproductive, comparisons of morph fitness had to be partitioned into two model 

phases: morph determination and survivorship. First I modeled the reaction norm for 

morph determination, based on fairy shrimp abundance. I then developed an 

evolutionary game theory model describing S. multiplicata omnivore and carnivore 

frequency based on the reaction norm for carnivore determination. Factors such as 

resource limitation during development, developmental rate, and pond duration affect 

metamorph survivorship, and therefore morph fitness. Because, there is limited 

empirical data on these aspects of tadpole fitness, I was not able to model all aspects 

of this system. I described the effects of temperature on time to metamorphosis for 

omnivores and on pond duration across S. multiplicata’s range. These models are a 

step closer to fully describing the factors that maintain plasticity in S. multiplicata, 

and understanding selection on S. multiplicata polymorphisms under future climate 

regimes. 
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Methods 

Quantifying shrimp predation rates 

 Carnivore tadpoles are the primary predators of fairy shrimp, but omnivores 

do consume shrimp at low rates (Pomeroy 1981). It is necessary to account for shrimp 

predation that took place in the time between morph determination and experimental 

sampling in the data used to predict carnivore abundance. A model was fitted to 

experimental data describing the average shrimp density under manipulated 

frequencies of omnivore and carnivore morphs in cordoned sections of a pond 

(Pfennig 1992b). Tadpole predation and mortality occurred naturally during this 

experiment. Tadpole density was not reported, so the average field-observed tadpole 

density (0.54 ± 0.91 tadpoles/L) (Pfennig et al. 1991) was used to estimate starting 

shrimp-per-tadpole density. The estimated shrimp-per-tadpole density (SPT) for this 

pond (25.93 shrimp/tadpole) falls plausibly within the range reported for natural 

ponds in the same study (0-31.39 shrimp/tadpole). The WebPlotDigitizer tool 

(Rohatgi 2020) was used to extract data from published figures. The rate of shrimp 

consumption by carnivores was fit using the nls function in R (R Core Team 2014) 

with the default Gauss-Newton algorithm. Models describing different potential 

impacts of omnivores relative to carnivores were compared. Carnivore predation rates 

were weighted by either the shrimp handling time ratio of omnivores to carnivores 

(6/21), gut content ratio (37.5/84.9) (Pomeroy 1981), or both to predict omnivore 

predation rates. The model with the lowest AIC was selected. 
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Describing tadpole morph reaction norms 

 The proportion of carnivores in a population increases as a function of shrimp 

abundance (Fig. 2.2). I was unable to find any study that reports both shrimp density 

and tadpole density alongside the proportion of carnivores in a population for S. 

multiplicata (nor the quantity of shrimp needed to induce morphological changes in a 

single tadpole). The best data available is Pomeroy (1981), which reports shrimp 

density and the proportion of carnivores during seven breeding events. Density of 

shrimp and the proportion of carnivores were measured on day 3-13 after oviposition, 

and the proportion of carnivores was also averaged across three or four sampling 

dates. For ponds initially measured after day four, I back-calculated the starting 

shrimp density for day four, the start of morph differentiation, using the shrimp 

predation rate model. The average field-observed tadpole density (0.54 ± 0.91 

tadpoles/L) was then used to calculate the shrimp/tadpole density for each pond on 

day four after oviposition. I fit both a linear model as well as a power model using the 

nls function in R to predict the average proportion of carnivores in the population 

from shrimp-per-tadpole density data at the start of morph differentiation.  

 

Selecting candidate two-strategy W-matrices 

 I developed a two-strategy game theoretic model to describe the competitive 

system of omnivore and carnivore S. multiplicata developmental morphs. Based on 

the ecology of S. multiplicata morphs, I restricted the ranges of values for payoffs for 

each pair of strategies (!!") in potential payoff matrices (W) describing this system. 
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Because carnivores exhibit strong negative frequency-dependence due to competition 

for food (Pfennig 1992a), I fixed the payoff for carnivores in competition with other 

carnivores at !##  = -1. Omnivores potentially exhibit negative frequency-dependence 

driven by food limitation (Pfennig 1992b; Friedman and Sinervo 2016), but they also 

may exhibit positive frequency-dependence, as they form feeding aggregations to 

protect themselves from cannibalism (Pomeroy 1981). Therefore, I allowed a range of 

possible values !$$ = [-1,1]. The potential ranges of payoffs for omnivores and 

carnivores in competition reflect the fact that carnivore morphs outperform omnivores 

when fairy shrimp are present as a food source (Pomeroy 1981), thus (!$#  = [-1,0], 

!#$ = [0,1]). Finally, because the proportion of carnivores in a population is linearly 

predicted by the shrimp-per-tadpole density at day four, I set !$# =	−!#$ so that 

the proportion of carnivores in a population would vary from 0% to 100% linearly 

with a slope of 1, based on the value of !#$.  

 A set of candidate payoff matrices was generated by assembling every 

potential combination of payoffs for each strategy !!", iterating values by 0.01 within 

their potential ranges. For a fixed value of !$$ = 0, reflecting neutral competition 

among omnivores, I predicted !$#  and !#$ from the shrimp-per-tadpole density on 

day four using the tadpole reaction norm linear model. Finally, I adjusted the model 

so that populations would have 0% carnivores when shrimp are absent at any value of 

!$$ by modifying the !$#  and !#$ payoffs. Payoff matrices were tested for the 

presence of an internal Sink equilibrium under continuous time replicator dynamics 
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across all possible ranges of shrimp-to-tadpole densities and payoffs (Friedman and 

Sinervo 2016). 

 

Incorporating the switcher strategy 

 Tadpoles are able to revert from carnivore morph back to omnivore morph 

(Pfennig 1992a), however no studies have attempted to quantify the proportion of 

switcher morphs in the wild. Following population manipulations in cordoned 

sections of a pond, excess carnivores switched to omnivores at a steady rate over time 

(Pfennig 1992b). Because this relationship is linear, it is reasonable to assume that on 

average, switchers spend 50% of their development as carnivores and 50% as 

omnivores. Therefore, I calculated the payoff for the switcher strategy as the average 

payoff for omnivores and carnivores. The morphological changes switchers undergo 

presumably come with a metabolic cost (Friedman and Sinervo 2016), so a fitness 

penalty (p = [-1,0]) was applied to the payoffs for the switcher strategy. The payoff 

for switchers’ own-type competition (!%%) was calculated as the average of payoffs 

for !$$, !$# , !#$, and !##  both with and without the fitness penalty. I also tested 

whether omnivores and carnivores competing against the switcher strategy might 

experience a corresponding fitness advantage.  

 I tested for an internal stable state in three-strategy games across the range of 

possible shrimp-to-tadpole densities, calculating payoffs to switchers including a 

fitness cost, to switchers’ own-type competition with and without a fitness cost, and 
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to competitors of switchers with and without a fitness benefit. The payoffs for 

omnivores and carnivores remained the same. 

 

Effect of temperature on time to metamorphosis and pond duration 

 At the equilibrium frequencies supplied by the game theory model, each 

morph has equal average fitness at metamorphosis. However, many tadpoles never 

reach metamorphosis (Pfennig et al. 1991). Carnivores can metamorphose in as little 

as 12 days, while omnivores take a minimum of 17 days, however, in a desert 

environment, pond drying time can have a big impact on morph fitness (Pomeroy 

1981; Pfennig 1990a). Smaller body mass at metamorphosis lowers survivorship, 

therefore resource limitation during development affects the overall fitness of S. 

multiplicata morphs (Pomeroy 1981; Pfennig et al. 1991). Unfortunately, there is 

little empirical data describing the effects of tadpole density and resource limitation 

on time to metamorphosis or size at metamorphosis. I analyzed the contribution of 

environmental temperature on both the speed of tadpole development and the rate of 

pond drying.  

 As ectotherms, tadpoles’ developmental rate responds to environmental 

temperature (Angilletta et al. 2002). Warmer temperatures may speed tadpole 

development, but they will also speed pond drying. Buchholz and Hayes (2000) 

describe the time to metamorphosis of omnivore S. multiplicata fed rabbit chow ad 

libitum and grown under different temperature regimes. I fit a linear model to predict 

the number of Gosner stages of development that omnivore tadpoles experience per 



 

63 

day, based on average environmental temperature. Tadpoles undergo 46 Gosner 

stages during development, the 46th stage being metamorphosis (Gosner 1960). S. 

multiplicate must complete metamorphosis before their natal ponds dry. 

 Pond duration is challenging to estimate since most evapotranspiration models 

have factors that are not easily predicted for future climate scenarios (Pyke 2004; 

Sabziparvar et al. 2010; Harwell 2012). I used the Hamon method because it requires 

only saturation vapor density (SVD), calculated from average daily air temperature, 

and hours of daylight (D) at a given site (Hamon 1960; Harwell 2012). This 

measurement estimates daily evaporation in fill inches for Class A containers 

(cylindrical metal containers of a fixed size) and is used as a proxy for natural 

reservoirs. A site-specific multiplier, the pan coefficient, can be used to adjust the 

Hamon estimates to predict evaporation from naturally-occurring ponds (Harwell 

2012). 
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 Daylength was calculated using the function daylengthFUN in the R package 

Mapinguari (Caetano et al. 2019). Average daily temperatures were obtained using 

WorldClim average daily temperature rasters (10x10 km, 5 arcmin resolution) for the 

near past (WorldClim v2.1 1970-2000) and by averaging maximum and minimum 

daily temperature rasters for future climate predictions under the CMIP6 BCC-

CSM2-MR ssp585 scenario (WorldClim v2.1 2061-2080) (worldclim.org). I used the 

Hamon equation to compare the time to complete evaporation for Class A containers 



 

64 

during both climatic time frames, based on average daily temperatures for the six 

months with the highest rainfall, May-October.  

 Student’s t-test was used to test whether climatic variables differ significantly 

between time frames. I used an equal proportions test to compare the proportion of 

raster cells within S. multiplicata’s range where the average duration of Class A 

containers for May-October falls within the following bins: under 12 days, 12-17 

days, 17-45 days, and above 45 days under the near past and future climate scenarios. 

The longest time recorded for tadpole metamorphosis is around 45 days, under 

resource-limited conditions (Pomeroy 1981). 

 

Results 

Quantifying shrimp predation rates 

 The estimated starting experimental shrimp-per-tadpole density (SPT) was 

25.93 in the experimental ponds. The best model of shrimp predation weights the 

impact of omnivores compared to carnivores by both the shrimp handling time and 

gut content ratios for fairy shrimp.  

-./ = 	25.93 × 31(30..055×7!8&)×:)!;:
"
#$<:

%&.(
)*.+<	×	),<> (2.2) 

 

Describing tadpole morph reaction norms 

 For both the power and linear models, the population has 100% omnivores at 

shrimp-to-tadpole densities of zero. For the linear model, the population has 100% 

carnivores at a shrimp-to-tadpole density of 81.2. For the power model, the shrimp-
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to-tadpole density required for a population to have 100% carnivores is considerably 

higher than the linear model (Fig. 2.2). Because populations with 100% carnivores 

have been seen in nature, albeit under unusually high abundance of shrimp (Pomeroy 

1981), I used the linear model in subsequent modeling steps. The linear model that 

best describes the tadpole reaction norm based on the starting shrimp-to-tadpole 

density is: 

4# = 0.0123 × -./ (2.3) 

 
Figure 2.2. Fitted tadpole reaction norms to shrimp-to-tadpole density. Dashed line 
shows linear model and solid line shows power model. Open circles show experimental 
populations from Pomeroy (1981). 

 
 

Selecting candidate two-strategy W-matrices 

 Using the linear tadpole reaction norm to define !$#  and !#$, only !$$ = 0 

results in 0-100% carnivores at equilibrium across the range of plausible values for 

shrimp-to-tadpole density (0-81.2 SPT).  
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 (2.4) 

 

Under this model, when omnivores experience food-limitation (!$$ < 0), 

populations will always have some carnivores, even in the absence of shrimp (Fig. 

2.3, top panel). Adjusting the tadpole reaction norm equation by setting the intercept 

to !$$ changes the equilibrium dynamics of the model.  

 

  (2.5) 

 

 

 In the new model, the proportion of carnivores is zero at all values of !$$ 

when no shrimp are present. Populations in which omnivores experience stronger 

competition (have smaller values of !$$) reach 100% carnivores at lower shrimp-to-

tadpole densities (Fig. 2.3, bottom panel). The value of !$$ will vary by pond and 

should scale to detritus nutritional value-to-tadpole density in a manner similar to 

shrimp-to-tadpole density. The payoffs !$$, !$#  and !#$ reflect both frequency- 

and density-dependence, while the payoff !##  reflects strong negative frequency-

dependence. 

 

  

  O C 

!	 = O 0 −0.012 ∙ 	-./ 

 C 0.0123 ∙ -./ -1 

  O C 

!	 = O [−1,1] !!! − (0.0123	 ∙ +,-) 

 C !!! + (0.0123 ∙ 	+,-) -1 
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Figure 2.3. Graphs show the proportion of carnivores at equilibrium at a range of 

shrimp-to-tadpole ratios for populations with different values of !$$ ∈ [−1,1]. Top 
panel shows the equilibrium frequency of carnivores calculated using the tadpole 
reaction norm equation with intercept of 0. Bottom panel shows the equilibrium 
frequency of carnivores calculated using the adjusted tadpole reaction norm equation 

with intercept of !$$ . The blue rectangles indicate the range of shrimp-to-tadpole 
densities and the dark blue lines shows the mean observed in the field in Pfennig et al. 
1991. 
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Incorporating the switcher strategy 

 I tested games both with and without a fitness advantage to strategies in 

competition against switchers, and with and without a fitness penalty for switchers 

competing against switchers. No magnitude of fitness penalty [-1,0] to switchers in 

competition against omnivores or carnivores resulted in a stable 3-strategy game at 

any shrimp-to-tadpole density nor in any combinations of fitness penalty and benefit 

tested. The switcher strategy was unable to invade the two-strategy system in any 

scenario. 

 

Effect of temperature on time to metamorphosis and pond duration 

 Omnivores’ development responds linearly to environmental temperature (T): 

?@AB&C	AD(E&A
*(+

= (0.0958	 ∙ /) − 1.437 (2.6) 

Comparable developmental data does not exist for carnivore morphs. Because Gosner 

stages describe a fixed number of developmental checkpoints until metamorphosis at 

stage 46, this equation can be used to predict the number of days until metamorphosis 

under a range of average temperatures: 

?@AB	CD	E3C@EDF4ℎDBHB = FG
(0.0HIJ	∙	7)3-.FL5

 (2.7) 

The minimum time to metamorphosis for omnivores observed in the field is 17 days 

(Pomeroy 1981; Pfennig 1990a). This model predicts that omnivore tadpoles will 

develop in 17 days at 43.2 °C (Fig. 2.4), which is above the critical maximum 

temperature for the closely-related (but more northernly-distributed) species Spea 

hamondii (Brattstrom 1968). 
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Figure 2.4. Plot of model predicting number of days to omnivore metamorphosis under 
different environmental temperatures. The blue line shows the minimum reported time 
to metamorphosis for omnivores. 

 

 Both precipitation and temperature are predicted to change significantly 

between the near past (1970-2000) and future (2061-2080) across S. multiplicata’s 

range in nearly every month (all p-values < 0.001, except March precipitation: p = 

0.0101, May precipitation: p = 0.0813) (Fig. 2.5). The Class A containers fall at the 

lower end of the size range of breeding pools for S. multiplicata. Natural breeding 

pools range between 5-200 cm deep (mean 46 ± 8.2 cm) with surface area to volume 

ratios from 1.3-55 (mean 11.5 ± 1.9) (Pfennig 1990a). Class A containers are smaller 

than the mean breeding pool size at 20.32 cm deep, with a surface area to volume 

ratio of 4.875. The average number of days a filled Class A container needs to empty 

evaporatively is significantly different between the near past and future climate 

projections in every month (all p-values < 0.001).  

 The proportion of raster cells where Class A containers remain filled for each  

category (under 12 days, 12-17 days, 17-45 days, and above 45 days) was 

significantly different between the near past and future climatic time frames (all p-   
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Figure 2.5. Boxplot of average precipitation (top panel) and average daily temperature 
by month (bottom panel) in 1970-2000 and 2061-2080. Yellow box indicates the six 
months with the highest rainfall, May-October.  
  



 

72 

 
 

 

 

 

  



 

73 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. Map of average time for Class A containers to empty evaporatively from 
May-October in 1970-2000 (left panel) and 2061-2080 (right panel), predicted using 
the Hamon method.  
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values < 0.001). Under future climate projections, Class A containers evaporate in 

under 12 days over twice as much of S. multiplicata’s range than in the near past 

(1970-2000: 47.71%,  2061-2080: 84.50%), and the proportions of all other duration 

categories decrease substantially (Fig. 2.6).  

 

Discussion 

  Polymorphisms can be maintained in an evolutionary stable state (ESS) when 

the strategies have equal average fitness at equilibrium. It follows that polyphenisms 

are maintained by a similar evolutionary process: morphs have equal average fitness 

across all environments, weighted by the frequency of different environments, the 

Grand Mean (Via 1993). Selection occurring within the environments shapes the 

reaction norm, which is maintained through gene flow (Crispo 2008). Supporting this 

view, the lifetime reproductive fitness of polyphenic tiger salamanders is the same for 

both paedomorphic and metamorphosing adults (Lackey et al. 2019). A major 

challenge in modeling polyphenisms is that they may not directly affect fecundity but 

greatly affect survival.  

 Game theoretic models are able to implicitly capture the effects of a variety of 

ecological and demographic factors as long as lifetime fitness outcomes are known 

for all competing strategies. Fitness is typically measured as a combination of 

survivorship and fecundity. Modeling the effects of environment on morph fitness 

poses a challenge for S. multiplicata because neither fitness component has been 

quantified for both morphs. The factors influencing morph fitness can still be 
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modeled mechanistically, however. Because S. multiplicata developmental morphs 

are indistinguishable after metamorphosis, average fecundity per morph is not known, 

so I focus on factors that influence the survivorship measure of fitness. This requires 

partitioning fitness into two components: morph determination, and average morph 

survivorship. The first component, fitness based on morph frequency, depends on 

resource availability at the pond level and follows many of the same assumptions as 

the ecological model Ideal Free Distribution (Kennedy et al. 1993). The second 

component of fitness, survivorship, depends on the proportions of each morph that 

reach metamorphosis and short-term survivorship after metamorphosis.  

 The two-strategy game theoretic model I developed gives the equilibrium 

frequency for a single pond in which morphs have equal average fitness based on 

resource levels. Because tadpoles develop as omnivores unless carnivory is dietarily 

triggered, both the payoffs for the omnivore strategy (!$$ and !$#) and the payoff 

for the carnivore strategy in competition with omnivores (!#$) depend on the 

resource levels available to omnivores. By setting the value of !$$ as the intercept of 

the reaction norm equations for both !$#  and !#$, these payoffs reflect the relative 

advantage a carnivorous diet confers compared to omnivory. Because the nutritional 

value of detritus has never been quantified, the value of !$$ lacks units, but it should 

scale with the detritus nutritional value-to-tadpole density. Nevertheless, this model is 

robust and functions at a range of values of !$$ which might reflect the range of 

values for competition for detritus in nature (Fig 2.3).  
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 Likewise, the tadpole morph reaction norm has not been explicitly described 

through experiments. To calculate the relationship between the proportion of 

carnivores in experimental populations and the shrimp-to-tadpole density, I had to 

make assumptions about tadpole density. If experimental data becomes available, this 

model can be easily modified to reflect any changes in the reaction norm model slope 

or curve shape. Finally, we know that a third strategy, switcher, exists in nature 

(Pfennig 1992b), therefore there must be a set of payoffs for switcher that result in a 

stable three-strategy game. The assumptions I applied to switcher strategy fitness 

were not sufficient for model stability. It is likely that the switcher strategy arises to 

correct deviations from the optimal morph frequency within a pond (Pfennig 1992b; 

Friedman and Sinervo 2016). Animals are more likely to exceed their perception 

limits and deviate from optimality in higher-density populations, where it is harder to 

assess the competitive environment (Tregenza 1995). Payoffs for the switcher 

strategy may reflect strong density-dependence. Because errors in morph 

determination result in lower fitness due to increased competition for fairy shrimp, 

the switcher strategy would be selected for due to increased switcher survivorship 

compared to excess carnivores. Therefore, this morph would only be stable in models 

that account for the impact of resource limitation on morph fitness.  

 There is less empirical data to parameterize a model for the survivorship 

component of S. multiplicata fitness. Resource levels and tadpole density both impact 

morph fitness: both omnivores and carnivores will lengthen time to metamorphosis 

and metamorphose at a smaller body size if resource-limited (Pomeroy 1981), and 
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omnivore survivorship post-metamorphosis increases with body mass (Pfennig et al. 

1991). Carnivores metamorphose at a larger average body length than omnivores, but 

have smaller average body weight at all sizes (Pomeroy 1981), so the relationship 

between body size and post-metamorphosis survivorship may differ between 

omnivores and carnivores. Because the impact of resource levels (particularly 

detritus) on growth and carnivore survivorship have never been quantified, these 

aspects of fitness cannot be explicitly modeled. I was able to model the effect of 

environmental temperature on time to metamorphosis for omnivores and on pond 

duration. 

 Higher temperatures result in faster tadpole development (Buchholz and 

Hayes 2000), however, the model for temperature and minimum time to 

metamorphosis likely underestimates the maximum developmental. The minimum 

time to metamorphosis in the wild for omnivores (17 days) is predicted to occur at 

improbably high average temperatures (>40 °C) under this model (Fig. 2.4). It is 

possible that the minimum time to metamorphosis for omnivores was experimentally 

underestimated when tadpoles were fed  a diet of rabbit chow, as omnivores in the 

wild do supplement their detritus and algae diet with fairy shrimp and other high-

energy food sources (Pomeroy 1981). 

 S. multiplicata’s breeding season is unlikely to experience dramatic shifts 

throughout much of range, as rainfall is highest during May-October in both the near 

past and future climate projections. Precipitation levels are significantly different 

during most months under the CMIP6 BCC-CSM2-MR ssp585 future climate 
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scenario, but rainfall is actually predicted to increase during February-April and 

September-November, which may allow for shifts in breeding season in some 

regions. Most of S. multiplicata’s range is predicted to experience significantly higher 

temperatures during the breeding season. Class A containers are predicted to 

evaporatively empty significantly faster under future climate projections than the near 

past (Fig. 2.6). Across the majority of their range, containers are predicted to dry in 

less time than the shortest recoded time to metamorphosis for S. multiplicata tadpoles 

(<12 days). This climate scenario strongly favors faster-developing carnivore morphs. 

However, these measurements should be interpreted with caution, as Class A 

containers are less than half the size of average S. multiplicata breeding ponds 

(Pfennig 1990a). It is possible to improve these estimates through modification of the 

Hamon equation using measured pan coefficients to predict evaporation form specific 

bodies of water. 

Although it is not possibly to fully model both fitness based on morph 

frequency and fitness based on survivorship due to lack of appropriate data for some 

fitness parameters, I have addressed the main questions regarding the ecological 

impact of plasticity in S. multiplicata: time lag between environmental conditions and 

plastic response, reversibility of plastic response, and the shape of the reaction norm 

(Miner et al. 2005). I have identified areas where more study can fill in the 

knowledge gaps. The reaction norm for this species can be quantified more explicitly 

through experiments which control for shrimp-to-tadpole density. Likewise, the effect 

of resource limitation, particularly detritus, on time to metamorphosis and 
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survivorship shortly after metamorphosis need to be quantified. Finally, the 

conditions under which the switcher strategy appears in the wild have never been 

studied. 

 Plasticity in Spea becomes even more complicated when interspecies 

competition is considered. S. multiplicata has two sympatric congeners, S. bombifrons 

and Scaphiopus couchii. S. bombifrons has both omnivore and carnivore 

developmental morphs, while Sc. couchii tadpoles are all omnivorous. In ponds where 

S. bombifrons and S. multiplicata co-occur, S. bombifrons is more likely to develop 

carnivorous morphs while S. multiplicata remain omnivorous (Levis and Pfennig 

2019). In fact, S. bombifrons tadpoles frequently become carnivores, regardless of 

diet (Levis et al. 2018). S. bombifrons and S. multiplicata have evolved different 

reaction norms (S. bombifrons would have a steeper slope), shifting the mean 

phenotypes of each population (Via 1993). On the other extreme, S. multiplicata 

develop more carnivorous morphs when in sympatry with Sc. couchii (Buchholz and 

Hayes 2000). Sc. couchii omnivores outcompete S. multiplicata omnivores; they 

metamorphose more quickly at a smaller body size than S. multiplicata (Buchholz 

and Hayes 2000). Equilibrium morph frequencies can be calculated in ponds with 

multiple species as long as the reaction norms of both species have been described by 

using a two-population game theory model (Friedman and Sinervo 2016). 

Competition between two species with different reaction norms results in character 

displacement in the expressed polyphenisms between species. Thus plasticity may 

maintain species coexistence by reducing direct competition between similar morphs 
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(Miner et al. 2005; Levis and Pfennig 2019). Climate change may alter these species 

interactions, if faster-drying ponds favor carnivore morphs in S. multiplicata, even in 

sympatry. 

 Plasticity in S. multiplicata could alternately be modeled using a Lefkovitch 

matrix to explicitly incorporate transitions between morph types (Friedman and 

Sinervo 2016). This approach would merge the morph frequency and survivorship 

components of fitness. However, this approach would require more data on 

transitions between all three strategies and the effects of resource levels, density, and 

temperature on time to metamorphosis for each strategy. It appears likely that climate 

change will alter the selective pressure on this species’ morphs, and understanding 

how the various ecological factors affect fitness of each polyphenism will allow us to 

test hypotheses about evolution of plasticity and reaction norms. Given the debate 

about mechanisms of evolution in plastic systems, working towards a complete 

understanding of fitness in S. multiplicata may help clarify the mechanisms of 

selection on plastic traits. 
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Thermal ecology and extinction risk of New World day geckos 

(Sphaerodactylidae, Squamata) under climate change 

 
 
Introduction 

 Anthropogenic climate change will have devastating effects on global 

biodiversity (Thomas et al. 2004; Sekercioglu et al. 2008; Sinervo et al. 2010; Bellard 

et al. 2012; Pinsky et al. 2019). Tropical ectotherms are considered at particular risk 

(Deutsch et al. 2008; Tewksbury et al. 2008; Huey et al. 2009; Sinervo et al. 2010; 

Laurance et al. 2011). Potentially 20% of all lizard species may go extinct globally, 

with a much higher rate projected for the tropics (Thomas et al. 2004; Huey et al. 

2009; Sinervo et al. 2010). The New World tropics are a major center of biodiversity 

for reptiles and amphibians (Gaston et al. 1995). Together, these factors paint a bleak 

outlook for New World tropical lizards. However, compared to other latitudes and 

other taxa, few thermal ecology studies have been performed on reptiles in tropical 

latitudes (Sunday et al. 2011), making specific predictions for these regions difficult. 

Due to fundamental climatic and ecosystem differences between temperate and 

tropical regions, it is crucial to develop models of climate vulnerability of tropical 

species in the tropics, rather than apply temperate-based models in tropical regions 

(Zuk 2016).  

 Tropical ectotherms are broadly expected to be adapted to narrower ranges of 

temperatures (Tewksbury et al. 2008), because the tropics experience lower seasonal 

temperature variation than temperate regions (Janzen 1967; Ghalambor et al. 2006). 
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Most tropical species regularly experience temperatures close to the upper limit of the 

range of temperatures they can tolerate (Sunday et al. 2014). Therefore the 

thermoregulatory priority for tropical lizards in many habitats is to avoid high 

temperatures, rather than to seek heat, as temperate species do (Kearney et al. 2009). 

Tropical species of lizard are more likely to be thermoconformers, as opposed to 

basking heliotherms (Tewksbury et al. 2008), though even lizards deep in the 

Amazon rainforest are able to utilize light gaps in the canopy to bask (Diele-Viegas et 

al. 2018). Generalized predictions about tropical species neglect to account for the 

impact of microhabitat on the thermal landscape available to lizards (Sears et al. 

2011, 2016).  

 The thermal physiology of ectotherms evolves slowly in response to changes 

in environmental temperature (Huey and Kingsolver 1993; Etterson and Shaw 2001) 

and is subject to phylogenetic constraint (Huey and Kingsolver 1989), leaving lizards 

unable to keep pace with a rapidly warming climate. Sinervo et al. (2010) shows that 

latitude has a bigger impact on extinction risk than thermoregulatory mode. The 

tropics are predicted to experience a more rapid increase in seasonal mean 

temperature than temperate latitudes (Kirtman and Power 2020). By 2100 summer 

temperatures will surpass the hottest recorded temperatures, challenging organisms 

with a novel thermal environment (Battisti and Naylor 2009). Amazonian 

temperatures are predicted to rise 3.3°C this century, however deforestation could 

account for an additional 3–8°C of warming if habitat loss results in changes to the 

biophysical properties of the region (Foley et al. 2007; Malhi et al. 2008; Prevedello 
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et al. 2019). This means that tropical species in particular will likely face a shift in 

thermal environment that will outpace their ability to adapt, putting them at particular 

risk of extiction. 

 Because tropical species face different challenges than temperate species, 

tropical species require models developed with their particular biology in mind. Day 

geckos in the family Sphaerodactylidae (Squamata) are an excellent clade with which 

to study extinction risk in tropical lowland regions, as they have diversified across a 

broad range of habitats across the New World tropics (24°S–24°N), from Mexico to 

Brazil and across the Caribbean, in dry (xeric) scrub to wet tropical forest habitats, 

and across a broad elevational range (0 – 1,600 m) (Rivero-Blanco and Dixon 1979; 

Álvarez-Pérez 1992; Schargel 2008). The subfamily Sphaerodactylinae consists of six 

speciose New World genera Aristelliger (8), Coleodactylus (5), Gonatodes (25), 

Lepidoblepharis (21), Pseudogonatodes (7), and Sphaerodactylus (96) (via 

VertNet.org). The clade consists primarily of diurnal small-bodied thermoconformers 

(Álvarez-Pérez 1992; Vitt et al. 2005; Diele-Viegas et al. 2018). Despite the high risk 

of climate-driven extinction expected for tropical species, Sinervo et al. (2010) 

included a generalized analysis of this clade and concluded that no populations were 

predicted at risk of climate-driven extinction. In contrast, a study on Gonatodes 

concinnatus using methods derived from Sinervo et al. (2010) found that this species 

is at high risk of extinction by 2070 (Altamirano-Benavides et al. 2019). Because this 

group encompasses a large number of species across a variety of microhabitats, 
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detailed ecophysiological models are needed to explore species-level differences that 

might impact persistence across this clade.  

 
Figure 3.1. Localities where sphaerodactyline thermal physiology measurements were 
taken in South America and the Caribbean during 2013-15. 

 
 
 
 I used an ecophysiology-based model to predict climate-driven extinctions of 

the sub-family Sphaerodactylinae in the New World tropics (Sinervo et al. 2010, 

2019; Caetano et al. 2019). I measured thermal physiology properties of seven 

different species of sphaerodactyline lizards, including widespread mainland species 

and island species, leaf litter-dwelling and arboreal species, and species from wet 

forest and xeric habitats. Because lizards are able to take advantage of variation in 
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temperature across microhabitats, capturing fine-scale habitat variation is crucial to 

estimating the temperatures available (Sears et al. 2011; Kearney 2013; Clusella-

Trullas and Chown 2014). The laboratory measurements of lizards’ thermal 

physiological parameters were used to calculate the number of hours lizards are able 

to be active in the environment and their physical performance based on the 

microhabitat temperatures they would experience. Microhabitat temperatures were 

obtained from a dataset of high-resolution hourly estimates of microclimatic 

temperatures under specific altitude, shade, and substrate conditions (Kearney et al. 

2014). Future climate predictions only report projected air temperatures, therefore 

near past air temperatures were then used to predict active hours in the environment 

and physical performance calculated under the microhabitat conditions. I used 

projected future air temperatures to assess habitat suitability in 2070 under future 

climate projections. Finally, species distribution models were used to assess habitat 

suitability under future climate conditions, and to identify species at risk from climate 

change. 

 

Methods 

Thermal physiology data collection 

 I measured thermal physiology parameters in seven species of 

sphaerodactyline lizards in South America and the Caribbean during 2013-15 at sites 

in Brazil, Colombia, Peru, Ecuador, and the United States (Fig. 3.1, Table 3.1). 

Lizards were held in the lab for 3 days and fasted during the duration of trials. Due to 
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time constraints in the field, I was unable to measure CTmin, CTmax, and 

performance parameters for three species: G. albogularis, S. argus, S. elegans. I 

obtained species records and additional thermal physiology data from literature 

(Álvarez-Pérez 1992; Vitt et al. 2000, 2005; Brusch et al. 2016; Diele-Viegas et al. 

2018).  

 Thermal preference (Tpref) was measured on at least 10 males and 10 females 

of each species. Lizards were placed in a laboratory temperature gradient (20–40°C) 

and allowed to acclimate for 15 min. After the acclimation period, lizards were 

allowed to move freely in gradient for 1 hr 45 min. Body temperature was recorded 

with a thermocouple taped to each lizards venter every 1 minute or by thermal gun 

(Transcat Amprobe IR-750) every 5 minutes. For small-bodied squamates such as 

these, surface and internal body temperature readings are indistinguishable (Luna and 

Font 2013). Thermal preference (Tpref) was calculated as the average body 

temperature across all individuals during the recorded time frame (Paranjpe et al. 

2012). 

 Critical thermal temperatures, CTmin and CTmax, are defined as the minimum 

and maximum body temperatures at which the righting response is lost. After Tpref 

trials were performed, I measured these values in five males and five females of each 

species. Lizards were placed in a container over an ice bath or hot water bath. 

Lizards’ body temperature was monitored as the temperature of the water bath was 

regulated to increase or decrease body temperature by 1°C every 1 min (Herrando-

Pérez et al. 2019). I tested lizards’ righting reflex periodically by flipping them on 
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their backs and poking them to stimulate a righting response. The trial was stopped 

when the critical thermal limit was reached and the righting reflex was lost. 

Afterwards, lizards were returned to ambient temperature. 

 
Table 3.1. List of sphaerodactyline species included in this study, localities where 
thermal physiology measurements were taken, types of data collected, and habitat 
preference. 

Species Field sampling localities Data Habitat 

C. amazonicus 
� Reserva Florestal Adolpho Ducke, Amazonas, 

Brazil  
� Estação Científica Ferreira Penna, Pará, Brazil 

Tpref, TPC,  
CTmin, CTmax 

Leaf litter, 
heavy shade 

G.albogularis � El Boqueron (roadside), Cundinamarca, Colombia 
� University of Córdoba, Monteria, Colombia Tpref Arboreal, 

partial shade 

G. humeralis 

� Reserva Florestal Adolpho Ducke, Amazonas, 
Brazil 

� Estação Científica Ferreira Penna, Pará, Brazil 
� Parque Nacional Yasuní, Ecuador 
� Los Amigos Biological Station, Peru 

Tpref, TPC,  
CTmin, CTmax 

Arboreal, 
partial shade 

S. argus � Key West (roadside), Florida, United States  Tpref Ground  and 
arboreal 

S. elegans � Bahia Honda State Park and Key Deer Reserve,  
� Big Pine Key, Florida, United States Tpref Leaf litter 

and debris 

S. macrolepis 
� University of Puerto Rico (UPR), Río Piedras, 

Puerto Rico, United States  
� Campamento Piñones, Puerto Rico, United States 

Tpref, TPC,  
CTmin, CTmax 

Leaf litter, 
heavy shade 

S. nicholsi � Guanica (roadside), Puerto Rico, United States Tpref, TPC,  
CTmin, CTmax 

Leaf litter, 
partial shade 

  

 Because all the species in this study are related phylogenetically, I used an 

ANOVA followed by Tukey’s multiple comparisons of means to compare Tpref, 

CTmin, and CTmax values between species. For C. amazonicus, G. albogularis, and S. 

macrodactylus, I compared Tpref, CTmin, and CTmax values between two study sites by 

using Student’s T-test to compare sites, and for G. humeralis I used an ANOVA 
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followed by Tukey multiple comparisons of means because Tpref data was collected at 

four sites. I used linear models with phylogenetic independent contrasts (PIC) to 

compare whether Tpref is predicted by either average body size (snout-to-vent length) 

or average sampling Latitude, and to compare whether thermal tolerance breadth is 

predicted by maximum performance (number of body lengths run until exhaustion), 

CTmax, or average sampling latitude. The phylogeny from (Zheng and Wiens 2016) 

and R package Ape (Paradis and Schliep 2019) were used to perform the PICs. 

 I quantified how lizards’ motor function responds to changes in environmental 

temperature by performing performance trials at different temperatures, then fitting 

thermal performance curves (TPC). These trials were performed after Tpref trials, 

using different individuals than used in CT trials. At least five male and five female 

lizards of each species had their body temperature raised or lowered to set 

temperatures (Te) of 20, 25, 30, 33 or 35°C, depending on species. Lizards were then 

placed in a circular track with a 1 or 2 m circumference, and poked as stimulus to run 

(Bennett 1980). Lizards were run until exhaustion and the distance and time run were 

recorded. Each lizard was subjected to three trials at three different temperatures a 

minimum of 12 hours apart, unless prevented by death. The maximum number of 

body lengths run was used as the performance parameter at each temperature, 

calculated as the maximum distance run divided by the individual’s snout-to-vent 

body length. A Kumaraswamy curve (equation below), Gaussian curve, quadratic 

curve, and cubic curve were fitted to the performance data for every trial. Fitted 

curves were compared using AIC values (Angilletta 2006; Sinervo et al. 2019). 
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The optimal temperature (Topt) allowing for maximum performance was calculated 

from the fitted curve. Thermal range was calculated as CTmax - CTmin, as well as the 

B80, the thermal range for the central 80% of the performance curve. Additionally, a 

generalized sphaerodactylid TPC was imputed from the combined data from all 

species measured for use in analyses for species lacking TPC measurements but 

having Tpref (Sinervo et al. 2010, 2018, 2019). The average values of CTmin (10.97°C) 

and CTmax (37.78°C) across all specimens were used for the generalized model. 

 

Ecophysiology models 

 I used the ecophysiological model of climate-driven extinction developed in 

Sinervo et al. (2010 and 2019) and Caetano et al. (2020). Lizard’s thermal limitations 

were used to calculate the number of hours lizards are able to be active in the 

environment, hours of activity (ha), and the number of hours that the environment is 

too hot for activity, hours of restriction (hr), to parameterize these models. I used 

microclim raster data (20x20 km, 10 arcmin resolution) (Kearney et al. 2014) to 

quantify ecophysiological parameters under present-day temperatures in the 

microhabitats where target species are found, then fitted WorldClim air temperatures 

to predict these parameter estimates. I used species distribution models to compare 

changes in habitat suitability between the near past (WorldClim v2.1 1970-2000) and 

the 2070 future projections (WorldClim v1.4 2070) (downscaled to 1x1 km, 30 arcsec 

resolution) (Fick and Hijmans 2017; Sinervo et al. 2019). WorldClim and microclim 
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datasets treat coastal cells differently - microclim lacks temperature data for some 

coastal cells, as these cells are treated as sea rather than land, while WorldClim 

rasters contain land temperature data (New et al. 2002; Kearney et al. 2014). Coastal 

occurrence records in microclim rasters were relocated up to 20 km to the nearest 

“land” cell. Because of this non-standard treatment of coastlines, small islands 

including sampling localities in the Florida Keys are not represented in microclim 

data, but can be recovered in the WorldClim analytical steps. Thus, these sampling 

localities were recovered in later modeling steps using WorldClim. 

Species occurrence records were obtained from VertNet.org, the 

herpetological collections of the University of Brasília and the Universidad Nacional 

de Colombia Bogotá, field sites, and publications (Álvarez-Pérez 1992; Vitt et al. 

1997, 2000, 2005; Miranda et al. 2010; Allen and Powell 2014; Dominguez-Lopez et 

al. 2015). Occurrence records were trimmed to include only localities above 1 km 

apart using the cleanpoints function in the R package Mapinguari (Caetano et al. 

2019) (Fig. 3.2). 

 I used the average temperatures for the 0%, 50%, and 100% shade microclim 

temperature rasters for soil substrates. G. albogularis and G. humeralis are frequently 

found on tree trunks (Vitt et al. 2000; Dominguez-Lopez et al. 2015), so for these 

species I averaged the temperatures from 0 cm and 100 cm altitude microclim 

datasets. For all other species, which are found on the forest floor and under leaf 

litter, I averaged the 0 cm and 1 cm altitude datasets. These temperatures were used to 

calculate ha and hr for each month of the year at all sites in the cleaned occurrence 
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records following Sinervo et al. 2019. Ha is defined as the number of hours per day 

when environmental temperature (Te) is above the minimum active body temperature 

for sphaerodactyline lizards: Te > T),-./ 	1+2.3!. I used the lowest reported minimum 

active temperature (!),-./ 	1+2.3.24) for Sphaerodactylidae, 20.3°C, measured in S. 

klauberi (Álvarez-Pérez 1992). Hr is defined as the numbers of hours per day when 

environmental temperature is above the thermal preference of a given species, as 

lizards will not be active at high temperatures: Te > Tpref.  

 
Figure 3.2. Occurrence records for seven species of sphaerodactyline gecko: 
Chattogekko amazonicus, Gonatodes albogularis, G. humeralis, Sphaerodactylus 
argus, S. elegans, S. macrolepis, and S. nicholsi. 
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 I calculated the Riemann integral for both ha and hr by fitting polygons to the 

hourly temperatures at each locality to measure the numbers of hours lizards can 

remain active. Any negative values were replaced with 0. 

ℎ1,- = ∫ .(!5./,-67/6!2
2867/9.6! − !),-./ 	1+2.3!)/0 3.2 

ℎ9,- = ∫ .(!51:,-67/6!2
2867/9.6! − !;9!<)/0 3.3 

All ha and hr calculated from Te at each locality for soil substrate (I) and each shade 

%’s (i, Ne) are averaged to calculate the average conditions at each locality. This 

reflects a lizard’s ability to select among available sun/shade microhabitats and 

substrates.  

ℎ11,- = ∑ ∑ =(>&"#!,#(-,>)?#$#%&,-#.!&)
@!

67/6!2
>867/9.6!

@!
.8*    3.4 

ℎ19,- = ∑ ∑ =(>/"#!,#(-,>)?#0/!1&)
@!

67/6!2
>867/9.6!

@!
.8*     3.5 

I calculated average hourly performance based on Kumaraswamy function TPCs and 

microclim environmental temperature data. TPCs were calculated during daylight 

hours, when Te > Tb, min active, otherwise performance is 0. Similar to ha and hr, TPCs 

are then averaged among all shade environments (Ne). 

!"#111111- = ∑ ∑ "#A%2,$"#!,#&	|	#!,#?#3,$#%&,-#.!&
@!

67/6!2
>867/9.6!

@!
.8*   3.6 

 Because microclim data only reflects present climate and future climate 

predictions present future air temperatures only, I generated predictive fits for 

microclim-based calculations of ha, hr, and TPC11111- for Worldclim v2.1 CMIP6 near 

past air temperature rasters (1970-2000), 30 arcsec resolution (worldclim.org). I used 

JMP statistical software to fit to a 4-parameter Richard’s function using non-linear 
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regression for ha and hr (Kirchhof et al. 2017; Sinervo et al. 2018; Caetano et al. 

2020). This also downscaled the lower-resolution microclim data to Worldclim’s 1x1 

km resolution. 

ℎ1,-5!5./,- − !),-./ 1+2.6 = 71,*/(1 + 71,D:[$F&,4(#5#%,$$#3,$#%&,-.)]	)(* F&,7)⁄   3.7 

ℎ9,-5!51:,- − !;9!<6 = 79,*/(1 + 79,D: 	[$F/,4(#5&',$$#0/!1)])(* F/,7)⁄  3.8 

TPC11111- values for each occurrence record were fit as a linear function of TMin and TMax, 

quadratic terms TMin
2 and TMax

2, as well as an interaction term TMin x TMax.

 !"#111111-(!5./, !51:) = = + >!5./ +?!51: + @!5./D + A!51:D + B!5./!51:  3.9 

 These same equations were subsequently used to downscale ha and hr from 

Worldclim v1.4 rpc-85 2070, 30 arcsec resolution future climate projections 

(worldclim.org). I used the deprecated v1.4 instead of the newer v2.1, because future 

projections at 30 arcsec resolution have not yet been published. To improve model 

accuracy, I averaged the three v1.4 climate models which received the highest skill 

scores for terrestrial temperature and precipitation in tropical latitudes (20°S–20°N): 

BCC-CSMI4, HadGem2-ES, and MPI-ESM-LR (Anav et al. 2013). 

 Finally, I used the R package biomod2 (Thuiller et al. 2009, 2020) to perform 

species distribution modeling for each of the seven sphaeodactyline species. Monthly 

ha, hr, and TPC11111- values were calculated for each occurrence record site. I used a 

quadratic GLM in biomod2 with first-level interaction terms to determine the 

significant ecophysiological and environmental predictors of species range with the 

factors: winter and summer precipitation levels, ha, hr, and TPC11111-. Pseudo-absences 

were generated by biomod2 using the “disk” routine, which bounds pseudo-absences 
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Table 3.2. Thermal physiology parameters for seven species of sphaerodactyline 
geckos. Average values are calculated across all study sites for each species. Site 
averages are also listed. (* Data from Brusch et al. 2016.) 
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by a minimum (10 km) and maximum distance (600 km) from existing sampling 

points. For species with more than 50 occurrence records, five times the number of 

pseudo-absence points than the number of occurrence records were used, for species 

with fewer than 50 occurrence records (S. argus and S. nicholsi), ten times the 

number of pseudo-absence points were used (Barbet-Massin et al. 2012). Populations 

in 2070 whose occupancy probability was above the critical probability of persistence 

(Pcritical), defined as the 0.05 quantile for the recent past (1970-2000), were considered 

safe from climate-driven extinction (Sinervo et al. 2010). 

 

Results 

Thermal physiology parameters 

 I measured thermal physiology parameters in 476 specimens across seven 

species of sphaerodactyline lizards at 11 field sites in South America and the 

Caribbean (Table 3.2). Tpref is significantly different across all species (p < 0.01). The 

Tukey multiple comparisons of means shows that all pairs of species are significantly 

different, except five pairs (C. amazonicus & S. macrolepis, G. humeralis & S. 

macrolepis, S. argus & S. elegans, S. argus & S. nicholsi, S. elegans & S. nicholsi) 

(Table 3.3). Within the same species, Tpref measurements are significantly different at 

different sites (C. amazonicus: t = -2.19, df = 58.90, p = 0.032; G. albogularis: t = 

2.71, df = 55.68, p = 0.0090, S. macrolepis: t = -3.10, df = 26, p = 0.0046). The four 

sites where G. humeralis were sampled are also significantly different (p = 0.0019); 

the post hoc test shows that G. humeralis at Parque Nacional Yasuní in Ecuador is 
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significantly different from those at Los Amigos Biological Station in Peru (p = 

0.019) and Reserva Florestal Adolpho Ducke in Brazil (p = 0.0018). With 

phylogenetic contrasts controlled for, neither the average snout-vent length measured, 

the average Latitude of sampling, nor both factors together significantly predict 

average Tpref of these species.  

 CTmin is significantly different among the species measured (p = 0.024), as is 

CTmax (p = 0.0014). Post hoc tests show that no two species have significantly 

different CTmin when tested pairwise, but S. nicholsi has a significantly different 

CTmax than C. amazonicus and G. humeralis (Table 3.4). CTmin and CTmax were 

measured at two different sites for both C. amazonicus and S. macrolepis, but neither 

ecophysiological parameter differs significantly between sites: C. amazonicus (CTmin: 

t = -1.07, df = 16.11, p = 0.30; CTmax: t = 0.19, df = 17.68, p = 0.85) and S. 

macrolepis (CTmin: t = -2.32, df = 2.69, p = 0.11; CTmax: t = 0.33, df = 3.71, p = 0.76). 

 

Ecophysiology models  

 To find the best-fit thermal performance curve, I compared Gaussian, cubic, 

quadratic, and Kumaraswamy curves TPC model fits for C. amazonicus, G. 

humeralis, S. macrolepis, S. nicholsi, and a generalized sphaerodactylid. 

Kumaraswamy curve AIC value were lower than Gaussian, cubic, and quadratic 

curves (Table 3.5). Therefore Kumaraswamy curve fits were used in all subsequent 

analyses. The optimal body temperature for maximum performance (Topt) was 

calculated for each TPC curve (Table 3.2). Thermal range and B80 are also reported in 
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Table 3.2. Tpref is lower than Topt in C. amazonicus, S. macrolepis, and S. nicholsi, but 

not in G. humeralis. The Topt calculated for C. amazonicus is near the reported field 

active temperature (Tb) of 27.4 (Vitt et al. 2005), approximately one degree cooler in 

S. nicholsi, Tb: 32.8 (Álvarez-Pérez 1992), and several degrees cooler than the 

observed Tb for G. humeralis, Tb: 30.3 (Vitt et al. 2000) and S. macrolepis, Tb: 30.4 

(Powell 1999) (Fig. 3.3).  

 
Figure 3.3. Thermal performance curves for sphaerodactyline geckos. Fitted 
Kumaraswamy curve in gray. Shaded area shows the B80. Yellow, single-dashed line 
at preferred temperature (Tpref), red, double-dashed line at optimal temperature (Topt), 
and purple, short-dashed line at published field active temperature (Tb). 
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Figure 3.4. Yearly average monthly minimum (Tmin, top row) and maximum (Tmax, 
bottom row) temperatures from microclim (0 cm altitude, 50% shade), WorldClim v2.1 
1970-2000 near past, and WorldClim v1.4 rpc-85 2070 future projections. 

 
 
   
 The coefficients for models 3.1, 3.7, 3.8, and 3.9 are found in Table 3.6. The 

average yearly Tmin, calculated from monthly Worldclim rasters increased between 

2.7-4.6º C across occurrence records for all species; yearly Tmax increased between 

2.6-4.8º C (Fig. 3.4, Table 3.7). C. amazonicus, G. albogularis, G. humeralis, and S. 

elegans had fewer populations below the Pcritical (critical probability of persistence: 

0.05 quantile for the recent past) in 2070 than in the recent past (0.3-2% of 

populations) (Fig. 3.5-3.7, 3.9). On the other hand, the majority of populations for S. 

argus (66%), S. macrolepis (89%), and S. nicholsi (100%) are below the Pcritical (Fig. 

3.8, 3.10, 3.11). Across all seven species, extirpated sites are projected to experience 
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a significantly larger drop (-3.3 cm) in average monthly precipitation than persistent 

sites (-1.49 cm) (t = -12.60, df = 482.35, p-value < 0.0001), though S. macrolepis is 

the only species with lower average precipitation across a large number of extirpated 

sites (Table 3.7). Extirpated sites also have a significantly larger decrease in time of 

activity between 2070 and the near past (∆ Avg. ha-hr) than persistent sites (t = -8.23, 

df = 581.81, p-value = <0.0001) (Table 3.7). 

 

Discussion 

 Sphaerodactyline lizards epitomize small-bodied tropical thermoconformers. 

Many sphaerodactylines thermoregulate to avoid high heat (Heatwole 1966; Álvarez-

Pérez 1992) as expected of tropical lizards (Kearney et al. 2009). Their body 

temperatures are strongly predicted by air and substrate temperatures (Vitt et al. 1997; 

Miranda et al. 2010). The species included in this study demonstrate different thermal 

ecology, tied to their microhabitat preference and range.  

 Chattogekko amazonicus, Sphaerodactylus elegans, S. macrolepis, and S. 

nicholsi are all leaf litter specialists. C. amazonicus and S. nicholsi are among the 

smallest lizards in the world (Meiri 2008). However, C. amazonicus prefers cool, 

moist environments and deep shade (da Cunha et al. 1985; Vitt et al. 2005), while S. 

nicholsi is found in more open, xeric microhabitats (Álvarez-Pérez 1992; Rivero 

2006). S. elegans is found on the ground, under complex litter and debris and can be 

found near human habitations (Thomas et al. 1998), while S. macrolepis inhabits 

humid habitats of dense grass and leaf litter in both sand and soil substrates (Nava 
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2004; Allen and Powell 2014). I collected S. nicholsi in the xeric Guanica region of 

Puerto Rico from both dry, sparsely shaded leaf litter and moist, densely matted litter.  

 The thermal performance curves show that C. amazonicus and S. macrolepis 

both have characteristics associated with thermal specialists (Huey and Kingsolver 

1989; Angilletta 2009). The tall, peaked thermal performance curves and small B80 

ranges, although their thermal ranges are not narrow compared to other species in this 

study (Fig. 3.3, Table 3.2). Likewise, C. amazonicus and S. macrolepis have the 

lowest Tpref values and are better adapted to cool temperatures, reflected in their 

microhabitat preferences. In both these species, Tpref < Topt. Despite their similarities, 

C. amazonicus is predicted to persist across most of its range, while S. macrolepis is 

predicted to experience widespread extirpations (Fig. 3.5, 3.10). This is potentially 

related to the fact that C. amazonicus is active at temperatures (Tb) near its Topt, and S. 

macrolepis is frequently active above its Topt. S. macrolepis may already be 

experiencing thermal stress, though its Tb still falls within the breadth of its B80. In 

contrast, S. nicholsi has a shorter, broader thermal performance curve and large B80, 

indicative of a thermal generalist (Huey and Kingsolver 1989; Angilletta 2009). It is 

clearly the most hot-adapted species in this study, having the highest Tpref and CTMax. 

In S. nicholsi, Tpref < Topt < Tb, and it is also at high risk of extinction (Fig. 3.3, 3.11). 

I was unable to measure performance and critical temperatures in S. elegans, but 

based on Tpref, it also appears to be hot-adapted. S. elegans is the only island species 

and only Spherodactylus species at low risk from climate change (Fig. 3.9), however 

the generalized sphaerodactyline thermal performance curve and average critical 
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temperatures were used in the species distribution model, so predictions may be less 

accurate than if a species-specific model were used. 

 Gonatodes albogularis and G. humeralis are both frequently found on high 

perches in trees, near human disturbance, and on human structures (Rivero-Blanco 

and Dixon 1979; Vitt et al. 1997; Dominguez-Lopez et al. 2015). G. albogularis 

inhabits deciduous and dry forests and has been observed active on surfaces up to 

35.8 ºC (Heatwole 1966; Rivero-Blanco and Dixon 1979). Like S. elegans and S. 

nicholsi, it is hot adapted. It is predicted to be at low risk from climate change (Fig. 

3.6), however the species distribution model used the generalized sphaerodactyline 

thermal performance curve and average critical temperatures. In contrast to G. 

albogularis, G. humeralis prefers shaded, wet forests and cooler temperatures 

(Rivero-Blanco and Dixon 1979). The thermal range for G. humeralis is not 

particularly large compared to other species, however its B80 is relatively large. Its 

thermal performance curve suggests that G. humeralis is also a thermal generalist, 

whose thermal traits fall between the hot- and cold-adapted species. G. humeralis is 

predicted to persist across most of its range (Fig. 3.7), unlike S. macrolepis and S. 

nicholsi, although its Tpref ~ Topt < Tb (Table 3.2). Finally, S. argus is found on the 

ground, under complex litter and debris and near human habitations, but also in dry 

bromeliads up in trees (Thomas et al. 1998; Krysko and Sheehy 2005). Like other 

Spherodactylus island species, it is at high risk from climate change (Fig. 3.8), though 

the generalize model was also used here. S. argus’s Tpref is intermediate compared to 
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other species in this study, but is statistically indistinguishable from S. elegans and S. 

nicholsi. 

 When thermal performance curves are left-skewed as exemplified by C. 

amazonicus, the fitness cost of being active at temperatures above Topt is greater than 

the cost of being active at lower temperatures (Martin and Huey 2008). We would 

therefore expect Tpref to fall below Topt, particularly when the performance curve is 

heavily skewed. This relationship can be seen in C. amazonicus, S. macrolepis, and S. 

nicholsi, but not G. humeralis. However, a wide performance breadth reduces 

selection on Topt (Huey and Kingsolver 1993; Angilletta et al. 2002), and species with 

symmetrical performance curves like G. humeralis need less of a buffer between Tpref 

and Topt. Broad thermal performance curves, as seen in G. humeralis and S. nicholsi 

reflect selection due to large variability in body temperatures (van Berkum 1988). 

This may reflect the different microhabitats where S. nicholsi was collected, and also 

explain why G. humeralis has one of the largest geographic ranges of any gecko 

species (Pinto et al. 2019).  

 Field active body temperature (Tb) and Tpref are typically correlated (Huey 

1982; Sinervo et al. 2010). Consistent with other studies, Tpref is not predicted by 

either collection latitude or body size, when phylogenetic relatedness is accounted for 

(Clusella-Trullas and Chown 2014). However, only a small number of species are 

included in this study, compared to the size of this clade. Tpref was measured in 

multiple populations of C. amazonicus, G. albogularis, G. humeralis, and S. 

macrolepis, and differs significantly across sites for all those species. This suggests 
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that populations acclimate to local conditions (Huey and Kingsolver 1989; Angilletta 

et al. 2002). For instance, many Amazonian species, including G. humeralis, 

demonstrate a biogeographic split between the Eastern and Western Amazon (Avila-

Pires 1995; Gamble et al. 2008; Pinto et al. 2019). However, Tpref in G. humeralis 

differs significantly between the two western field sites, but only one western site 

differs from either eastern site, suggesting that climate, not descent, is driving 

variation in Tpref. Local adaptation may impact species distribution models, as models 

are based on measurements from small numbers of populations, and may be missing 

within-species variation that contributes to species persistence (Herrando-Pérez et al. 

2019).  

 Extreme environmental temperatures drive the evolution of CTMin and CTMax 

(Sunday et al. 2014, 2019). The xeric species, S. nicholsi was the most obvious 

example of this, with a considerably higher CTMax than the other species in this study. 

CTMin and CTMax were measured at two sites for C. amazonicus or S. macrolepis, but 

unlike Tpref, neither differs between sites. Also, thermal tolerance breadth is not 

significantly predicted by average sampling latitude. The average monthly maximum 

temperature across occurrence records for each species (Table 3.7) is lower than their 

CTMax (or the generalized CTMax) both in the near past and 2070 climate projections. 

This means these species are not likely to experience temperatures regularly above 

their thermal safety margins (Huey and Kingsolver 1989; Sunday et al. 2014), 

however, average maximum temperature does not rule out extreme heat events. There 

is no evidence of a potential tradeoff between optimal performance and thermal 
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breadth (Huey and Kingsolver 1989; Altamirano-Benavides et al. 2019) among the 

four species in this study with TPCs; average maximum performance was not 

predicted by either CTMax or thermal tolerance breadth.  

Contrary to expectation, more than half of the species in this study are at 

minimal risk from climate change. The mainland species, C. amazonicus, G. 

albogularis, and G. humeralis are all predicted to experience minimal future 

extirpations, while the island species S. argus, S. macrolepis, and S. nicholsi are 

predicted to experience significant population losses, and in the case of S. nicholsi, 

extinction. Although S. elegans is an island species and more closely related to the 

others, it is predicted to experience few extirpations, conversely the mainland species 

G. concinnatus is predicted to lose 82.5% of its populations by 2070 (Altamirano-

Benavides et al. 2019). This model may not be as accurate predicting extirpations in 

G. albogularis, S. argus, and S. elegans, because only generalized spherodactylid 

TPCs and CTs were available. For all these species, Tpref falls above the generalized 

Topt, which may indicate thermal stress or a mismatched curve. 

 It is clear that different ecophysiological factors influence the ranges of these 

species. Species with highest predicted extirpations neither experience the hottest 

future TMin and TMax, nor the largest increase in TMin and TMax across occurrence 

records. Net time of activity (Avg. ha-hr) decreases more in 2070 than at extirpated 

sites than persistent sites (Table 3.7), consistent with predicted mechanisms of 

climate-driven extinctions (Sinervo et al. 2010; Caetano et al. 2020), though this is 

not true of S. elegans and S. macrolepis. Precipitation is another consistent factor in 
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species persistence. Across all species, sites that are predicted to be extirpated by 

2070 have a larger projected drop in precipitation than persistent sites. This pattern is 

not seen in S. macrolepis, though extirpated S. macrolepis sites do have lower 

average monthly precipitation than persistent sites. Due to their small size and 

relatively higher surface-to-volume ratio, sphaerodactyline lizards are particularly 

susceptible to evaporative water loss (Snyder 1975; Leclair Jr. 1978; Dunson and 

Bramham 1981; MacLean 1985). Microhabitat choice for S. macrolepis and other 

Puerto Rican Sphaerodactylus is primarily driven by humidity (Nava 2004), though 

this may not be universal as G. albogularis shows no preference for humidity in an 

experimental gradient (Heatwole 1966). The newer Worldclim v2.1 30-second rasters 

should give us more accurate future forecasts of environmental factors. 

 Species facing threat from climate change have three general options: 

evolution/plasticity, migration, or extinction (Parmesan 2006). Sphaerodactyline 

lizards are largely cathemeral, and may adjust their activity period as long as there is 

available light (Rivero-Blanco and Dixon 1979; Hoogmoed and de Avila-Pires 1989), 

which means that species that are tolerant of human presence may be able to extend 

their time of activity. Although mainland species were not predicted to be at high risk 

by this study, habitat loss may pose a large threat to even human-tolerant species, 

such as G. humeralis. Deforestation decreases abundance of G. humeralis, and C. 

amazonicus will avoid even single treefalls (Vitt et al. 1998; Carvalho et al. 2008). 

Beyond simple habitat degradation, deforestation may accelerate Amazonian 

warming (Foley et al. 2007; Malhi et al. 2008). Future iterations of this model will 
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utilize deforestation data to improve predictions (Prevedello et al. 2019). Extinction 

risk is particularly concerning in the Caribbean, due to limited migration 

opportunities for island species. The Caribbean islands are designated as a 

biodiversity hotspot, home to 2.9% of endemic vertebrates globally (Myers et al. 

2000). Both macrolepis, and S. nicholsi are endemic to the island of Puerto Rico, 

along with several other Spherodactylus species (Álvarez-Pérez 1992; Rivero 2006). 

There is reason to be cautiously optimistic about Amazonian sphaerodactylines, but 

species in the Caribbean may require conservation intervention to save them from 

extinction.  
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Figure 3.5. Species distribution model for C. amazonicus. Top panel shows distribution 
of occupancy probability for 144 sites; yellow dashed line shows Pcritical (0.05 quantile 
for 1975) and red double-dashed line shows mean occupancy probability for time 
frame. Lower panel: larger grey squares show extirpation sites below Pcritical and black 
squares show sites above Pcritical. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. Species distribution model for G. albogularis. Top panel shows distribution 
of occupancy probability for 297 sites; yellow dashed line shows Pcritical (0.05 quantile 
for 1975) and red double-dashed line shows mean occupancy probability for time 
frame. Lower panel: larger grey circles show extirpation sites below Pcritical and black 
circles show sites above Pcritical. 
 
 
 
  



 

114 

 
 
 

 



 

115 

 
 
 
 
 
 
 
 
Figure 3.7. Species distribution model for G. humeralis. Top panel shows distribution 
of occupancy probability for 359 sites; yellow dashed line shows Pcritical (0.05 quantile 
for 1975) and red double-dashed line shows mean occupancy probability for time 
frame. Lower panel: larger grey triangles show extirpation sites below Pcritical and black 
triangles show sites above Pcritical. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8. Species distribution model for S. argus. Top panel shows distribution of 
occupancy probability for 29 sites; yellow dashed line shows Pcritical (0.05 quantile for 
1975) and red double-dashed line shows mean occupancy probability for time frame. 
Lower panel: larger grey stars show extirpation sites below Pcritical and black stars show 
sites above Pcritical. 
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Figure 3.9. Species distribution model for S. elegans. Top panel shows distribution of 
occupancy probability for 133 sites; yellow dashed line shows Pcritical (0.05 quantile for 
1975) and red double-dashed line shows mean occupancy probability for time frame. 
Lower panel: larger grey inverted triangles show extirpation sites below Pcritical and 
black inverted triangles show sites above Pcritical. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10. Species distribution model for S. macrodactylus. Top panel shows 
distribution of occupancy probability for 81 sites; yellow dashed line shows Pcritical 
(0.05 quantile for 1975) and red double-dashed line shows mean occupancy probability 
for time frame. Lower panel: larger grey plusses show extirpation sites below Pcritical 
and black plusses show sites above Pcritical. 
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Figure 3.11. Species distribution model for S. nicholsi. Top panel shows distribution 
of occupancy probability for 40 sites; yellow dashed line shows Pcritical (0.05 quantile 
for 1975) and red double-dashed line shows mean occupancy probability for time 
frame. Lower panel: larger grey x’s show extirpation sites below Pcritical and black x’s 
show sites above Pcritical.  
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Table 3.3. P-values for Tukey multiple comparisons of means for Tpref. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.4. P-values for Tukey multiple comparisons of means for CTmin and CTmax.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.5. AIC values for Gaussian, quadratic, cubic, and Kumarswamy thermal 
performance curve (TPC) model fits. 
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 G. albogularis G. humeralis S. argus S. elegans S. macrolepis S. nicholsi  
C. amazonicus <0.0001 <0.0001 <0.0001 <0.0001 0.80 <0.0001 

P (T
pref ) 

G. albogularis  <0.0001 <0.0001 0.05 <0.0001 0.0008 

G. humeralis   0.029 0.0008 0.60 <0.0001 

S. argus    0.74 0.0044 0.20 

S. elegans 
    0.0001 1.00 

S. macrolepis      <0.0001 
 
 
 
 
 
 
 
 
 
 

 C. amazonicus G. humeralis S. macrolepis S. nicholsi  

C. amazonicus  0.060 0.79 1.00 P (CT
m
in ) 

G. humeralis 0.59  0.060 0.41 
S. macrolepis 0.41 0.90  0.85 

S. nicholsi 0.0006 0.0077 0.12   

 P (CTmax)   

 
 
 
 
 
 
 
 
 
 

TPC model C. amazonicus G. humeralis S. macodactylus S. nicholsi generalized 

Guassian 2313.98 3302.24 1456.63 1283.55 8965.99 
quadratic 2321.17 3257.99 1429.78 1260.15 8971.63 
cubic 2297.86 3256.50 1424.06 1256.01 8973.36 
Kumaraswamy  2297.80 3227.93 1420.67 1242.85 8951.22 
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Table 3.6. Coefficients for Kumaraswamy thermal performance curve (TPC) model 
(Eqn. 3.1), and downscaled Worldclim ha, hr, and quadratic TPC11111- model fits (Eqns. 
3.7, 3.8, 3.9).  
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Table 3.7. Yearly average thermal physiological parameters across all occurrence sites 
for predicted persistent populations (white column background) and extirpated 
populations (grey column background).   
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GENERAL SYNTHESIS 

 

 The three chapters of this thesis describe the persistence of biological 

variation under selective pressure at different ecological and evolutionary scales. In 

Chapter 2, plastic polyphenisms arose from a single genotype; in Chapter 1, 

variation was genetically fixed and could reflect polymorphisms within a species or 

difference between species; and in Chapter 3, ecophysiology and habitat differed 

across species. These studies collectively identify and evaluate major forces that 

stabilize systems of competitors: intransitivity, apostasis, fluctuating environmental 

conditions, climate. 

 Although competitive intransitivity (cyclical hierarchy of competitors) and 

apostasis (rare advantage or negative frequency-dependence) both contribute to 

stability in competitive systems, neither is essential nor sufficient for stability. Many 

biological studies focus on these factors, particularly intransitivity, as the basis of 

stability (Laird and Schamp 2009; Allesina and Levine 2011). In Chapter 1, I 

showed that apostasis is not necessary in stable competitive systems, but that these 

systems can in fact support a small degree of anti-apostasis (advantage when 

common). This is important as many alternative strategies include a cooperative 

morph, which would experience a fitness advantage at high frequencies (Sinervo and 

Calsbeek 2006; Friedman and Sinervo 2016). I also showed that models that assume 

that intransitivity is necessary for stability underestimate the capacity for stability, 

particularly larger, even-numbered systems of competitors (Allesina and Levine 
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2011). Systems of alternative strategies that are not intransitive (Shuster and Wade 

1991; Sinervo and Calsbeek 2006) and lack apostasis (Cameron et al. 2009; Friedman 

and Sinervo 2016) exist in nature. Notably, Scaphiopus multiplicata’s omnivore and 

carnivore morphs, explored in Chapter 2, are not strictly under intransitive or 

apostatic conditions, as both are maintained under varying resource abundance, 

resulting in a range of values describing competitive interactions. 

 Environmental variation also plays a large role in the maintenance of 

biological variation. In Chapter 2, I showed that S. multiplicata’s polyphenisms are 

maintained by environmental variation, and that the environmental conditions leading 

to differential morph survivorship are likely to shift under climate change projections. 

However, further studies are needed to describe the relative strength of biotic and 

abiotic factors on morph selection. In Chapter 3, I described how extinction risk in 

sphaerodactyline geckos varies under future climate predictions. Although many of 

the species included in this had similar thermal ecological traits, predictions of their 

persistence differed greatly. The capacity to withstand climatic changes is not purely 

a function of an organism’ biology, but also of where it occurs.  

 Sphaerodactyline geckos present a potentially rich model system for studying 

alternative strategies. Many species have multiple male morphs, particularly in the 

genus Gonatodes. Sphaerodactyline species may have two recognized male morphs 

(Quesnel 1957; Rivero-Blanco and Dixon 1979; Regalado 2003; Cole and Kok 2006; 

Schargel 2008; Sturaro and Avila-Pires 2013), or three male morphs (Rivero-Blanco 

and Dixon 1979). Gonatodes rozei is highly unusual as it has four male morphs 



 137 

(Rivero-Blanco and Schargel 2012), which could make it one of the largest known 

systems of alternative strategies. This species is particularly interesting, as four-

strategy systems have never been explicitly studied in an ecological context, and there 

has been speculation that they should be less stable than three or five-strategy systems 

(Allesina and Levine 2011). Unfortunately, none of these species were easily 

accessible to study alternative male reproductive strategies during my PhD work, 

however they present a new potentially rich study system for alternative strategies.   

 All of the models in this thesis can be extended to also encompass species 

interactions. The game theory framework in Chapter 1 can be extended to the web of 

species interactions that comprise an ecosystem. An interesting question which arises 

from this chapter is whether ecosystems are stabilized by weak interactions among 

subsets of organisms, which are in turn stabilized by stronger interactions in species 

“blocks,” similar to faces of larger systems of strategies. Future work could apply the 

game theory model in Chapter 2 to sympatric congeners of S. multiplicata which 

have similar polyphenisms. Combining models for morph determination of multiple 

toad species can illustrate how trait displacement occurs under multi-species 

competition. Furthermore, with more empirical studies, it is possible to more fully 

describe morph determination and morph fitness to model the selective mechanisms 

acting on plasticity in this system. Finally, though ecophysiological traits are largely 

phylogenetically conserved (Huey and Kingsolver 1989), variation in thermal 

properties among parapatric congeners can result in competitive exclusion of one 

species (Sinervo et al. 2010). The ecophysiological model in Chapter 3 can be 
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extended to include the possibility of rage shifts and competitive exclusion of species. 

This is particularly relevant for island species that have limited potential to migrate to 

cooler habitats. 

 These studies highlight the importance of incorporating empirical data in 

modeling. More empirical studies and experimental manipulations are needed to 

understand the mechanisms that maintain complex systems of interactions, such as 

species interactions (Schluter 1994; Sinervo and Basolo 1996). These models and 

their potential extensions are important to expanding the scale at which we apply 

models in ecology. Given the rapid changes to climate and habitat availability driven 

by human expansion, ecosystem resilience to perturbation is of particular concern. 

We need tools to predict how species losses will affect eventual equilibrium outcomes 

– whether ecosystems will survive in a recognizable state, or whether the loss of key 

species can affect larger-scale stability. 
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