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!
 Species invasions present a major environmental challenge due to their negative impacts 

on biodiversity, natural and agricultural ecosystems, and human health. Climate warming 

increases rates of invasion, but the field lacks a full understanding of the processes generating 

this pattern.  To mitigate the negative effects of warming-facilitated invasions, we must 

understand the role that temperature plays in invasion success. A critical component of this 

agenda is to understand the effects of temperature on the invasion of ectothermic species in 

particular, as a large proportion of high-impacting pest and pathogen invaders are ectotherms. A 

successful invasion requires that an invader colonize the thermal environment, as well as 

establish into the biotic environment, the latter of which exposes the invader to competitive and  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antagonistic interactions with native residents. Because temperature affects both invader 

colonization and establishment, ectotherm invasions represent a complex interplay between 

temperature, invader persistence, and biotic interactions. 

 Here we develop a conceptual framework for predicting the outcome of such complexity. 

The framework links the thermal environment to ectotherm population dynamics and interactions 

through impacts of temperature on life history and interaction traits. We integrate the temperature 

response of these traits into delay differential equations to make mechanistic predictions 

regarding the effects of warming on stage-structured populations and community-level dynamics. 

We use the framework to examine the effect of temperature on exotic invasion success by 

characterizing the fundamental thermal niche of an invader and the ways in which a resident 

competitor might constrain the thermal niche. We then ask how climate warming impacts these 

invasions. 

Within the fundamental thermal niche of ectotherms, we find that high temperatures 

maximize the probability of colonization, but low temperatures maximize invader abundance. 

We find that ectotherms adapted to low latitudes (tropical climates) are more successful invaders 

of high latitudes (temperate climates) as compared to the other way around. Further, we find that 

warming can allow tropical invaders to establish when they could not under ambient temperate 

climates. Taken together, the dissertation clarifies our understanding of the mechanisms by which 

exotic species insert themselves into native communities under ambient and warming climates.!

!
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Chapter 1
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A trait-based framework for characterizing

the fundamental thermal niche of ectotherms

Introduction

Climate change is predicted to increase global temperatures and generate more extreme

temperature fluctuations (IPCC, 2014). There is increasing evidence that warming facilitates

the invasion success of exotic species (Dukes and Mooney, 1999; Stachowicz et al., 2002; Sorte

et al., 2013), increases outbreaks of pests and pathogens (Porter et al., 1999; Ziska et al.,

2011; Bebber et al., 2013), and predisposes native biota to extinction (Walther et al., 2002;

Root et al., 2003; Parmesan, 2006; Pereira et al., 2010; Bellard et al., 2012). Ameliorating

the joint effects of climate warming and invasive species is one of the greatest environmental

challenges of this century (Sala et al., 2000; Hellmann et al., 2008).

The vast majority of biodiversity on the planet consists of ectotherms, species that can-

not regulate their body temperature (e.g., microbes, invertebrates, fish, amphibians and

reptiles). Nearly all pests and pathogens are also ectotherms. Temperature variation di-

rectly affects the physiology, behavior and population dynamics of such species. Although

endotherms (birds and mammals) can regulate their body temperature, they are also affected

by temperature variation through their interactions with resources and natural enemies that
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are ectothermic.

Because they are directly affected by temperature, ectotherm life history traits (e.g.,

fecundity, development, survivorship) exhibit responses to temperature variation that are

plastic, i.e., when the temperature changes the response changes accordingly. Such plastic

responses are called reaction norms. They are, for the most part, characterized by two

properties: a physiologically optimal temperature at which performance is maximized, and

thermal tolerance, the range of temperatures within which the organism can perform. It is

on these reaction norms that we need to focus if we are to predict the impact of warming

on biodiversity and invasive species. The larger scale patterns we see in response to climate

change — shifting of species’ ranges, competitive displacement of native species by inva-

sive species, emergence of new pathogens — ultimately arise from the plastic responses to

temperature variation that occur at the level of individual organisms.

The prevailing approach for predicting the effects of climate warming on species’ dis-

tributions uses a temperature map (climate envelope) of the species’ observed distribution

to project its future range, assuming the locations of greatest abundance to correspond to

temperatures optimal for population growth. But, the observed distribution is the outcome

of population dynamics driven by the non-linear density-dependent processes of resource

limitation and natural enemy pressure. A species might be abundant at a particular loca-

tion simply because it is released from competitors or natural enemies, and not because the

temperature is optimal for population growth. Generating a climate envelope from species’

thermal reaction norms, the data for which are widely available for most ectotherms, is a

much more reliable approach because it accurately depicts the species’ fundamental thermal

niche, the range of temperatures over which it can maintain a viable population.
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Here we present a mechanistic theoretical framework that allows us to predict a species’

fundamental thermal niche, and hence its climate envelope, based on how temperature affects

the species’ life history traits. We build on recent theory that predicts temperature effects

on ectotherm fitness and population dynamics (Amarasekare and Savage, 2012; Amarasekare

and Coutinho, 2013, 2014). We take advantage of large-scale data analyses showing that the

qualitative nature (e.g., left-skewed, Gaussian) of trait responses to temperature is conserved

across ectotherm taxa, and that their parameter values are thermodynamically constrained

to fall within a narrow range (Gillooly et al., 2001, 2002; Brown et al., 2004; Savage et al.,

2004; Dell et al., 2016; Englund et al., 2011; Amarasekare and Savage, 2012). This allows

us to build a general framework that applies broadly across ectotherm taxa, habitats and

latitudes.

Our framework incorporates temperature responses of ectotherm life history traits into

stage-structured population models that realistically capture ectotherm biology. We use the

models to derive a relationship between a species’ temperature-dependent low abundance

growth rate and its abundance unconstrained by density-dependent factors. Similarly, we

predict steady-state abundance as a function of temperature when population regulation is

temperature-dependent. Since the trait-based framework allows us to calculate return time,

low abundance growth and steady-state abundance at any biologically relevant temperature,

we can determine the temperature for which 1) a species will increase when rare at the

fastest rate, and 2) a species will recover from a perturbation to the steady state the fastest.

We apply these concepts to investigate the interaction between a native insect species in the

California coastal sage scrub and an exotic species that has recently invaded this habitat.
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Conceptual Framework

The fundamental niche is the range of abiotic conditions (e.g., temperature, rainfall)

within which a species can maintain a viable population. A necessary condition for viability

is that the species be able to increase when rare. The sufficient condition for viability is that

the species maintain a positive abundance in the long-term (i.e., a steady state that is either

a point equilibrium or an oscillatory attractor). This requires population regulation through

a negative feedback process such as intra-specific competition.

By way of illustration, in the absence of density-dependent factors, a population will

grow at its intrinsic growth rate, r. When r > 0, the population can increase from initially

small numbers. Then we can define the fundamental niche as the range of abiotic conditions

over which a species can maintain a positive intrinsic growth rate. However, in order for the

species to actually be present over this range of conditions, there has to be some population

regulation that ensures a long-term steady state.

This characterization of the fundamental niche is straightforward in principle, but difficult

to implement in practice. It is difficult to quantify r in the field because of ongoing biotic

interactions that impose density-dependent feedbacks. What can be measured in the field

is species’ abundance. However, abundance observed in the field is the outcome of both

abiotic conditions and biotic interactions. A species may be absent from a given location

simply because it has been excluded by a competitor, or overexploited by a predator. We

need to find a way to relate r to abundance so that we can predict the range of temperatures

over which a species attains non-zero abundance in the absence of competitors and natural

enemies.
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This is where our trait-based framework comes in. It has been shown that the temper-

ature dependence of r can be elucidated from the temperature responses of its components

(fecundity, development, survivorship; (Amarasekare and Savage, 2012)). The temperature

responses of these components are mechanistically derived based on how temperature affects

the underlying biochemical processes (e.g., reaction kinetics, enzyme inactivation, hormonal

regulation). Several large-scale data analyses (Dell et al., 2016; Englund et al., 2011; King-

solver et al., 2011) have shown that the qualitative nature of these temperature responses

(e.g., exponential, left-skewed, Gaussian) are conserved across ectotherm taxa. This allows

us to develop a trait-based framework that applies broadly across ectotherm taxa, habitat

and latitude.

Necessary condition for viability

Our goal is to derive the fundamental thermal niche from first principles. We use a

population model of density-independent growth that (i) realistically captures the complex

life cycle of multicellular ectotherms through the incorporation of developmental delays, and

(ii) incorporates mechanistic descriptions of life history trait responses to temperature. The

dynamics of an ectotherm population consisting of juveniles and adults are given by:

dJ

dt
= b(T )A(t)− b(T )A(t− τ(T ))e−τ(T )dJ (T ) − dJ(T )J(t)

dA

dt
= b(T )A(t− τ(T ))e−τ(T )dJ (T ) − dA(T )A(t)

(1)

where J andA depict, respectively, the abundances of juveniles and adults, and b(T ), dJ(T )

and dA(T ) are, respectively, the temperature responses of the per capita birth rate, juvenile

mortality rate, and adult mortality rate. The juvenile maturation rate is given by the re-
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cruitment rate into the juvenile stage τ(t) time units ago, b(T )A(t−τ(T )), multiplied by the

fraction of juveniles that survive to complete development, e−τ(T )dJ (T ) (Nisbet and Gurney,

1983; Nisbet, 1997; Murdoch et al., 2003). We next incorporate mechanistic descriptions of

life history trait responses into the population model.

Temperature responses of life history traits

Phenotypic-level temperature responses of birth, maturation and mortality rates are de-

termined by temperature effects on the underlying biochemical processes (e.g., reaction kinet-

ics, hormonal regulation; (Johnson and Lewin, 1946; Sharpe and DeMichele, 1977; Schoolfield

et al., 1981; Nijhout, 1994; Van der Have and de Jong, 1996; Van der Have, 2002; Ratkowsky

et al., 2005; Kingsolver, 2009; Kingsolver et al., 2011)). Temperature affects these processes

in a predictable manner: temperature alters the rate of biochemical processes (e.g., reac-

tion kinetics and enzyme inactivation) which in turn give rise to temperature responses at

the level of the organism, such as the temperature response of mortality, development and

reproduction.

The per capita mortality rate of ectotherms increases monotonically with increasing tem-

perature (see references in (Gillooly et al., 2002)), and is well-described by the Boltzmann-

Arrhenius function for reaction kinetics (Van der Have and de Jong, 1996; Gillooly et al.,

2002; Savage et al., 2004):

dX(T ) = dXTRe
Ad

(
1
TR
− 1
T

)
(2)

where dX(T ) is the per capita mortality rate of stage X (X = J,A) at temperature T

(in K), dXTR is the per capita mortality rate measured at a reference temperature, TR, in

degrees K (typically between 293 − 303K, the most common being 297 − 298K; (Sharpe
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and DeMichele, 1977; Schoolfield et al., 1981)). The Boltzmann-Arrhenius constant, Ad,

quantifies the temperature sensitivity of mortality, i.e., how quickly the function increases

with increasing temperature.

Ectotherm maturation rates are driven by enzyme activity. High and low tempera-

ture extremes generate a reduction in maturation rates due to enzyme inactivation. This

yields a temperature response of maturation that is left-skewed (Sharpe and DeMichele,

1977; Schoolfield et al., 1981; Van der Have and de Jong, 1996; Van der Have, 2002; King-

solver, 2009; Kingsolver et al., 2011), and is mechanistically described by the following model

(Sharpe and DeMichele, 1977; Schoolfield et al., 1981; Ratkowsky et al., 2005):

m(T ) =

mTRT

TR
e
Am

(
1
TR
− 1
T

)

1 + e
AL

(
1

TL/2
− 1
T

)
+ e

AH

(
1

TH/2
− 1
T

) (3)

where mTR is the maturation rate at the reference temperature TR at which the enzyme is

100% active, Am (enthalpy of activation divided by the universal gas constant R) quanti-

fies temperature sensitivity, TL/2 and TH/2 are, respectively, the low and high temperatures

at which the enzyme is 50% active, and AL and AH are the enthalpy changes associated

with low and high temperature enzyme inactivation divided by R (Johnson and Lewin,

1946; Schoolfield et al., 1981; Sharpe and DeMichele, 1977; Van der Have and de Jong, 1996;

Van der Have, 2002; Ratkowsky et al., 2005). If the typical temperature range experienced by

a species is above the low temperature threshold and below the high temperature threshold

for enzyme inactivation, maturation rate will increase monotonically with temperature and

can be described by the Boltzmann-Arrhenius function (Equation (2)). Note that the tem-

perature response of the developmental delay (τ(T )) is the inverse of the juvenile maturation

rate (1/m(T )).
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The per capita birth rate of most ectotherm species exhibits a symmetric, unimodal

temperature response (e.g., (Dreyer and Baumgartner, 1996; Carriere and Boivin, 1997;

Morgan et al., 2001; Zamani et al., 2006; Parajulee, 2006; Jandricic et al., 2010; Hou and

Weng, 2010; Dannon et al., 2010; Dell et al., 2016; Amarasekare and Savage, 2012)):

b(T ) = bmaxe
−
(
T−Topt

)2
2s2 (4)

where bmax is the maximum per capita fecundity, realized at the optimal temperature for

reproduction (Topt), and s quantifies the deviation around the thermal optimum.

Temperature-dependence of the intrinsic growth rate

We calculate the long-run growth rate of the population by computing the dominant

eigenvalue of the system of equations given by Equation (1). Because population growth is

density-independent, the long-run growth rate is the intrinsic growth rate of the population.

It is given by:

r(T ) = −dA(T ) +
1

τ(T )
∗W

[
b(T )τ(T )eτ(T )

(
dA(T )−dJ (T )

)]
. (5)

The quantity W is the positive branch of the Lambert W (product log) function Corless

et al. (1996). Note that our dynamical model gives the same expression for the temperature

dependence of the intrinsic growth rate as the one derived (using a different approach) by

(Amarasekare and Savage, 2012). They are, indeed, formally equivalent (Amarasekare and

Coutinho, 2013).

Importantly, the temperature response of the intrinsic growth rate, which results from

the temperature responses of its components (fecundity, development, mortality), allows us
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to quantify the key properties of the fundamental thermal niche. Specifically, the lower

(Tmin) and upper (Tmax) temperature limits at which r(T ) = 0 constitute the lower and

upper limits below and above which the population goes extinct. The temperature at which

r(T ) is maximized (Toptr) is the temperature at which the species can increase most quickly

from low abundances. It is therefore the temperature at which the population is most able to

recover from a perturbation. We can show, using the dynamical model (Equation (1)), that

the temperature at which r(T ) is maximized is also the temperature at which abundance is

maximized under density-independent population growth (Fig. 1).

Sufficient condition for viability

Long-term persistence requires population regulation via a density-dependent feedback

mechanism such as self-limitation. A population’s long-term (steady state) abundance is

determined by both temperature and competition. This requires that we take into account

the interaction between temperature effects on life history traits and temperature effects on

intra-specific competition.

There are two hypotheses about how temperature affects intra-specific competition in

ectotherms. The first hypothesis, based on metabolic scaling theory Savage et al. (2004),

predicts that the strength of competition (quantified by the per capita competitive effect,

q(T )) increases monotonically with temperature. This relationship can be described using

the Boltzmann-Arrhenius function:

q(T ) = qTRe
Aq

(
1
TR
− 1
T

)
(6)

where qTR is the per capita competition coefficient (i.e., the negative effect exerted by a
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single individual on a conspecific) measured at a reference temperature, TR. The tempera-

ture sensitivity of competition (i.e., how quickly the strength of competition increases with

increasing temperature) is captured by the parameter Aq. We expect the temperature re-

sponse of competition to be monotonic increasing when resource abundance does not change

with temperature but activity rates related to competition (e.g., resource acquisition and

assimilation) increase with temperature.

The second hypothesis, based on ecological theory Begon et al. (2005), predicts that the

strength of competition should be a unimodal function of temperature with a maximum at

temperatures optimal for reproduction. This relationship can be formalized in terms of a

Gaussian function:

q(T ) = qmaxe

−
(
T−Tmax

)2
2s2q (7)

where Tmax is the temperature at which competition is the strongest (qmax), and sq gives

the response breadth. One would expect a unimodal temperature response of competition

when the demand for resources is greatest during periods of peak reproductive activity.

Temperature at which long-term abundance is maximized

We hypothesize that the temperature under which long-term abundance is maximized

under density-dependent population growth is lower than the temperature at which the in-

trinsic growth rate (r(T )) and the abundance under density-independent population growth

are maximized. The rationale for this hypothesis is as follows. Intra-specific competition,

which leads to population regulation, should be strongest at temperatures that are most

conducive to population growth because it is at that temperature that abundance would
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be the greatest in the absence of competition. When the strength of competition increases

monotonically with increasing temperature, we expect strong competition at temperatures at

and above Toptr . Therefore, a population under density-dependent regulation should achieve

its maximal abundance at a temperature below Toptr . When competition is strongest at tem-

peratures optimal for reproduction, a population under density-dependent regulation cannot

achieve its maximal abundance at the optimal temperature for reproduction. However, be-

cause mortality increases monotonically with temperature, highest abundance is also not

expected at temperatures higher than the optimal temperature for reproduction. Thus, we

expect that maximal abundance will be achieved at temperatures below the optimal temper-

ature for reproduction. Since r(T ) is a composite of the temperature response of fecundity,

which is symmetric unimodal, and the temperature responses of maturation and mortality,

which are left-skewed and exponential respectively, it is maximized at a temperature above

the optimal temperature for reproduction (Amarasekare and Savage, 2012). Hence, when

the temperature response of competition is unimodal, maximum abundance under density-

dependent regulation should also occur at a temperature below Toptr

We test this hypothesis using a stage-structured model with developmental delays and

density-dependent population regulation:

dJ
dt

= b(T )e−q(T )A(t)A(t)− dJ(T )J(t)
(

1 + q(T )J(t)
)

−b(T )A(t− τ(T ))
(

1 + q(T )A(t− τ(T ))
)
e
−τ(T )dJ (T )

(
1+q(T )J(t)

)

(8)

dA
dt

= b(T )A(t− τ(T ))
(

1 + q(T )A(t− τ(T ))
)
e
−τ(T )dJ (T )

(
1+q(T )J(t)

)
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−dA(T )A(t)
(

1 + q(T )A(t)
)
.

The functions b(T )e−q(T )A(t), dJ(T )
(

1 + q(T )J(t)
)

and dA(T )
(

1 + q(T )A(t)
)

depict,

respectively, density-dependent fecundity, juvenile mortality and adult mortality, and q(T )

is the temperature response of competition, which can be monotonic or unimodal. We

analyze the model for cases when density-dependence operates on one life history trait (e.g.,

fecundity or mortality).

Temperature effects on population recovery from perturbation

In a constant thermal environment, the population described by Equation (8) admits

a stable equilibrium (Table 1). Because stable equilibria are ones that can recover from

perturbations, we can use the eigenvalue associated with the equilibrium to calculate the

time it takes to recover from a perturbation:

trecovery(T ) =
−1

Re
(
λ(T )

) . (9)

where λ(T ) is the eigenvalue (or the real part thereof). Because a stable equilibrium is

signified by a negative eigenvalue (or negative real parts), the negative sign in the numerator

guarantees a positive recovery time. Table 2 gives the recovery time for the three cases (i.e.,

density-dependence operates through fecundity, juvenile mortality or adult mortality).

Empirical Application of Conceptual Framework

We apply this conceptual framework to investigate the interaction between a native and

invasive insect species inhabiting a California coastal sage scrub community. This study

system exemplifies an instance of increased invasibility of exotic species as a result of climate
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warming. We use the metrics we have derived above to characterize the fundamental thermal

niche of each species and predict the expected degree of niche overlap.

Methods

Biology of the insect system

The study system we use to explore our framework consists of two Hemipteran insect

species of the family Pentatomidae, the bagrada bug (Bagrada hilaris), a recent introduction

to the U.S., and the harlequin bug (Murgantia histrionica), a native herbivore. Both species

feed on, and potentially compete for, bladderpod (Cleome isomeris, syn. Isomeris arborea),

an endemic plant species of the Coastal sage scrub (CSS) community. Quantifying the

species’ thermal niches based on temperature responses of life history traits allows us to

predict the degree of thermal niche overlap and the potential for competitive interactions

between the two species.

The harlequin bug has inhabited the CSS for nearly two centuries and is adapted to the

Mediterranean climate. The bagrada bug is native to southeastern sub-tropical regions of

Africa. It was first recorded in North America in Los Angeles County, California, in June

of 2008 and has since expanded into states across the Southwest (Arizona, Nevada, New

Mexico, Texas). It is a generalist herbivore that feeds on host plants belonging to families

Cruciferaceae, Capparaceae and Brassicaceae, which include both native (e.g., bladderpod)

and invasive plant species (e.g., Sahara mustard, Brassica tournefortii), as well as crucif-

erous crops (e.g., broccoli, cabbage, kale). Its generalist feeding habits make the bagrada

bug difficult to control because populations can survive pesticide treatment by switching to

nearby native vegetation (Reed et al., 2013). The nymphal and adult stages of both species
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have the same feeding habit, i.e., piercing plant parts (e.g., leaves and pods) and sucking

juices from them.

Both species go through five nymphal stages before becoming reproductive adults, but the

two species differ greatly in their generation time. The harlequin has about three generations

per year in the field (Amarasekare, 2000a,b). While this information is not available for the

bagrada bug, laboratory experiments show that the bagrada has much a shorter life span

than the harlequin bug at 24 ◦C, approximately the average temperature of our field site

(average development duration from egg to adult is 233±8 days in the harlequin as compared

to 60±1 days in the bagrada). Hence we expect many more generations of bagrada per year

in the field than in the harlequin.

This insect community is an ideal system for testing predictions about the thermal niche

because the native and invasive species are phylogenetically closely-related (both are mem-

bers of the family Pentatomidae), have the same feeding niche (both are sap-sucking insects

that predominantly feed on plants in the Brassicae family), but are adapted to different

thermal regimes (subtropical vs. Mediterranean). We therefore expect them to differ in the

characteristics of their fundamental thermal niche (e.g., Tmin, Tmax, and Topt).

Habitat characteristics and temperature regime

Coastal Sage Scrub communities consist of native shrub-like vegetation of southern and

Baja California and tend to be located on sloping terrain near to the Pacific Ocean. These

communities are found in Mediterranean climates with cool, wet winters and hot, dry sum-

mers. Temperatures follow a sinusoidal pattern, generally peaking around September and

reaching their lowest value in late December or early January. At our field site, the mean
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temperature is approximately 24.3◦C with a maximum temperature of 35.7◦C, and a mini-

mum temperature of 8.1◦C (Fig. 2). We quantify this pattern by fitting temperature data

(see Field Survey section below) to a cosine function using non-linear least squares regression

(R Core Team, 2017):

s(T (t)) = MT − ATCos
(2πt

yr
− φ
)

(10)

where yr = 365 days and t is measured in days, e.g., t = 1 represents January 1st 2014,

and t = 366 represents January 1st 2015. Our fit gives the following parameter estimates:

MT = 23.249 ◦C, AT = −8.425 ◦C, φ = 9.103 (p < 0.001, n = 541days; Supplementary Fig.

1).

Laboratory Experiments on temperature responses

The temperature response of life history traits (fecundity, maturation, mortality) were

measured for first and second generation wild-caught bagrada individuals in temperature-

controlled growth chambers (40 ± 10% humidity; 12-hour photoperiod). Experiments were

conducted for seven temperatures (22, 24, 27, 30, 33, 35, and 36 oC) each starting with newly

laid eggs checked daily for first instar nymphal emergence. Emerged first instar nymphs

were placed in a plastic cylinder vial (9.5 cm length by 2.8 cm diameter) that contained

a quarter-sized piece of resource (cabbage produce) and was sealed with a foam stopper.

Individuals were checked daily for transition between each of the five juvenile life stages or

death. Individuals who survived to the adult stage were put into mating pairs to measure

lifetime fecundity. Cabbage was replaced in both nymphal and adult containers every 48

to 72 hours. Data for the harlequin bugs, collected using the same resource and similar

protocols, are from (Amarasekare and Savage, 2012; Amarasekare and Sifuentes, 2012).
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Life history traits were measured per individual as follows: (i) fecundity rate (b) is the

number of eggs laid per adult life span of a given female, (ii) mortality rate (d) is the

inverse of time until death, where time until death is number of days from first instar nymph

emergence until juvenile death (juvenile mortality) or from the date of adult emergence until

death (adult mortality), and (iii) juvenile development rate (m) is the inverse of juvenile

development duration (τ), which is the number of days from first instar emergence to fifth

molt (the molt from which the adult emerges). The mean trait value (fecundity, mortality,

or development rate) for each treatment was obtained by averaging over the number of

replicates (individuals) for each temperature. These data are fitted to the temperature

response functions (eqs. 2-4) using non-linear least squares regression (Fig. 3) (R Core

Team, 2017).

Field Survey

Surveys were conducted on a coastal sage scrub community within the University of

California San Joaquin Marsh Reserve in Irvine, California from December 2013 through

January 2016. Originally, for approximately a quarter of the study duration (December

2013 through mid-July 2014), ten bladderpod plants were examined each survey period

(approximately every other week). By August 2014, eleven more bladderpods had been

added to the survey such that, for the majority of the study (August 2014 through January

2016), twenty-one bladderpods were searched each survey period. The number of bagrada

and harlequin individuals observed on each bladderpod plant was recorded to life stage (egg,

juvenile, adult) for each species (Fig. 2).

Plants were surveyed by treating each bush as a cylinder, the height of which is the height
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of the bush (from stem up to apex), and the circumference of which is the circumference

measured around the middle of the bush (measured approximately half way between the

ground and apex). We visually partitioned the plant into approximately equal radial sections

and searched the complete volume within a partition systematically, starting from the apex

and moving down the height to the stem. We examined leaves and reproductive structures

from angles oriented both above and below the structure to find insects that may have

otherwise been hidden from view. After completing our search of the volume of a wedge

partition, we moved to the right, to start the search over on the adjacent most neighboring

wedge. The choice of starting position and counterclockwise revolution around the plant

was intended to minimize the incident of the surveyor’s shadow being cast upon not-yet-

surveyed volumes of the plants, which might have otherwise altered insect behavior (e.g.,

causing them to drop from the bush or hide). Care was taken to keep track of any moving

insects so that the likelihood of an insect being counted twice was minimized. Surveys were

conducted exclusively by MWS (with the exception of two survey periods early Summer

2015: 6/18/2015 and 7/1/2015), thereby eliminating between-surveyor bias.

Environmental temperature was recorded continuously at the site using a Hobo data log-

ger (HOBO U23-001) hung from a bladderpod. The logger was protected from the elements

via a white plastic shield made from a downward facing funnel plugged with a cork, and

recorded temperature at a resolution of once every three minutes. All temperatures between

8am and 8pm of a single day were averaged to provide a single daily average temperature.
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Analyses

We parameterized the dynamical models of density-independent and density-dependent

population growth (Equations (1) and (8)) using data from the laboratory experiments

quantifying the temperature responses of life history traits (fecundity, development and

mortality). We used the parameterized model of density-independent population growth to

generate temperature maps of the intrinsic growth rate (r(T )) and long-term abundance

in a constant thermal environment. Since the model has no long-term equilibrium, we

calculated long-term abundance at the end of 100 years. We compared the two maps to test

the prediction from our conceptual framework that the temperature at which abundance is

maximized coincides with the temperature at which r(T ) is maximized (Fig. 1).

We used the parameterized model for density-dependent population growth to generate

a temperature map of long-term (equilibrium) abundance, which we compared with the

temperature map for r(T ) to test the prediction from our conceptual framework that when

population growth is density-dependent, temperature at which abundance is maximized is

lower than that at which r(T ) is maximized.

We quantified the degree of thermal overlap between the two species by integrating r(T )

for each species at their respective thermal limits for viability:

∫ Tintersect

Trbagradamin

rbagrada(T )dT +

∫ Trharlequinmin

Tintersect

rharlequin(T )dT. (11)

where Trbagradamin and Trharlequinmin are, respectively, the lower temperature limits for the

viability of bagrada and the harlequin bug, and rbagrada(Tintersect) and rharlequin(Tintersect) are

the intersection points of the thermal niches of the two species (Fig. 5).
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Results

General insights

Analysis of the density-independent delay model (Equation (1)) shows that the temper-

ature at which the intrinsic growth rate (r(T )) is maximized is the same temperature at

which abundance is maximized (Fig. 1), suggesting that in the absence of intra-specific

competition, the temperature at which an ectotherm species’ ability to increase when rare

is the one at at which it also reaches the highest abundance.

Analysis of the density-dependent delay model (Equation (8)) confirms our prediction

that the temperature at which equilibrium abundance is maximized is lower than the tem-

perature at which the intrinsic growth rate is maximized (Fig. 6). We find that the tem-

perature at which recovery time is minimized (i.e., the temperature at which recovery from

a perturbation is the fastest) is higher than the temperature at which the intrinsic growth

rate is maximized (Fig. 7). This is because the intrinsic growth rate consists of the temper-

ature responses of life history traits only, while the eigenvalue, which is used to calculate the

recovery time, includes temperature responses of life history traits and competition (Table

2). The key point to note is that we see the greatest abundance at the cooler end of the

fundamental niche while the the fastest response to perturbation occurs at the warmer end

of the niche. These outcomes ensue regardless of the life history trait (fecundity, mortality)

on which density-dependence operates and the qualitative form of the temperature response

of competition (monotonic vs. unimodal).
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Interaction between native and invasive insect species

Predictions of our framework are confirmed by data on both native and invasive species.

When population growth is density-independent, the temperature at which abundance is

maximized coincides with the temperature at which r(T ), and hence the ability to increase

when rare, is maximized (Fig. 8). This occurs at 35.6 ◦C in the warm-adapted bagrada and,

almost ten degrees cooler, at 26.2 ◦C in the cooler-adapted harlequin.

Also consistent with our predictions, when population growth is density-dependent, the

temperature at which abundance is maximized is lower than that at which the intrinsic

growth rate (r(T )) is maximized (Table 2). Interestingly, we find that the bagrada achieves

this maximum abundance very near in temperature to which the harlequin bug’s intrinsic

growth rate is maximized (see Discussion for the implications of this finding).

Lower and upper thermal limits of the fundamental niche are greater for the bagrada,

which is of subtropical origin, (Tmin = 24.8◦C and Tmax = 40.9◦C) than for the Mediterranean-

adapted harlequin bug (Tmin = 13.2◦C and Tmax = 33.2◦ C). The two species’ thermal niches

overlap within the temperature range 24.8 ◦C - 33.2 ◦C (Fig. 5). This overlap constitutes

33.8% of the bagrada’s thermal niche but only 5.8% of the harlequin bug’s niche. Importantly,

this temperature range of niche overlap includes the temperatures at which the harlequin

bug’s intrinsic growth rate and recovery time are maximized, and the temperature at which

bagrada’s steady state abundance is maximized.

Discussion

Climate warming is widely expected to shift species’ distributions, enhance extinction risk

and increase the invasion of exotic pests and pathogens. Predicting the impact of climate
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warming on biodiversity and invasive species requires that we understand how temperature

effects on ectotherm species’ life history traits translate into population-level patterns of

abundance and distributional changes through the shaping of the species’ thermal niches.

Here we develop a mechanistic, trait-based framework for characterizing the fundamental

thermal niche, and hence a species’ climate envelope (the range of temperatures over which

a species maintains a viable population), based on how the species’ life history traits and

population regulatory mechanisms respond to temperature.

The particular strength of our framework is that it is sufficiently biologically realistic

to apply to specific species, but is, at the same time, sufficiently general to apply broadly

across ectotherm taxa. Its novelty is that it generates testable predictions about species’

abundances and distributions based solely on information on the temperature responses of

the underlying life history traits. The predictions are therefore, completely independent

of the observed distribution and abundance patterns. This is important because, by using

a framework based on species’ traits the temperature responses of which can be carefully

measured in the laboratory, the thermal niche can be quantified in the absence of biotic

filters that generally plague measurements obtained from the field. This allows for more

accurate predictions of climate envelopes of ectotherm species of interest. Several large-scale

data analyses show the qualitative nature of the temperature responses of life history traits

(e.g., monotonic, left-skewed, Gaussian) is conserved across ectotherm taxa (Van der Have

and de Jong, 1996; Van der Have, 2002; Kingsolver, 2009; Kingsolver et al., 2011) and their

parameters are thermodynamically constrained to lie within narrow limits (Gillooly et al.,

2001, 2002; Brown et al., 2004; Savage et al., 2004; Dell et al., 2016). This affords the

advantage of being able to use parameter values even from distantly related species when
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data are unavailable for a species for whom a climate envelope is required.

The key innovation of our framework is the development of metrics (intrinsic growth rate,

abundance and recovery time as a function of temperature) that can be used to generate

thermal range maps for native and invasive species. These allow us to predict a priori,

the likelihood of competitive interactions and the proportion of each species’ range within

which such interactions are likely to occur. These thermal maps can be compared with

temperature-abundance data from the field to determine where the species is present, where

it is absent due to competitors and/or natural enemies, and to where it can potentially

expand under various scenarios of climate warming. By characterizing both necessary and

sufficient conditions for population viability in terms of species abundances, we are able

to obtain a complete description of the fundamental niche under both density-independent

(e.g., invasive species in their initial establishment phase) and density-dependent (e.g., native

species’ typical dynamics) population growth.

Our trait-based framework yields two important insights into the fundamental thermal

niche of ectotherms. First, the temperature at which abundance is maximized is greater

in populations experiencing density-independent (e.g., exponential) growth than in those

experiencing density-dependent growth. Second, the type of population growth determines

the degree of congruence between the temperature at which abundance is maximized and

the temperature at which the species can increase most quickly from low abundances, and

hence respond fastest to environmental perturbations. In populations exhibiting unbounded

growth, the temperature at which abundance is maximized is the same as the tempera-

ture at which the species can increase most quickly from low abundances; in populations

exhibiting bounded growth, the temperature at which abundance is maximized is lower
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than the temperature at which the species can increase most quickly from low abundances.

Importantly, these are general outcomes that prevail regardless of which life history trait

density-dependence operates on, and the qualitative nature (e.g., monotonic vs. unimodal)

of the temperature response of intra-specific competition. They suggest that climate warm-

ing will have differential effects on native vs. invasive species. For instance, the fact that

the temperature of maximum abundance and temperature of fastest recovery from low abun-

dances coincide suggests an advantage of climate warming for species that exhibit unbounded

growth (e.g., crop pests, newly introduced species). Similarly, the fact that the temperature

of maximum abundance is lower than the temperature of fastest recovery suggests a disad-

vantage for species exhibiting bounded growth (e.g., native species well-established in their

habitats). Putting this in the context of interactions between native and invasive species,

their ability to increase when rare at warmer temperatures at which native species exhibit

lower abundances, and hence weaker competitive pressure, give invasive species a greater

advantage in establishing in newly colonized habitats. The important implication for native

species, which is particularly relevant when generating climate envelopes for such species,

is that the temperature at which one is likely to observe highest abundance in the field is

not the temperature optimal for reproduction and population growth, but the one at which

effects of self-limitation are minimal.

Our findings confirm the widespread expectation that climate warming will increase the

spread of invasive pests and pathogens. An increase in the environmental temperature at

a given location will draw native species away from the cooler temperatures at which their

abundance, and competitive pressure on invasive species, is the greatest. At the same time it

will subject the invasive species to the warmer temperatures at which their ability to increase
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when rare is greater. The faster an exotic species can increase when thermal conditions are

favorable, the greater the likelihood of its successful establishment. The advantage of our

framework is that we can predict, a priori, which native species will be at greater risk, and

which invasive species have the greater advantage, based on how their life history traits

respond to temperature. It is customary for entomologists and pest management specialists

to quantify temperature effects on the life history traits of newly invaded species through

laboratory experiments. In fact, the entomological and pest management literature is replete

with such studies (e.g., Shi et al. (2014); Ju et al. (2011); Yadav and Chang (2013); Golizadeh

et al. (2012)). This means that the information required for quantifying the thermal niche

of invasive species, using trait-based metrics we have derived, is likely to be widely available.

Predicting how species distributions change under climate warming is a critical priority

given increasing evidence of warming-induced range shifts in many taxa (e.g., see meta-

analysis by Chen et al. (2011)). The prevailing approach is to use a temperature map

of a species’ current abundance to predict its future distribution. However, the observed

distribution is the outcome of population dynamics driven by density-dependent processes

such as competition and predation. A species might be abundant at a particular location

simply because it is released from competitors or natural enemies, and not because the

temperature is optimal for population growth. In contrast, our framework predicts a species’

fundamental thermal niche completely independently of a species’ observed distribution,

which it does by elucidating the mechanisms by which temperature affects the life history

traits underlying population viability. Given that data on life history trait responses are

widely available in the literature, our approach provides a powerful alternative to the existing

species distribution models that rely on species’ observed abundances.
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Tests of our model predictions with data for the native (harlequin bug) and invasive

species (bagrada) confirm the key conceptual insights of our trait-based framework. First,

when population growth is density-independent, the temperature at which abundance is

maximized coincides with the temperature at which r(T ), and hence the ability to increase

when rare, is maximized. Second, when population growth is density-dependent, the tem-

perature at which abundance is maximized is lower than that at which the intrinsic growth

rate (r(T )) is maximized. Third, the range of thermal niche overlap between the two species

includes the temperatures for which the harlequin bug’s intrinsic growth rate and recovery

time are maximized, and the temperature at which the bagrada’s abundance (under density-

dependent population growth) is maximized. Interestingly, we find that the bagrada achieves

its maximum abundance at a temperature very close to that at which the harlequin bug’s

intrinsic growth rate is maximized. In contrast, bagrada’s intrinsic growth rate is maximized

at a temperature that is above the upper temperature limit for the harlequin bug’s viability

and is just above the maximum temperature observed in the CSS habitat. The ability to in-

crease when rare is a critical component of invasion success. However, if the temperature at a

species’ ability to increase when rare is the greatest coincides with the temperature at which

its competitor’s abundance is maximized, invasibility will be hindered by strong competition

from the resident species. Since the harlequin bug’s (the resident species) abundance is max-

imized at a temperature much lower than that at which the bagrada’s (the invasive species)

ability to increase when rare is the greatest, one would expect the bagrada’s invasion of the

CSS community to be relatively unhindered by competitive pressure from the harlequin bug.

Had their roles been reversed (i.e., bagrada had been the native species), the harlequin bug

would have had difficulty increasing from initially small numbers because the temperature
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at which it has the greatest ability to increase when rare is also the temperature at which

competitive pressure from bagrada is the greatest.

This finding illustrates an interesting asymmetry between species in their invasion suc-

cess based on their latitudinal origin. Invasion by an exotic species is most likely to succeed

when the temperature at which the exotic species’ intrinsic growth is maximized (i.e., the

temperature at which its ability to increase when rare is the greatest) is greater than the

temperature at which the native species’ abundance is maximized. An ectotherm species

of Mediterranean origin introduced to a tropical habitat may be at a disadvantage because

the temperature at which its ability to increase when rare is likely to coincide with the tem-

perature at which the native species is the most abundant (and hence exerts the strongest

competitive pressure on an incoming species. In contrast, an ectotherm species of tropical

origin introduced to a Mediterranean habitat is likely to have greater invasion success be-

cause the temperature at which its invasibility is the greatest is likely to be higher than the

temperature at which competitive pressure from the native species is the strongest. Such

a directionality in invasion success, with tropical species having greater success in invading

temperate habitats, has been reported based on data on both extant and extinct species

(Jablonski et al., 2013, 2006), which recent theory (Amarasekare and Johnson, 2017) at-

tributes to tropical species having higher optimal temperatures for reproduction compared

to temperate species. These findings suggest that the higher temperature optima for the

intrinsic growth rate of tropical and subtropical ectotherms, such as bagrada, may result

from the higher physiological optima for reproduction in these species. An interesting future

direction would be to conduct a broader analysis, based on available data from the literature,

to determine whether warm-adapted invasive species from lower latitudes have an intrinsic
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advantage when interacting with cold-adapted native species from higher latitudes.

In this paper we have developed a trait-based framework to quantify the fundamental

thermal niche of ectotherm species based on the temperature responses of life history traits

that underlie population viability and regulation. Because our framework is mechanistic, we

can make predictions about the temperatures at which a species can most resist invasion by

a competitor, and those at which a species can most easily invade a new community. The

next step is to extend this framework to investigate how the interplay between life history

trait responses to temperature and competition, both within and between species, shapes

the realized niches of ectotherm species.

Appendix A

A species can invade if its population can increase in size when rare. This requires that

the population have a positive per capita growth rate when its population size is approxi-

mately zero. When a would-be invader species interacts competitively with a species already

established in the territory, the abundance of the situated competitor is important; the

greater the competitor’s abundance, the stronger the total negative effect of the competitor

on the invader, and the more difficult it is for the invasive to have a positive per capita

growth rate. To illustrate, consider the case of competition between an invasive (AI) and

native (AN) population that takes the following form (consistent with a variant of equation

8 that includes interspecific competition; see also Chapter 3):

dAN
dt

= bN(T )AN
(
t−τN(T )

)
e−dJN (T )τN (T )−dAN (T )AN(t)

(
1+qNN(T )AN(t)+qNI(T )AI(t)

)

dAI
dt

= bI(T )AI
(
t− τI(T )

)
e−dJI (T )τI(T ) − dAI (T )AI(t)

(
1 + qII(T )AI(t) + qIN(T )AN(t)

)
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where bx(T ), dJx(T ), and dAx are the per capita temperature-dependent rates of fecundity,

juvenile mortality and adult mortality for species x (x = I,N). The functions τx(T ), qxx(T ),

and qxy(T ) give the temperature-dependent development time, strengths of intraspecific, and

interspecific competition, respectively, for species x (x = I,N , y = I,N , x 6= y).

Successful invasion requires that the invader can increase when rare. That is, it can

increase from the equilibrium (AN , AI) = (A∗N , 0):

limAI→0
dAI
dt

1
AI
> 0 =⇒ bI(T )e−dJI (T )τI(T ) − dAI (T )

(
1 + qIN(T )A∗N

)
> 0.

This requirement simplifies to:

bI(T )e
−dJI (T )τI (T )

dAI (T )qIN (T )
− 1

qIN (T )
> A∗N .

The larger A∗N , the harder it is to satisfy the inequality above. Hence, larger native

populations are better at resisting invader establishment than smaller native populations,

all else being equal.
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Table Legends

Table 1. Temperature response of long-term juvenile (J∗(T )) and adult abundance

(A∗(T )) under different cases of negative density-dependent feedback. Fecundity: density-

dependent feedback reduces fecundity. Juvenile Mortality: density-dependent feedback in-

creases juvenile mortality. Adult Mortality: density-dependent feedback increases adult

mortality. Legend: R(T ) = ln
(

b(T )
dA(T )

)
; S(T ) = dJ(T )τ(T ).

Table 2. Metrics of our framework parameterized with the bagrada and harlequin trait

responses. ∗ We simulated the density-independent model over 365 time steps before mea-

suring TADImax . † The characteristic equation of the juvenile mortality density-dependence

case appears to have no closed form solution, and hence we were unable to solve for λ(T )

exactly. See Table 3 for more details. †† Our computing software (Mathematica and R)

were unable to calculate λ(T ), and hence trecovery(T ), for some temperature values of the

fecundity case. We have yet to find a software that can properly approximate the λ(T )

of fecundity under all parameter sets used. The problem likely stems from the analytical

difficulty in solving Lambert W function in the λ(T ) equation.

Table 3. The temperature response of the eigenvalue λ(T ) for the density-independent

delay model, DI (eq 1) and the three cases of the density-dependent model (competi-

tion affects fecundity, juvenile mortality, adult mortality; eq 8). For the case of density-

independence, λ(T ) is r(T ). Deviations between λ(T ) calculated for the density-independent

case and λ(T ) calculated under the different density-dependence modes are highlighted in

bold. Legend: A(T ) = −ln
(

b(T )
dA(T )

)
+ dJ(T )τ(T ); B(T ) = 2dA(T )− 2b(T )e−dJ (T )τ(T ).

† As far as we can tell, the eigenvalue λ(T ) of the Juvenile Mortality case cannot be
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written in closed form. However, we are able to solve for the characteristic equation:

λ(T ) = b(T )e−dJ (T )τ(T )(1+q(T )J
∗(T ))−λ(T )τ(T )(1− dJ(T )τ(T )q(T )A∗(T )v1)− dA(T ),

where v1 =
b(T )
(
1−e−dJ (T )τ(T )(1+q(T )J∗(T ))−λ(T )τ(T )

)

λ(T )+dJ (T )
(
1+2q(T )J∗(T )

)
−b(T )A∗(T )dJ (T )τ(T )q(T )e−dJ (T )τ(T )(1+q(T )J∗(T ))−λ(T )τ(T )

and A∗(T ) and J∗(T ) are as given for the Juvenile Mortality case in table 1. Table S1.

Life history trait parameter values for Bagrada and Harlequin.

† The harlequin data did not require a low temperature fit of parameters AL and TL,

instead we used the following form of the Sharpe-Schoolfield equation:

m(T ) =

mTR
T

TR
e
Am

(
1
TR

− 1
T

)

1+Ce
AL

(
1

TL/2
− 1
T

)
+e

AH

(
1

TH/2
− 1
T

) , where C = 0.
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Tables

J∗(T ) A∗(T )

Fecundity dA(T )R(T )−S(T )
dJ (T )q(T )

(
eS(T ) − 1

)
R(T )−S(T )

q(T )

Juvenile R(T )−S(T )
S(T )q(T )

R(T )
b(T )−dA(T )

R(T )−S(T )
S(T )τ(T )q(T )

Mortality

Adult eR(T )

dJ (T )q(T )

(
b(T )e−S(T ) − dA(T )

)(
1− e−S(T )

)
b(T )e−S(T )−dA(T )

dA(T )q(T )

Mortality

Table 1

32



Metric Bagrada Harlequin

Tmin of r(T ) 24.8 ◦C 13.2 ◦C

Tmax of r(T ) 40.9 ◦C 33.2 ◦C

Toptr 35.6 ◦C 26.2 ◦C

rTopt 0.045 days−1 0.292 days−1

T ∗ADImax 35.5 ◦C 26.2 ◦C

TADDmax (Monotonic; Fecundity) 29.7 ◦C 17 ◦C

TADDmax (Unimodal; Fecundity) 28.1 ◦C 14 ◦C

TADDmax (Monotonic; Juvenile Mortality) 29.3 ◦C 14.2 ◦C

TADDmax (Unimodal; Juvenile Mortality) 27.4 ◦C 13.7 ◦C

TADDmax (Monsotonic; Adult Mortality) 30.6 ◦C 21.6 ◦C

TADDmax (Unimodal; Adult Mortality) 29.8 ◦C 14.9 ◦C

Ttrecoverymin (Fecundity) Unknown†† 29.44 ◦C

trecoverymin (Fecundity) Unknown†† 33.47 days

Ttrecoverymin (Juvenile Mortality) Unknown† Unknown†

trecoverymin (Juvenile Mortality) Unknown† Unknown†

Ttrecoverymin (Adult Mortality) 36.9 ◦C 27.5 ◦C

trecoverymin (Adult Mortality) 38.31 days 5.06 days

Table 2
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Density- λ(T )

Dependence

DI −dA(T ) + 1
τ(T )

W
[
b(T )τ(T )eτ(T )

(
dA(T )−dJ (T )

)]

Fecundity −dA(T ) + 1
τ(T )

W
[
b(T )τ(T )eA(T)

(
1 + A(T)

)
eτ(T )

(
dA(T )−dJ (T )

)]

Juvenile No Closed Form Solution†

Mortality

Adult −dA(T ) + B(T) + 1
τ(T )

W
[
b(T )τ(T )eτ(T )

(
dA(T )−dJ (T )−B(T)

)]

Mortality

Table 3
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Figure Legends

Fig. 1. Temperature map of r(T ) (above) and long-term abundance ADI(T ) (below)

calculated from the density-independent population growth model (Equation (1)). We find

that Topt, Tmin and Tmax (dashed blue lines) are the same for both graphs. Parameters

used are realistic for a warm-adapted species. Legend: bmax = 0.25, Topt = 303, s = 3.5,

TR = 297, d̄TR = 0.03, Ād = 9, 000, dTR = 0.002870515, Ad = 13, 000, mJ = 0.07765,

Am = 9, 500, AL = −59, 532, TL = 292, AH = 66, 850, TH = 311.

Fig. 2. Environmental temperature and insect abundance at the San Joaquin Marsh

is shown for all dates of the field survey (top). Each point represents an average daily

temperature. Abundances measured in the field are given for the harlequin (middle; blue)

and bagrada (bottom; red). Each point denotes the abundance measured per survey plant

of which there were 21.

Fig. 3. The temperature response of life history traits: (top left: adult mortality,

top right: fecundity, (bottom left: juvenile mortality, and bottom right: development) in

the bagrada (red line) and harlequin (blue line) species. Parameter values are given in

Supplementary Table 1.

Fig. 4. r(T ) The climate envelope for the harlequin (blue) and bagrada (red) species

(left plot). For comparison, abundances were generated with the density-independent model

(right plot). Plot shown reflects equation 1 simulated in a constant thermal environment

over 5 years. Abundances shown are on log scale.

Fig. 5. Degree of Niche overlap. The thermal niche of the harlequin (blue) and bagrada

overlap for a small percentage of the harlequin thermal niche (5.8%), but a significantly
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larger percentage of the bagrada niche (33.8%). The blue shaded region and associated

percentage (94.2%) indicates the extent to which the harlequin niche does not overlap with

the bagrada; the red shaded region and associated percentage (66.2%) indicate the non-

overlapping section of the bagrada niche. The lower limit of niche overlap occurs at 24.8 ◦C,

and the upper limit at 33.2 ◦C. The thermal range of the niche is 8.2 ◦C. Note that bagrada

r(T ) is optimized at a temperature, 26.2 ◦C (right dashed black line), that is greater than

the maximum temperature for which niche overlap occurs. In contrast, Harlequin r(T ) is

maximized at a temperature, 26.2 ◦C, (left dashed black line) that falls within the lower end

of the niche overlap.

Fig. 6. Temperature map of r(T ) (dashed black line) calculated from the density-

independent model (Equation (1)) and long-term (equilibrium) abundance (A∗DD(T ); solid

red line) calculated from the density-dependent model (Equation (8)). We see that the tem-

perature for which r(T ) is maximized is greater than the temperature for which equilibrium

abundance is maximized regardless of whether density-dependence operates on fecundity

(left), juvenile mortality (middle) or adult mortality (right). The top row depicts abundance

when the temperature response of competition is monotonic increasing and the bottom row,

when the temperature response of competition is unimodal. Abundances and growth rates

are normalized for ease of comparison. Parameters are as in fig 2.

Fig. 7. The top row contains plots of r(T ) (dashed black line) and (negative) λ(T )

(solid red line) for the case that density-dependence acts on fecundity (left column) and

adult mortality (right column) of a warm-adapted species. The temperatures associated

with the maximum value of r(T ) and −λ(T ) are given by the vertical dashed black line and

vertical dashed red line, respectively. Return time is shown in the bottom row. The vertical
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red dashed line denotes the temperature at which treturn(T ) is minimized. Note that this is

the same temperature for which −λ(T ) is maximized. The vertical black dashed lines in the

bottom row indicate the population’s thermal limits to viability. Parameters are as in fig 2.

Fig. 8. The r(T ) (dashed back line), −λ(T ) (red or blue solid lines; top row), and

treturn(T ) (red or blue solid lines; bottom row) metrics parameterized for the bagrada (left:

adult mortality), and harlequin (middle: fecundity; right: adult mortality). Vertical lines

indicate temperatures for which the metrics are maximized (top plots) or minimized (bottom

plots). We see that the shortest return time in both the bagrada and harlequin occurs at a

temperature that is greater than the temperature of maximum intrinsic growth r(T ).

Fig. S1. Model fit to temperature time series data: s(T ) = MT − ATCos
(
2πt
yr
− φ

)
,

where yr = 365 days and t is measured in days, where MT = 23.249 ◦C, AT = −8.425 ◦C,

and φ = 9.103. The fit (p < 0.001, n = 541 gives a min of 14.8 ◦C and a max of 31.7 ◦C). It

does a good job of capturing the middle temperatures, at the expense of lower, and to some

extent, upper thermal extremes.
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Supplementary Information

Parameter Life History Trait Bagrada Harlequin

bmax Fecundity 2.719418 0.8921

Topt Fecundity 307.8749 298.2617

s Fecundity 5.59114 3.085

d̄TR Juvenile Mortality 0.02869621 0.0547

Ād Juvenile Mortality 5,882.822 11,803

dTR Adult Mortality 0.09262279 0.0037

Ad Adult Mortality 10,342.91 16,827

TR Adult Mortality 297 298.3

TR Dev.; Juv. Mort. 297 297

dv Development (eq 5) 0.01697554 N/A

Adv Development (eq 5) 9,232.314 N/A

mj Development (eq 4) N/A 0.26638

Am Development (eq 4) N/A 10,356.1

AL Development (eq 4) N/A N/A†

TL Development (eq 4) N/A N/A†

AH Development (eq 4) N/A 106,000

TH Development (eq 4) N/A 305.8

Table S1
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Mechanistic underpinnings of latitudinal

directionality in invasion success

Introduction

Species invasions constitute one of the greatest environmental challenges of the twenty-

first century (Sala et al., 2000). Invasive species threaten not only native biota and the

ecosystem services they provide, but also impact agriculture, human health, and the economy.

Their success comes from two attributes: the ability to tolerate a wide range of abiotic

conditions during the initial colonization phase, and the ability to withstand competition

and predation from native species during the subsequent establishment phase.

Most invasive species are ectotherms (Pysek et al., 2008) whose body temperature de-

pends directly on the environmental temperature. Temperature is therefore the most impor-

tant abiotic factor affecting the success of ectothermic invasive species. Thermal adaptation

to a given latitude will determine both the invasive species’ colonization success when in-

vading a lower or higher latitude, and its interactions with native competitors and natural

enemies during the establishment phase. Several data sources, both from extant and extinct

taxa (Jablonski et al., 2013, 2006), reveal an interesting directionality in invasion success:

lower-latitude ectotherms are more successful at invading higher-latitude communities than
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vice versa. Recent theory on the evolution of thermal reaction norms (Amarasekare and

Johnson, 2017) suggest that this is indeed possible: lower-latitude ectotherms are better

able to colonize higher-latitude habitats and establish viable populations. Invasion success,

however, does not depend solely on colonization success. Invasive species must also be able

to withstand and overcome biotic resistance from native species during its establishment

phase. Such resistance typically comes in the form of competition and predation/parasitism.

Although the empirical evidence for the greater invasion success of lower-latitude ectotherms

suggests that they may be better able to overcome biotic resistance, we currently have a poor

understanding of the mechanisms by which thermal adaptation to a given latitude influences

ectotherm species’ interactions with competitors and natural enemies from lower or higher

latitudes.

We have previously investigated (Chapter 1) how ectotherm trait responses to tempera-

ture define their thermal niches and hence the temperature range over which a given species

can maintain a viable population. We derived a mechanistic description of species’ climate

envelopes, which allow us to predict large-scale species’ distributions based solely on species’

trait responses and hence independently of population-level distributional data. By incor-

porating temperature effects on intra-specific competition, we were able to predict species’

fundamental thermal niches based on both their ability to increase when rare and the ability

to maintain a viable population in the long term. Here we develop a trait-based frame-

work to investigate how temperature effects on both intra- and inter-specific competition

influence the ability of an invasive species from a given latitude to increase when rare and

successfully establish in a community at a different latitude. We explicitly test the hy-

pothesis that lower-latitude ectotherms are more successful at colonizing and establishing in
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higher-latitude communities.

Hypothesis and predictions

We test the hypothesis that there is a directionality in invasion success such that ec-

totherm species from lower latitudes (e.g., the tropics) are more successful in invading higher

latitudes (e.g., temperate regions) than vice versa. If this is the case, tropical ectotherms’

trait responses to temperature must allow them to increase from initially small numbers in

the face of both the characteristics of higher-latitude thermal environments (e.g., low mean

habitat temperature and high-amplitude seasonal fluctuations) and competition from native

species adapted to such environments.

Latitudinal differences in thermal adaptation exist because the nature of temperature

variation (e.g., seasonal, diurnal) varies as a function of latitude. Lower latitude habitats

are characterized by high mean temperatures and low-amplitude seasonal fluctuations, and

higher latitude habitats, by low mean temperatures and high-amplitude seasonal fluctu-

ations. Species’ per capita growth rates (fitness) in such environments are time-varying

quantities. The ability of a given species to increase when rare thus depends on its average

per capita growth rate over the year. This in turn depends on the shape of the temperature

response functions of fitness components (per capita birth and death rates). The nature of

thermal adaptation dictates that trait responses be concave up or concave down functions

of temperature (Amarasekare and Johnson, 2017).

Jensen’s inequality, a property of non-linear mathematical functions (Jensen, 1906), helps

us predict the average responses of birth and mortality rates in thermally variable environ-

ments. The per capita birth rate of ectotherms exhibit a symmetric unimodal (e.g., Gaussian)
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response, i.e., the response is concave down (see function definitions below: Equations (2)

and (3)). A concave-down birth rate response means that higher-latitude (e.g., temperate)

species, which exhibit wider response breadths (greater phenotypic plasticity), will exhibit

a lower average birth rate than lower-latitude (e.g., tropical) species. This is a necessary

cost of thermal adaptation to higher-latitude environments (Fig. 1). In this case stabiliz-

ing selection drives thermal optima of lower-latitude ectotherms to coincide with the mean

habitat temperature, while that of higher-latitude ectotherms evolves to exceed the mean

temperature (Amarasekare and Johnson, 2017). An optimum above the mean temperature

allows the higher-latitude ectotherms with wide response breadths to take advantage of the

favorable (warmer) periods of the year during which reproduction is higher. However, ener-

getic and other constraints dictate that the advantage of being a thermal generalist (higher

response breadth) comes at the cost of a lower maximum birth rate (Amarasekare and John-

son, 2017). In contrast, an optimum coinciding with the mean habitat temperature and a

narrow response breadth allows lower-latitude ectotherms, which experience low-amplitude

seasonal fluctuations, to maximize their reproductive output provided that being a thermal

specialist (narrow response breadth) affords the advantage of a higher maximum birth rate

(Amarasekare and Johnson, 2017). This difference in thermal optima and maximum re-

productive performance is well-documented in the empirical literature (Frazier et al., 2006;

Deutsch et al., 2008; Tewksbury et al., 2008; Amarasekare and Savage, 2012; Amarasekare

and Johnson, 2017).

The per capita mortality rate of all ectotherms increases exponentially with tempera-

ture, i.e., the temperature response is concave up. Lower-latitude species, which experience

low-amplitude seasonal fluctuations experience mortality responses that are effectively lin-
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ear, while higher-latitude species experience mortality responses that are highly non-linear

(Fig. 1). However, a more variable response does not translate into greater mortality in

higher-latitude species because the mean habitat temperature is low. Lower-latitude species

that experience high mean temperatures therefore experience higher average mortality than

higher-latitude species (Fig. 1).

With these points in mind, we can formulate predictions about the directionality in

invasion success based on the temperature responses of per capita birth and mortality rates.

For reasons of brevity we use tropical and temperate to denote lower-latitude and higher-

latitude species.

First, tropical ectotherms have high thermal optima for fecundity, high maximum birth

rates, and relatively narrow response breadths. Temperate ectotherms have lower thermal

optima, lower maximum birth rates, and wider response breadths. When a tropical ectotherm

colonizes a temperate habitat, it will experience a mean temperature substantially lower than

its optimum. Having an optimal temperature that substantially exceeds the mean habitat

temperature, and a high birth rate corresponding to the optimum, will allow such a species to

take advantage of the favorable (warmer) times of the year and maintain a high average birth

rate. In contrast, when a temperate ectotherm colonizes a tropical habitat, it will experience

a mean temperature substantially higher than its optimum. Hence it will experience a birth

rate below its optimum for most of the year.

Second, tropical ectotherms experience higher average mortality in their native habitats

than do temperate ectotherms in theirs. Hence, tropical ectotherms colonizing temperate

habitats will experience lower mortality, on average, than temperate ectotherms colonizing

tropical habitats.
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Taken together, adaptation to a tropical thermal environment enables tropical ectotherms

to successfully colonize temperate habitats, but adaptation to temperate thermal environ-

ment deters temperate ectotherms from successfully colonizing tropical habitats. Our ap-

proach of focusing on temperature effects at the trait level thus allows us to provide a

mechanistic interpretation of the classical argument that species invading higher latitude

habitats are more limited by the harshness of the abiotic environment than the strength

of biotic interactions (MacArthur, 1972; Gaston, 2003; Reuman et al., 2014). The other

side of this argument is that species invading lower latitude habitats are more limited by

biotic interactions than the harshness of the abiotic environment. We expect that their high

thermal optima and maximum birth rates allow lower-latitude ectotherms to exert strong

competition on invaders from higher latitudes and thus hinder their establishment while the

lower thermal optima and lower maximum birth rates prevent higher-latitude ectotherms

from exerting strong competition on lower-latitude invaders.

We test our predictions using a trait-based version of the Lotka-Volterra competition

model, into which we incorporate seasonal temperature regimes characteristic of tropical

and temperate habitats. We incorporate mechanistic descriptions of birth and mortality

responses to temperature that are derived from first principles of thermodynamics, and hence

universally applicable to ectotherm taxa inhabiting different latitudes and habitat types. We

use invasion analysis to investigate the conditions under which an invasive species from a

different latitude can increase from initially small numbers when its native competitor is in

a long-term stationary state (e.g., is exhibiting asymptotic behavior). In doing so we seek

to formalize the classical argument underlying diversity gradients, that ectotherm species

invading lower-latitude habitats are more limited by biotic interactions (e.g., competition)
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while those invading higher-latitude habitats are more limited by the harshness of the abiotic

environment (e.g., low mean temperatures and high-amplitude seasonal fluctuations).

Mathematical Framework

The dynamics of two species competing for a common resource are given by:

dNi

dt
= bi(T,Ni, Nj)Ni − di(T,Ni, Nj)Ni (1)

where Ni is the abundance of species i (i = 1, 2), Nj is the abundance of competitor species

j (j = 1, 2, j 6= i), and bi(T,Ni, Nj) and di(T,Ni, Nj) depict, respectively, its density-

and temperature-dependent per capita birth and mortality rate. Previous studies assume

that density-dependence operates on the intrinsic growth rate (r; e.g., Ohlbergeretal2011,

Baskett2012, Urbanetal2012). In reality, density-dependence acts on individual life history

traits (birth and/or mortality) and not on their net difference (r = b − d). We incorporate

this biological reality by considering density-dependence in the birth rate and/or mortality

rate. We use functional forms that are commonly observed in insects (Murdoch et al., 2003).

We depict density-dependence in the birth rate by bi(T )e−qii(T )Ni−qij(T )Nj where qii(T ) is per

capita competitive effect of a given species on conspecifics (i.e., intra-specific competition)

and qij(T ) is the per capita competitive effect of species j on species i (i, j = 1, 2, i 6= j).

Density-dependence in the mortality rate is depicted by di(T )(1 + qii(T )Ni + qij(T )Nj).

Temperature responses of species’ traits

Temperature responses of life history traits arise from temperature effects on the under-

lying biochemical processes (e.g., reaction kinetics, hormonal regulation; Johnson and Lewin

(1946); Sharpe and DeMichele (1977); Schoolfield et al. (1981); Nijhout (1994); Van der
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Have and de Jong (1996); Van der Have (2002); Ratkowsky et al. (2005); Kingsolver (2009);

Kingsolver et al. (2011)). Briefly, temperature effects on biochemical rate processes (e.g.,

reaction kinetics and enzyme inactivation) give rise to trait responses that are monotonic

or left-skewed. Mortality rates exhibit this type of response. Temperature effects on bio-

chemical regulatory processes (e.g., neural and hormonal regulation; Hochachka and Somero

(2002); Long and Fee (2008); Nijhout (1994)) involve negative feedback wherein rate pro-

cesses on the left and right hand sides push the system towards an intermediate optimum.

These yield trait responses that are unimodal and symmetric (e.g., Gaussian). Birth rates

exhibit this type of response.

Importantly, the nature of the biochemical-level responses to temperature are conserved

across ectotherm taxa (Johnson and Lewin, 1946; Sharpe and DeMichele, 1977; Schoolfield

et al., 1981; Nijhout, 1994; Van der Have and de Jong, 1996; Van der Have, 2002; Ratkowsky

et al., 2005), yielding trait responses at the phenotypic level whose qualitative nature (e.g.,

monotonic, unimodal) is also conserved across taxa. This is confirmed by several large-scale

data analyses (Dell et al., 2016; Englund et al., 2011; Kingsolver et al., 2011; Amarasekare

and Savage, 2012). This generality allows us to incorporate mechanistic temperature re-

sponse functions derived from first principles of thermodynamics into our dynamical model

of competitive interactions (Equation (1)), yielding a trait-based framework that applies

broadly across ectotherm taxa, habitat and latitude.

Temperature response of mortality rate

In all ectotherms, the per capita mortality rate increases exponentially with temperature

according to the Boltzmann-Arrhenius function for reaction kinetics (Van der Have and
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de Jong, 1996; Van der Have, 2002; Gillooly et al., 2001, 2002):

di(T ) = dTRi
e
Adi

( 1
TRi
− 1

T
)

(2)

where dTR is the per capita mortality rate measured at a reference temperature TR. The

parameter Ad, the Arrhenius constant (activation energy per Boltzmann constant) controls

the steepness of the function and hence determines how quickly the mortality rate increases

with temperature.

Temperature response of birth rate

The per capita birth rate of all ectotherms exhibit a symmetric, unimodal temperature

response that is well-described by a Gaussian function:

bi(T ) = biTopt
e

−(T−Toptbi
)2

2s2
bi . (3)

Here biTopt
denotes the maximum per capita fecundity, realized at the thermal optimum

for reproduction Toptbi , and sbi denotes the response breadth.

Temperature responses of intra- and inter-specific competition

There is growing empirical evidence (Gao et al., 2013; Johnson et al., 2016) that the

temperature response of intra-specific competition is symmetric, unimodal with a maximum

at the physiological optimum for the birth rate. This is because the demand for resources is

likely to be greatest during periods of intense reproductive activity. The response function

is given by:

qii(T ) = qiiTopt
e

−(T−Toptqii
)2

2s2qii (4)
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where qiiTopt
is the maximum per capita competitive effect species i exerts on itself. Since

intra-specific competition is strongest at the optimal temperature for reproduction, Toptqii =

Toptbi . Similarly, since competition for resources is unlikely to occur during temperatures at

which the birth rate is minimal, sqii = sbi .

Although equivalent data are not available for inter-specific competition, we can generate

an expectation for the qualitative nature of its temperature response function. If resource

use is most intense during the time of peak reproductive activity, which corresponds to the

optimal temperature for the birth rate, resource competition, whether by conspecifics or

heterospecifics, will also be most intense during this time period. Hence, the temperature

response of inter-specific competition of species j on species i is given by:

qij(T ) = qijTopt
e

−(T−Toptqij
)2

2s2qij (5)

where qijTopt
is the maximum per capita competitive effect that species j exerts on species

i. We would expect inter-specific competition experienced by a given species to be most

intense during periods of its own peak reproductive activity. Hence, Toptqij = Toptbi . Since

inter-specific competition is unlikely to occur during temperatures at which the competitor’s

birth rate is minimal, sqij = sbj .

Having provided mechanistic descriptions of trait responses to temperature, we can now

proceed to derive the criteria for invasion success, i.e., the conditions under which an in-

coming species can increase from initially small numbers when a resident competitor is at a

stationary state.
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Results

Invasion success in a constant thermal environment

In Appendix A we show that the mutual invasibility criteria in a constant thermal envi-

ronment (i.e., there are no fluctuations around the mean habitat temperature) are the same

as those for the standard Lotka-Volterra model. Dependence of species’ traits on tempera-

ture does not alter these outcomes because temperature, being an abiotic factor external to

the biotic feedbacks occurring within the community, cannot alter the strength of intra- and

inter-specific competition required to change the conditions under which mutual invasibility

occurs.

Invasion success in a variable thermal environment

When the thermal environment is variable (i.e., there are seasonal fluctuations around the

mean habitat temperature), the interplay between temperature and competition changes over

time, generating the potential for altering the relative strengths of intra- and inter-specific

competition and hence, the conditions under which an invasive species can invade a resident

community.

Without loss of generality, we consider species 1 to be the native species (resident)

adapted to its thermal environment and species 2, the incoming species (invader) that is

adapted to a lower or higher latitude. For brevity, we will refer to species 1 and 2 as resident

and invader, respectively. We want to determine the conditions under which the invader

can increase from initially small numbers, in a seasonally varying environment, when the

resident is at a stationary state (equivalent to the species’ carrying capacity in a constant

thermal environment as in Appendix A).
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The invader can increase when rare if its per capita growth rate, when averaged over the

year, is positive, i.e.,

1

τ

dN2

dt

1

N2

=
1

τ

∫ τ

0

(
b2

(
T (t), N1(T (t))

)
− d2

(
T (t), N1(T (t))

))
dt > 0 (6)

where T (t) denotes the seasonal temperature regime experienced by the community, τ = 365

days, and N1(T (t)) is the average abundance of the resident when it achieves a stationary

state in a seasonally varying environment. Calculating the invader’s per capita growth

rate requires that we know what this stationary state abundance is. Using an argument

inspired by (Armstrong and McGehee, 1980) (Appendix B), we can show that when density-

dependence is linear (as in the case of mortality; see above), each species’ per capita growth

rate is a linear function of its abundance (i.e., dNi

dt
1
Ni

is linear in Ni). This allows us to derive

N1(T (t)) =
b1(T )
d1(T )

−1
q11(T )

, the resident species’ steady-state abundance in a seasonal thermal regime

in the absence of the invader (Appendix B).

When density-dependence is non-linear (as in the case of the birth rate; see above), each

species’ per capita growth rate is a non-linear function of its abundance. We therefore need

to use variance approximation methods (see Gravel et al. (2011) and references therein) to

determine the stationary state the resident species achieves in the absence of the invader

(Appendix B). Now, N1(T (t)) = 1
q11(T (t))

ln
[
b1(T (t))
d1(T (t))

(
1 +

A2
T

4
q11(T (t))2

)]
where A2

T gives the

variance of the time-averaged birth rate over the year.

We can now specify the invasion criterion of the invader in a seasonally varying envi-

ronment. We start with the case of linear density-dependence (e.g., density-dependence in

the mortality rate) and proceed to the more complicated analysis for the non-linear case

involving density-dependence in the birth rate.
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Invasion success when density-dependence operates through the mortality rate

The invader’s per capita growth when rare (i.e., its invasion criterion) is given by:

1

τ

dN2

dt

1

N2

=
1

τ

∫ τ

0

(
b2(T (t))− d2(T (t))

(
1 +

q21(T (t))

q11(T (t))
(
b1(T (t))

d1(T (t))
− 1)

))
dt > 0 (7)

which, after some simplification, can be rewritten as:

1

τ

dN2

dt

1

N2

=

1
τ

∫ τ
0
B2(T (t))−1
B1(T (t))−1 dt

1
τ

∫ τ
0
Q21(T (t)) dt

> 1 (8)

where Bi(T (t)) = bi(T (t))
di(T (t))

(i = 1, 2) and Q21(T (t)) = q21(T (t))
q11(T (t))

. Note that we have not cancelled

the 1
τ

terms because we want to emphasize that the numerator and the denominator consist

of time averages.

Importantly, our derivation allows the decomposition of the invasion criterion into the

conditions required for successful colonization, given by the numerator, and those required for

successful establishment, given by the denominator. Note that Bi(T (t)) = bi(T (t))
di(T (t))

(i = 1, 2)

is the lifetime reproductive success of species i ( 1
di(T (t))

being its average longevity). The

species replaces itself when Bi(T (t)) = 1, and population growth occurs when Bi(T (t)) > 1.

We see that invasion is possible if the average excess in the invader’s lifetime reproductive

success relative to that of the resident exceeds the competitive effect of the resident on the

invader relative to the resident’s competitive effect on itself ( q21(T (t))
q11(T (t))

).

Our goal is to test whether there is a directionality in invasion success based on latitudinal

variation in thermal adaptation. To this end, we express the thermal optimum and response

breadth of the birth rate in terms of the latitudinal relationships these parameters are known

to exhibit. As noted above, thermal optima of ectotherm species inhabiting higher latitudes

exceed the mean habitat temperature while those of species inhabiting lower latitudes co-

incide with the mean habitat temperature (Deutsch et al., 2008; Tewksbury et al., 2008).

68



Higher-latitude ectotherms also exhibit wider response breadths compared to lower-latitude

ectotherms.

Let seasonal temperature variation be depicted by the sinusoidal function T (t) = MT −

ATS(t) where MT is the mean habitat temperature, AT is the amplitude of seasonal fluctu-

ations (AT = Tmax−Tmin

2
), and S(t) = cos 2π

τ
(or − sin 2π

τ
; τ = 365 days). The resident species’

birth and mortality response parameters will depend on the latitude it inhabits. We can

express the resident species’ birth rate optimum as T optb1
= MT + x where x is the positive

deviation of the birth rate optimum from the mean temperature, the magnitude of which

increases with increasing latitude. We expect a similar relationship between the resident’s

reference temperature (TR1) and latitude, i.e., TR1 = MT +y where y is the positive deviation

of the reference temperature from the mean temperature.

Now consider an incoming species from a lower or higher latitude. We can express the

invader’s birth rate optimum as T optb2
= T optb1

+ m where m is the number of degrees by

which the invader’s optimum differs from that of the resident. Note that m is positive when

the invader comes from a lower latitude than the resident (because lower latitude species

have higher thermal optima) and vice versa. We can also express the invader’s maximum

birth rate as b2Topt
= vb1Topt

(v > 0) where v is the ratio of the invader’s maximum birth rate

to that of the resident. We can express the invader’s response breadth as sb2 = nsb1 (n > 0)

where n is the ratio of the invader’s response breadth to that of the resident. Note that n < 1

when the invader comes from a lower latitude and vice versa. We express differences between

species in their temperature response of mortality in a similar manner: TR2 = TR1 + g and

Ad2 = sAd1 (s > 0). When s > 1 the invader exhibits greater temperature sensitivity of

mortality and vice versa. We express the differences between species in the strength of per
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capita intra- and inter-specific competitive effects in the absence of thermal variation as

q21Topt = fq11Topt (f > 0). When f > 1, the resident’s effect on the invader is greater than

its effect on itself (self-limitation) and vice versa.

By substituting these relationships into the Equation (8) and doing some algebra, we

arrive at the following mechanistic description of the invader species’ per capita growth rate

when rare (i.e., its invasion criterion) for the case that density-dependence operates through

the mortality rate:

1

τ

dN2

dt

1

N2

=

1
τ

∫ τ
0

(
B2Topt

e

−(A+m)2

2n2sb1
2 +

sAd1
M+g

C+g
T (t)
)
−1

(
B1Topt

e

−A2

2sb1
2 +

Ad1
M

C
T (t)
)
−1

dt

1
τ

∫ τ
0
fe
−

m

(
2A+m

)
2sb1

2
dt

> 1 (9)

where BiTopt
=

biTopt

dTRi

, A = ATS(t) + x, M = MT + y, C = ATS(t) + y and f =
q21Topt
q11Topt

=

Q21Topt .

By inspecting the denominator of the invasion criterion we can see that when m > 0 the

term in the exponent is negative and hence relative competition strength is less than that

in a constant environment (i.e., Q21Topt). The opposite is true when m < 0. The important

implication is that, in a seasonal environment, an invader from a lower latitude, which has

a higher thermal optimum (m > 0) experiences weaker competition from the resident than

it does in a constant thermal environment, while an invader from a higher latitude, which

has a lower thermal optimum (m < 0) experiences stronger competition than it does in a

constant environment.

Inspection of the numerator of Equation (9) reveals that a higher thermal optimum

(m > 0) reduces the lifetime reproductive success (B2(T (t)) = B2Topt
e

−(A+m)2

2n2sb1
2 +

sAd1
M+g

C+g
T (t)

) of a
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lower-latitude invader compared to a constant environment. A higher thermal sensitivity of

mortality (Ad2 > Ad1 ⇒ s > 1) has the opposite effect. This is because a higher Arrhenius

constant means very low mortality at low temperatures and rapidly increasing mortality at

higher temperatures. A low-latitude species invading a higher-latitude habitat experiences,

on average, a cooler thermal environment than in its native habitat. Hence, it experiences

lower average mortality over the year than a species with lower temperature sensitivity

of mortality. Lower average mortality means greater longevity and hence greater lifetime

reproductive success (B2(T (t))). However, the relative contributions of birth and mortality

rates to lifetime reproductive success is such that the negative effect of a higher optimum

is stronger than the positive effect of greater temperature sensitivity of mortality. This is

because m appears as a quadratic term while s is only linear in its effect. Furthermore, since

Arrhenius constants are thermodynamically constrained to be within a narrow range of values

(Gillooly et al., 2001; Savage et al., 2004; Dell et al., 2016), s, the ratio of Arrhenius constants

(i.e., s = Ad2
Ad1

) cannot greatly exceed 1 (in fact, s has to be less than 2 for the resident’s

Arrhenius constant to be greatly below the mode of 6700 K−1), while m, being the difference

between species’ thermal optima (Toptb2 − Toptb1 ) can exceed 2. Therefore, a lower-latitude

ectotherm invading a higher-latitude community can have a lifetime reproductive success in

excess of 1 (i.e., B2(T (t)) > 1) only if it has a higher maximum birth rate (b2Topt
) than the

higher-latitude resident. If reproductive performance increases with increasing temperature,

as predicted by the “hotter is better” hypothesis and verified by empirical data on maximum

performance (Frazier et al., 2006), we expect this condition to be met. If it is not (i.e., being

a thermal specialist by having a narrower response breadth is not compensated by a higher

maximum birth rate), successful invasion is possible only if the reduction in competition in
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a seasonal environment is sufficiently large to compensate for the reduction in the lifetime

reproductive success (Fig. 2).

The key point is that our mechanistic derivation of the invasion criterion allows us to for-

malize the classical prediction about diversity gradients that lower-latitude species invading

higher-latitude habitats are more limited by the harshness of the abiotic environment than

the strength of biotic interactions (competition in our case), while the higher-latitude species

invading lower-latitude habitats are more limited by biotic interactions than the harshness

of the abiotic environment.

Invasion success when density-dependence operates through the birth rate

The invader’s invasion criterion is given by:

1

τ

dN2

dt

1

N2

=

1
τ

∫ τ
0

ln [B2(T (t))]
ln [B1(T (t))]

dt

1
τ

∫ τ
0
Q21(T (t)) +

Q21(T (t)) ln [1+ 1
4
A2

T q11(T (t))
2]−ln [1+ 1

4
A2

T q21(T (t))
2]

ln [B1(T (t))]
dt

> 1 (10)

where again Q21(T (t)) = q21(T (t))
q11(T (t))

, and AT is the amplitude of seasonal temperature fluctua-

tions (see Appendix B for the derivation).

As in the case when density-dependence operates on mortality, the numerator gives the

condition for successful colonization, and the denominator, the condition for successful estab-

lishment. The condition for successful colonization is qualitatively similar, in that it is given

by the ratio of the invader’s and the resident’s lifetime reproductive success. The condition

for successful establishment contains additional terms due to the non-linearity in density-

dependence, which act as a constraint on the invader’s ability to withstand competition from

the resident.

By substituting the latitudinal relationships as before, we see from the numerator that

successful colonization requires that lower-latitude invader can successfully colonize a higher-
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latitude habitat only if it has a higher maximum birth rate. In the denominator, q11(T (t)) =

q11Topt
e
− (AT S(t)+x)2

2s2
b1 and q21(T (t)) = q21Topt

e
− (AT S(t)+x+m)2

2s2
b1 . When m > 0, as is the case

when the invader is from a lower latitude than the resident, q11(T (t)) > q21(T (t)) and

Q21(T (t)) ln [1 + 1
4
A2
T q11(T (t))

2
] > ln [1 + 1

4
A2
T q21(T (t))

2
]. As in the case if density-dependent

mortality, an invader from a lower latitude, which has a higher thermal optimum (m > 0),

experiences weaker competition from the resident than it does in a constant thermal environ-

ment, while an invader from a higher latitude, which has a lower thermal optimum (m < 0),

experiences stronger competition than it does in a constant environment.

In summary, although non-linear density-dependence imposes additional constraints on

establishment, it does not affect the qualitative outcome that a lower-latitude invader expe-

riences, on average, lower competition from a higher-latitude resident than vice versa.

Trait attributes that affect invasion success

We find that lower-latitude ectotherms can colonize and establish in higher-latitude com-

munities if they have higher thermal optima (m > 0) and higher maximum birth rates

(v > 1; Fig. 2). This trait combination also allows them to prevent the colonization and

establishment of higher-latitude ectotherms in lower-latitude communities. Even a slightly

higher maximum birth rate than the invader is sufficient for lower-latitude species to exclude

higher-latitude invaders (Fig. 2). Interestingly, neither a higher response breadth (n) nor

a greater temperature sensitivity of mortality (s) can prevent higher-latitude species from

being excluded from lower-latitude habitats (Fig. 4).

If lower-latitude ectotherms do not have a higher maximum birth rate, then the di-

rectionality in invasion success becomes much less strong. In this case lower-latitude ec-
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totherms can colonize and establish in higher-latitude communities only if they experience

relatively weak competition from higher-latitude species in the absence of thermal variation

(i.e., q21Topt
< q11Topt

). However, they cannot prevent higher-latitude species from invading

lower-latitude communities (Fig. 3). The lower response breadth of lower-latitude ectotherms

(n < 1) does not hinder their ability to colonize and establish in higher-latitude communities,

provided it exceeds a minimal limit that allows the species to persist in its native habitat

(Fig. 4).

Differences between species in their temperature sensitivity of mortality (s) does not

qualitatively alter the above outcomes. A higher thermal sensitivity (s > 1) does have the

quantitative effect of increasing the lifetime reproductive success of a lower-latitude invader,

but because the mortality effect on the invasion criterion is linear while that of the optimum

is non-linear, this advantage is insufficient to overcome the decrease in colonization success

of a lower-latitude invader that does not have a higher maximum birth rate (Fig. 4).

The above results were obtained when density-dependence operates on the mortality rate.

Their qualitative outcomes are unaltered when density-dependence operates on the birth rate

(Appendix C, Figs. C1-C3).

Discussion

Data for both extant and fossil ectotherm taxa suggest a directionality in invasion success:

lower-latitude ectotherms appear to be more successful at invading higher-latitude commu-

nities than vice versa. Here we use a trait-based mathematical framework to investigate

the mechanistic underpinnings of this phenomenon. We derive a trait-based version of the

invading species’ time-averaged per capita growth rate when rare (its invasion criterion in a
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seasonally varying environment) and decompose it into its two basic components: conditions

for successful colonization (ability to increase when rare in a novel abiotic environment),

and conditions for successful establishment (ability to withstand competition from native

species). We express these conditions in terms of easily quantifiable metrics: differences be-

tween invader and resident in their thermal optima (m), maximum birth rates (v), response

breadths (n), and thermal sensitivities of mortality (s).

We generated a priori predictions about differential invasion success based on the funda-

mental property of trait responses, i.e., the nature of their non-linearity. Based on whether

the trait response was concave-down (e.g., unimodal) or concave-up (e.g., exponential), we

used Jensen’s inequality (Jensen, 1906) to predict the average trait response in a seasonally

varying environment. We predicted that differential thermal adaptation arising from latitu-

dinal variation in thermal regimes should give lower-latitude (e.g., tropical) ectotherms an

advantage in both colonization of, and establishment in, higher-latitude (e.g., temperate)

communities. Specifically, we argued that their higher thermal optima for birth rate should

allow lower-latitude ectotherms to capitalize on the favorable periods of the year when they

colonize a higher-latitude habitat, and that adaptation to a warmer thermal environment

in their native habitat should result in such species experiencing lower average mortality

in a higher-latitude environment. We further argued that their lower thermal optima and

adaptations to a cooler thermal environment in their native habitat should make it difficult

for higher-latitude ectotherms to increase when rare in a lower-latitude environment.

Tests of our predictions with a trait-based dynamical model of intra- and inter-specific

competition both supports our predictions and yields new insights. We find that a higher

thermal optimum (Toptb) and a correspondingly high maximum birth rate (bTopt) allows lower-
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latitude ectotherms to successfully colonize and establish in higher-latitude habitats. This

trait combination also allows them to exert strong competition on higher-latitude invaders,

preventing their establishment in lower-latitude communities. In contrast, their lower ther-

mal optima and lower maximum birth rates prevent higher-latitude ectotherms from success-

fully colonizing lower-latitude habitats. This trait combination means that higher-latitude

ectotherms exert only weak competition on lower-latitude invaders. Interestingly, neither

a wider response breadth (greater phenotypic plasticity) nor greater temperature sensitiv-

ity of mortality can overcome the disadvantage that higher-latitude invaders have in terms

of lower thermal optima and lower maximal birth rates when it comes to invading lower-

latitude habitats or preventing lower-latitude invaders from establishing in higher-latitude

communities. We find that these results are robust to the type of life history trait on which

density-dependence operates (e.g., birth rate vs. mortality rate).

If the higher thermal optimum of lower-latitude ectotherms is not accompanied by a

higher maximum birth rate, the directionality in invasion success becomes much less strong.

Now, lower-latitude ectotherms can invade higher-latitude communities only if they expe-

rience lower competition from higher-latitude species even in the absence of thermal vari-

ation, but they cannot prevent higher-latitude ectotherms from successfully colonizing and

establishing in lower-latitude habitats. Given that lower-latitude ectotherms are thermal

specialists with narrow response breadths, one would expect fitness maximization in their

native habitats (characterized by high mean temperatures and low-amplitude seasonal fluc-

tuations) to require the evolution of a higher maximum birth rate. A recent study on the

evolution of the thermal response of the birth rate shows that this is indeed the case (Ama-

rasekare and Johnson, 2017). Higher maximum performance in environments characterized
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by higher mean temperatures is also the basis of the “hotter is better” hypothesis, which is

supported by empirical data (Frazier et al., 2006). These considerations allow us to make

a testable prediction about the latitudinal directionality in invasion success. If differential

thermal adaptation is the mechanism driving the observed directionality in invasion success,

we would expect successful invaders of higher-latitude communities to have higher maximum

birth rates than native species. Note that this prediction applies to recent invasive species

and not ones that have become naturalized and evolved adaptations to their current biotic

and abiotic environment.

A particular strength of our trait-based framework is that it allows testable predictions

about population-level outcomes of colonization and establishment based solely on species’

differences in birth, mortality and competitive responses. Our mathematical analysis allows

us to express these differences in terms of four basic quantities: birth rate optimum, maxi-

mum birth rate, response breadth and temperature sensitivity of mortality. Importantly, we

can make comparative predictions about latitudinal differences in ectotherm invasion success

based solely on these quantities, thus providing testable predictions about population-level

outcomes completely independently of population-level data.

An additional strength of our framework is its generality. Not only can we predict the

success of a particular invasive species at a given latitude, but by incorporating latitudinal

relationships in how trait responses change with seasonal fluctuations, our framework can

make predictions about ectotherm invasion success at any latitude. This generality allows us

to test broader hypotheses about latitudinal patterns in diversity. Of particular importance,

our framework provides for a mechanistic interpretation of the classical argument about lat-

itudinal diversity gradients, i.e., species invading lower latitudes are hindered more by biotic
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interactions than the harshness of the abiotic environment, while species invading higher

latitudes are hindered more by the harshness of the abiotic environment than by biotic in-

teractions (MacArthur, 1972; Gaston, 2003; Reuman et al., 2014). Our decomposition of the

invasion criterion into conditions for successful colonization and for successful establishment

allows a direct test of this hypothesis using the three metrics that encapsulate the funda-

mental differences in species’ trait responses to temperature. Given the wide availability of

trait response data in the literature (Huey and Berrigan, 2001; Gillooly et al., 2001, 2002;

Dell et al., 2016; Englund et al., 2011; Amarasekare and Savage, 2012), such a test is easily

within reach.

Our framework can also predict the effects of climate warming on latitudinal variation

in invasion success. By characterizing species’ trait responses in terms of deviations in ther-

mal optima from the mean habitat temperature and elucidating the outcome of competition

when these deviations are positive vs. negative (i.e., an incoming species’ birth rate optimum

is closer to or farther away from the mean habitat temperature), we provide a mechanistic

basis for predicting how an increase in the mean temperature will influence the invasion

success of species from lower or higher latitudes. For example, a higher mean should favor

higher birth rate optima in the tropics and lower optima in the temperate zone, suggest-

ing a warming-induced increase in the colonization and establishment of of lower latitude

ectotherms of higher-latitude habitats and a decrease in the colonization success of higher-

latitude ectotherms in lower-latitude habitats.

Perhaps most important, our framework can predict the effects of temperature fluctua-

tions on invasion success. Recent evidence of warming-induced increases in the frequency of

warmer-than-average days (IPCC, 2014), makes this issue a high research priority. Given the
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important role of thermal optima and maximum birth rates in determining colonization and

establishment success, we predict that species’ differences in these response parameters will

be critical in determining the success of invasive species across a latitudinal gradient. We

further predict that differences between species in their temperature sensitivity of mortality

will have a strong influence on invasion success through their effects on species’ lifetime re-

productive success. The fact that the qualitative nature of trait responses to temperature are

conserved across ectotherm taxa, and their parameters are thermodynamically constrained

to lie within a narrow range of values, makes it possible to use trait response data even from

distantly related species to make predictions about warming-induced impacts of invasive

species on native biota.

We have focused on an unstructured model of competitive interactions both because it

provides a simpler biological starting point and because it makes the mathematical anal-

yses more tractable. Given that multicellular ectotherms exhibit complex life cycles with

temperature-dependent development, it is important to test the robustness of our findings

with a stage-structured, variable delay model that realistically captures temperature effects

on ectotherm development. This will be one of the questions addressed in Chapter 3.

In conclusion, we have developed a trait-based mathematical framework that allows us

to elucidate the mechanistic basis of the observed latitudinal directionality in ectotherm

invasion success, and, more generally, to provide a mechanistic interpretation of the classical

hypothesis about latitudinal diversity gradients. Our framework is both general and flexible,

making it a foundation for both empirical testing as well as future theoretical explorations.

Our attempt to develop a mechanistic understanding of latitudinal variation in invasion

success not only yields conceptual insights into broader questions such as latitudinal diversity
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gradients, but also provides the conceptual basis for addressing important practical questions

such as the combined effect of climate warming and invasive species on biodiversity.
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Appendix A

Invasion success in a constant thermal environment

In a constant thermal environment, successful invasion requires that the per capita growth

rate of the invader species when rare (i.e., N∗2 = 0) is greater than zero. When density-

dependence affects mortality, this criteria becomes:

dN2

dt

1

N2

= b2(T )− d2(T )
(

1 + q21(T )N∗1

)
> 0 (A.1)

where N∗1 =
b1(T )
d1(T )

−1
q11(T )

and is the stationary state of the native species in a constant thermal

environment solved for when dN1

dt
= 0 and N∗2 = 0. Substituting in for N∗1 and rearranging

gives the following criteria:

B2(T )− 1

B1(T )− 1
>
q21(T )

q11(T )
(A.2)

where, recall, Bi(T ) = bi(T )
di(T )

.

We follow the same procedure to get the invasion criteria of the invader species when

density-dependence acts on fecundity:

dN2

dt

1

N2

= b2(T )e−q21(T )N
∗
1 − d2(T ) > 0 (A.3)

where now N∗1 =
ln
[

b1(T )
d1(T )

]
q11(T )

. Again we substitute out N∗1 and rearrange to get:

ln[B2(T )]

ln[B1(T )]
>
q21(T )

q11(T )
. (A.4)

Mutual invasibility, signifying native-invasive coexistence, requires that the per capita

growth rate of both the invasive and native species when rare be greater than zero. The
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invasion criteria for the native species can be found using the same procedure as above.

We find that when density-dependence acts on mortality the native invasion criteria gives

B1(T )−1
B2(T )−1 >

q12(T )
q22(T )

, and when density-dependence acts on fecundity, the criteria is ln[B1(T )]
ln[B2(T )]

>

q12(T )
q22(T )

. Putting together the native and invasive species’ invasion criteria gives a sufficient

condition for mutual invasibility (right column of Table 1 below). A less stringent criteria

for mutual invasibility, can be derived if we assume that both species are equally good at

colonizing their thermal environment. In such a case, B1(T ) = B2(T ), and we find that,

regardless of life history trait upon which density-dependence acts, the necessary condition

requires q12(T )
q22(T )

q21(T )
q11(T )

< 1. This necessary condition must be satisfied for mutual invasibility

to occur, but alone is not sufficient to guarantee mutual invasibility.

These results are summarized in Table 1. For comparison, the necessary and sufficient cri-

teria for mutual invasibility in temperature-dependent classical Lotka-Volterra competition

model are given in Table 2. This model takes the form:

dNi

dt
=
ri(T )Ni

Ki(T )

(
Ki(T )− qii(T )Ni − qij(T )Nj

)
= 0 (A.5)

where ri(T ) is the intrinsic growth rate of species i and Ki(T ) is its temperature-

dependent carrying capacity. Notice that the criteria summarized in Table 2 are qualitatively

equivalent to those shown in Table 1.
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Density-dependent Necessary Condition Sufficient Condition

Trait

Fecundity q12(T )
q22(T )

q21(T )
q11(T )

< 1 q12(T )
q22(T )

< ln[B1(T )]
ln[B2(T )]

< q11(T )
q21(T )

Mortality q12(T )
q22(T )

q21(T )
q11(T )

< 1 q12(T )
q22(T )

< B1(T )−1
B2(T )−1 <

q11(T )
q21(T )

Table 1: Mutual invasibility criteria

Necessary Condition Sufficient Condition

q12(T )
q22(T )

q21(T )
q11(T )

< 1 q12(T )
q22(T )

< K1(T )
K2(T )

< q11(T )
q21(T )

Table 2: Mutual invasibility criteria for classical Lotka-Volterra model
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Appendix B

Invasion success in a seasonally varying thermal environment

Density-dependence operates on the mortality rate

Calculating an invader species’ per capita growth rate when rare requires knowing the

stationary state of its competitor (e.g., the resident species’ carrying capacity in a constant

thermal environment). In a seasonally varying environment, this stationary state changes

with time and can be intractable. However, using an argument inspired by Armstrong

and McGehee (Armstrong and McGehee, 1980), we show that when density-dependence

has a linear effect on a resident species’ per capita growth rate, as is the case when density-

dependence operates on the mortality rate (see Mathematical Framework section in the main

text), the average stationary state of the resident species (N1(T (t)) in the text, for conve-

nience we shorten notation to N1 below) is equal to
b1(T (t))
d1(T (t))

−1
q11(T (t))

where b1(T ) and d1(T ) repre-

sent, respectively, the resident species’ per capita birth and mortality rates, and q11(T (t)),

its self-limitation strength at temperature T , which varies with time (t).

Our argument is as follows. Let the resident species’ per capita growth rate in the absence

of the invader be given by:

f(N1) =
dN1

dt

1

N1

= b1(T (t))− d1(T (t))
(
1 + q11(T (t))N1(t)

)
(B.1)

In a seasonally varying environment with periodic forcing, the resident species’ abundance

(N1(t)) will return to its original value after a time period τ (τ = 365 days). Then, N1 =

1
τ

∫ τ
0
N1(t) dt. Since the species’ abundance returns to its original value after time

τ ,
∫ τ
0

1
N
dN1

dt
= lnN1(τ)− lnN1(0) = 0.
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Therefore,

f(N1) = 1
τ

∫ τ
0

1
N1

dN1

dt
dt = 0.

This means that the time-averaged per capita growth rate of the resident species is zero,

i.e., the it is at a stationary state. Importantly, because density-dependence is linear, the

per capita growth rate depends only linearly on the species’ abundance (i.e., f(N1) is linear

in N1). Therefore, f(N1) = f(N1). Since f(N1) = 0, this means that

b1(T (t))− d1(T (t))
(
1 + q11(T (t))N1

)
= 0

and therefore,

N1 =
b1(T (t))
d1(T (t))

−1
q11(T (t))

.

Density-dependence operates on the birth rate

When competition affects fecundity, per capita growth rate is no longer a linear function

of density and Jensen’s inequality (Jensen, 1906) comes into play. Now we need to use a

Taylor series expansion to approximate the non-linearity in the per capita growth rate (see

Gravel et al. (2011) and references therein). The approximation takes the form:

G(x) ≈ G(x) +
1

2
G′′(x)σ2 (B.2)

where G′′(x) denotes the second derivative of G with respect to x, and σ2 represents the

temporal variance of the seasonal environment,
A2

T

2
. Now we can use the same logic as in the

linear case to get G(x).
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Let G(x) be represented by g(N1) the per capita growth rate of the resident species when

the invader species has negligible abundance:

g(N1) =
dN1

dt

1

N1

= b1(T (t))e−q11(T (t))N1(t) − d1(T (t)) (B.3)

Again, g(N1) = 0 based on the argument given in the ”Density-dependence operates on

the mortality rate” section above. This means that the left-hand side of Equation (B.2) is

zero. The first term on the right-hand side of Equation (B.2) is found by substituting N1

for N1(T (t)) in g(N1): g(N1) = b1(T (t))e−q11(T (t))N1 − d1(T (t)). Finally, we need to take the

second derivative of function g with respect to N1 and evaluate at N1, which gives:

g′′(N1) = q11(T (t))2b1(T (t))e−q11(T (t))N1 .

Plugging these back into Equation (B.2) gives

0 ≈ b1(T (t))e−q11(T (t))N1 − d1(T (t)) +
A2

T

4
q11(T (t))2b1(T (t))e−q11(T (t))N1 ,

and hence,

N1 ≈ 1
q11(T (t))

ln
[
b1(T (t))
d1(T (t))

(
1 +

A2
T

4
q11(T (t))2

)]
.

To find the per capita growth rate of the invader species, we must again use the nonlinear

approximation given by Equation (B.2). Now let G(x) be represented by h(N1), the invader

species’ per capita growth rate where

h(N1) =
dN2

dt

1

N2

= b2(T (t))e−q21(T (t))N1(t) − d2(T (t)) (B.4)

Then, the average per capita growth rate, h(N1), is approximately equal to
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h(N1) +
A2

T

4
h′′(N1) where h′′(N1) = q21(T (t))2b2(T (t))e−q21(T (t))N1 .

For invasion, h(N1) > 0, which means that h(N1) +
A2

T

4
h′′(N1) > 0,

and hence

b2(T (t))e−q21(T (t))N1 − d2(T (t)) +
A2

T

4
q21(T (t))2b2(T (t))e−q21(T (t))N1 > 0.

Substituting N1 in from above (N1 ≈ 1
q11(T (t))

ln
[
b1(T (t))
d1(T (t))

(
1 +

A2
T

4
q11(T (t))2

)]
), and rear-

ranging gives

ln[B2(T (t))]
ln[B1(T (t))]

> Q21(T (t)) +
Q21(T (t))ln[1+

A2
T
4
q11(T (t))2]−ln[1+

A2
T
4
q21(T (t))2]

ln[B1(T (t))]
.

Recall that Bi(T (t)) = bi(T (t))
di(T (t))

and Q2(T (t)) = q21(T (t))
q11(T (t))

. For the invader to have a positive

per capita growth rate over the year, the left-hand side must on average be greater than the

right-hand side:

1
τ

∫ τ
0

ln [B2(T (t))]
ln [B1(T (t))]

dt > 1
τ

∫ τ
0
Q21(T (t)) +

Q21(T (t)) ln [1+ 1
4
A2

T q11(T (t))
2]−ln [1+ 1

4
A2

T q21(T (t))
2]

ln [B1(T (t))]
dt.

Dividing the left-hand side by the right-hand side gives the result presented in Equation

(10) in the main text.
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Appendix C

Invasion success when density-dependence operates on the birth rate

Figures C1-C3 depict the invader’s invasion criterion as a function of species’ differences

in thermal optima and maximum birth rate (Fig. C1), competitive effects (Fig. C2), and re-

sponse breadth and temperature sensitivity of mortality (Fig. C3) when density-dependence

operates on the birth rate. As can be seen, the outcomes with respect to the directionality

in invasion success is robust to the life history trait on which density-dependence operates.
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Figure Legends

Fig. 1. Temperature responses of per capita birth and mortality rates in a seasonally

varying environment for lower-latitude (e.g., tropical; panels (a) and (c)) and higher-latitude

(e.g., temperate; panels (b) and (d)) ectotherms. In all panels the solid curve denotes

the temperature response of birth or mortality rate (based on the mechanistic descriptions

given in the main text; Equations (3) and (2), and the shaded region depicts the range of

temperatures experienced by the species in a tropical or temperate habitat.

Fig. 2. The invading species’ invasion criterion (i.e., it per capita growth when rare) as

a function of the difference between the resident and the invader species’ thermal optima for

birth rate (m) and maximum birth rate (v) for a tropical ectotherm invading a temperate

habitat (panels (a) and (c)) and a temperate ectotherm invading a tropical habitat (panels

(b) and (d)). Note that invader can increase when rare when the invasion criterion (Equation

(9)) exceeds 1. The horizontal dashed line gives the invasion boundary. In panels (c) and (d),

the vertical dashed line denotes equal maximum birth rates for resident and invader. Note

that the tropical invader cannot increase when rare unless its maximum birth rate is at least

1.5 times that of the resident panel (c) and (d), while the temperate invader can increase

when rare as long as its maximum birth rate exceeds that of the resident. This means that the

temperate invader cannot increase when rare if the tropical resident has a higher maximum

birth rate (i.e., “hotter is better”; Frazier et al. (2006)). Parameter values used are realistic

for tropical and temperate herbivores (Dreyer and Baumgartner, 1996; Lu et al., 2010).

Temperate resident and tropical invader: MT = 299K,AT = 1.65, b1Topt
= 1, sb1 = 7.0, x =

13, y = 12, n = 0.5, s = 1, g = 0, Ad1 = 6700; tropical resident and temperate invader:
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MT = 285K,AT = 15, b1Topt
= 1, sb1 = 3.5, x = 1, y = −2, n = 2.0, s = 1, g = 0, Ad1 = 6700.

Fig. 3. The invading species’ invasion criterion as a function of the resident’s competitive

effect on the invader relative to its self-limitation (f) for a tropical ectotherm invading a

temperate habitat (panel (a)) and a temperate ectotherm invading a tropical habitat (panel

(b)). The horizontal dashed line gives the invasion boundary and the vertical dashed line,

equal competitive effect of resident on invader and vice versa. Note that the tropical invader

can increase when rare when its maximum birth rate is equal to that of the temperate

resident (v = 1) provided it experiences weak competition from the resident (f < 1, panel

(c)). However, a tropical resident with the same maximum birth rate as a temperate invader

cannot prevent the latter from invading unless it exerts strong competition on the invader

(f > 1; panel (d)). Temperate resident and tropical invader: b1Topt
= 1,m = 2, v = 1.0;

tropical resident and temperate invader: b1Topt
= 1,m = −2, v = 1.0. Other parameter

values are as in Fig. 2.

Fig. 4. The invading species’ invasion criterion as a function of the differences between

the resident and invader species’ response breadth (n) and temperature sensitivity of mor-

tality (s) for a tropical ectotherm invading a temperate habitat (panels (a) and (c)) and a

temperate ectotherm invading a tropical habitat (panels (b) and (d)). Note that a tropical

invader can successfully invade as long as its response breadth is above a minimum (n ≈ 0.2

for the parameter values used here) as long as it has a high maximum birth rate (panel

(a)), while a temperate invader cannot invade despite a high response breadth (n > 1) as

long as the tropical resident has a high maximum birth rate (panel (b)). Species’ differences

in temperature sensitivity of mortality has no qualitative effect on invasion success (panels

(c) and (d)). Temperate resident and tropical invader: b1Topt
= 1,m = 2, v = 2.0; tropical
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resident and temperate invader: b1Topt
= 2,m = −2, v = 0.5. Other parameter values are as

in Fig. 2.

Fig. C1. The invading species’ invasion criterion as a function of the difference between

the resident and the invader species’ thermal optima for birth rate (m) and maximum birth

rate (v) for a tropical ectotherm invading a temperate habitat (panels (a) and (c)) and a tem-

perate ectotherm invading a tropical habitat (panels (b) and (d)) when density-dependence

operates on the birth rate. In panels (c) and (d), the vertical dashed line denotes equal

maximum birth rates for resident and invader. Parameter values are as in Fig. 2.

Fig. C2. The invading species’ invasion criterion as a function of the resident’s competi-

tive effect on the invader relative to its self-limitation (f) for a tropical ectotherm invading a

temperate habitat (panel (a)) and a temperate ectotherm invading a tropical habitat (panel

(b)) when density-dependence operates on the birth rate. The horizontal dashed line gives

the invasion boundary and the vertical dashed line, equal competitive effect of resident on

invader and vice versa. Temperate resident and tropical invader: b1Topt
= 1,m = 2, v = 1.0;

tropical resident and temperate invader: b1Topt
= 1,m = −2, v = 1.0. Other parameter

values are as in Fig. 2.

Fig. C3. The invading species’ invasion criterion as a function of the differences be-

tween the resident and invader species’ response breadth (n) and temperature sensitivity

of mortality (s) for a tropical ectotherm invading a temperate habitat (panels (a) and (c))

and a temperate ectotherm invading a tropical habitat (panels (b) and (d)) when density-

dependence operates on the birth rate. Temperate resident and tropical invader: b1Topt
=

1,m = 2, v = 2.0; tropical resident and temperate invader: b1Topt
= 2,m = −2, v = 0.5.

Other parameter values are as in Fig. 2.
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A trait-based framework for elucidating the

effect of temperature variation on

native-exotic competition

Introduction

Climate change is the leading threat to biodiversity of the Century (Bellard et al., 2012)

and is causing increased invasions of ectothermic pest and pathogen species (Bebber et al.,

2013; Porter et al., 1999; Ziska et al., 2011). Such invasions can have severe impacts on

ecosystem function, economic stability and human health via impacts on natural resources,

agriculture, and vector-borne disease spread. Experimental and observational studies (for

example see Sorte et al. (2013) and references cited in Dukes and Mooney (1999)) indicate

increasing rates of invasion across a wide range of taxa. Due to the highly sensitive na-

ture with which ectotherm life history and interaction traits respond to temperature, we

expect changes to the thermal environment to both strongly influence the invasion success

of ectotherm pests and pathogens, and to modulate their negative impacts on native species.

Nonetheless, a mechanistic understanding of how these invasions are driven by climate change

have yet to be clearly elucidated.
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Current reports on climate change (IPCC, 2014) predict a global increase in mean temper-

ature and an increase in the number of extreme heat events. There are two main mechanisms

by which ectotherm invasion and subsequent impacts on native species could be affected by

such warming patterns. The first is that climate warming alters abiotic (thermal) conditions

such as to allow for exotic ectotherm species to colonize regions where previously they could

not due to physiological incompatibilities with the pre-warming environment. These thermal

incompatibilities are dictated by biochemical processes that emerge at the organismal level

in the form of life history performance traits (i.e., rates of reproduction, development, and

mortality). These responses can be well-captured empirically by thermal reaction norms.

Because the underlying biochemical processes are fundamental to life, the functional shape

of these trait responses, which tend to be monotonic and/or unimodal, are well-conserved

across ectotherm taxa (for large scale data analyses, see Dell et al. (2016); Englund et al.

(2011); Kingsolver et al. (2011)).

The second mechanism is that warming changes the strength and timing of native-exotic

interactions such that native residents that would have previously excluded introduced exotic

species via competitive or antagonistic interactions are no longer effective. Changes in the

strength of interactions with temperature is documented across a range of species interactions

including consumer-resource (e.g., see Rall et al. (2012, 2010); Englund et al. (2011); Dell

et al. (2016)), mutualisms (e.g., see the review Hegland et al. (2009)), and competition (e.g.,

see Breeuwer et al. (2008); Kirby and Lindsay (2009)). The timing of species interactions

is a population-level property that emerges from the timing of reproduction, as well as the

rate at which newly produced offspring develop into reproductive adults.

These two main mechanisms- changes to the thermal environment that directly affect
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invader physiology, and changes in the strength and/or timing of biotic interactions that

affect invader survival and population growth- are complex and highly intertwined. To make

sound predictions regarding the effects of warming on exotic species invasion success, we

need a framework that accommodates both mechanisms. Specifically, it must integrate the

dual processes underlying these mechanisms- the effect of temperature on physiology and

the effect of temperature on species interactions.

Here we present such a framework for integrating the joint effects of temperature and

species interactions on native-exotic systems. Because exotic species often compete with

native species for resources, we focus on competitive interactions. We use a delay differential

equation model to accommodate the developmental delay that is inherent to ectotherm

life cycles, and whose magnitude changes in temporally-varying thermal environments. We

use our framework to explore the outcome of climate warming in temperate regions, using

parameters from two Hemipteran species: the green plant bug Apolygus lucorum, a temperate

native, and the tropical pod sucking bug Clavigralla shadabi, which we use to represent a

potential competitor invader.

The novel contribution of our framework is that it explicitly incorporates the contribution

of juvenile development to species interactions and, specifically, exotic invasions. We predict

that this addition may give rise to dynamics not present in previous temperature-dependent

competition models. On the one hand, delays should reduce invasion success because they

add a cost to the species that is incurred via increased mortality (because now a species

must contend with mortality not only as an adult, but also during the full duration of the

the juvenile stage). Yet on the other hand, it also provides an additional niche axes across

which an exotic can differ from its native competitor- this should augment opportunities for
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invasion in cases where previously an invader would have been excluded via competition.

We use the stage-structured model it explore this apparent paradox by contrasting model

results with those generated by an analogous non-structured model.

Mathematical Framework

We start with a model of an ectotherm population consisting of a juvenile (non-reproductive)

stage and adult (reproductive) stage. The goal of this work is to realistically incorporate the

joint effects of temperature and competition on population dynamics, the former of which

strongly affects the duration of development from the juvenile to adult stage. To capture the

temperature sensitivity of development, we use delay differential equations with temperature-

dependent time delays. In doing so we build upon the early work on variable delay models

of Gurney et al. (Gurney et al., 1983) and Nisbet & Gurney (Nisbet and Gurney, 1983),

and the recent work of Amarasekare & Coutinho (Amarasekare and Coutinho, 2013, 2014)

on variable delay models with temperature-dependent parameters.

Temperature-explicit dynamics are obtained by incorporating the temperature response

of life history traits and competition coefficients (see Trait Responses section below) into a

set of variable delay differential equations:

dJi(t)

dt
= Bi

(
T (t), Ai(t), Ak(t)

)
Ai(t) −Ri −DJi

(
T (t), Ji(t), Jk(t)

)
Ji(t)

dAi(t)

dt
= Ri(t) −DAi

(
T (t), Ai(t), Ak(t)

)
Ai(t)

(1)

where Ri(t) captures recruitment, the flow of juvenile individuals into the adult class at

each time step and Bi, DJi and DAi are the per capita birth rate, juvenile mortality rate
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and adult mortality rate, respectively, of species i. These latter three rates are functions of

both temperature (T which can change with time t) and adult (Ai(t), Ak(t)) and juvenile

densities (Ji(t), Jk(t)) of species i and its competitor species k. In the analysis that follows,

we assume that resource limitation acts through fecundity only. That is,

Bi

(
T (t), Ai(t), Ak(t)

)
= bi(T (t))e−

(
qii(T (t))Ai(t)+qik(T (t))Ak(t)

)
,

and DJi and DAi are density-independent rates equal to dJi(T (t)) and dAi(T (t)), re-

spectively (see Trait Responses section below). Here qii(T (t)) is the temperature-dependent

competition strength with which species i limits itself and, qij(T (t)) is the temperature-

dependent strength that species k exerts on species i (also see Trait Responses section be-

low). The form of density-dependent effects on fecundity that we assume is consistent with

that measured in temperature-independent intraspecific competition of many insect species

(Murdoch et al., 2003). Insects are a group that contributes greatly to invasive pests (Pysek

et al., 2008), and are therefore a reasonable place to start analysis of our model. However,

the model is flexible such that DJi and DAi and Bi could take any form.

The rate at which juveniles of species i mature into the adult stage is given by recruitment

Ri(t):

Ri(t) = Bi

(
T
(
t−τi(t)

)
, Ai
(
t−τi(t)

)
, Ak

(
t−τi(t)

))
·Ai
(
t−τi(t)

)
·Si(t)

mJi

(
T (t)

)

mJi

(
T (t− τi(t))

) (2)

where τi(t) (or τi(T )), is the developmental delay of species i at a given temperature (the

temperature that corresponds with t) and is the inverse of development rate (i.e., τ(T (t)) =

1
m(T (t))

). The recruitment rate is determined by the rate of individuals born into the juvenile

stage at τi(t) time units before the current time t (Bi

(
T
(
t−τi(t)

)
, Ai
(
t−τi(t)

)
, Ak

(
t−τi(t)

))
·
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Ai(t− τi)(t)), scaled by the proportion of those individuals that survive the entire duration

of the juvenile stage. The mJi

(
T (t− τi(t))

)
term in the denominator emerges from solving

a partial differential equation of the form of the von Foerster equation using a boundary

condition for a stage-structured balance equation (see Nisbet and Gurney (1983) Appendix

1 for more details; note that our notation deviates from theirs). However, survival Si(t) and

development time τi(t) are not necessarily constant- if the thermal environment changes, so

too will the survival probability and development time. To keep track of how Si(t) and τi(t)

change over time, we must add two more equations to our model: dSi(t)
dt

and dτi(t)
dt

.

dSi(t)

dt
= Si(t)

(mJi

(
T (t)

)
DJi

(
T (t− τi(t)), Ji(t− τi(t)), Jk(t− τi(t))

)

mJi

(
T (t− τi(t))

) −DJi

(
T (t), Ji(t), Jk(t)

))

(3)

and,

dτi(t)

dt
= 1 − mJi

(
T (t)

)

mJi

(
T (t− τi(t))

) (4)

As equation 3 indicates, the probability of survival changes with time such that survival

is greater when the temperature-dependent maturation rate at a given temperature is faster

than the rate at the original temperature. In a constant thermal environment, mJi = 1
τ
, and

τ is constant with respect to time; in a variable environment τ changes depending on the

difference between the temperature-dependent maturation rates at the current and original

temperature. Because the value of a given life history trait is determined by temperature

(e.g., Bi(T )), when temperature changes with time, the trait value also changes with time.

We incorporate seasonality and warming into the model by setting T = z(t). For seasonal

temperature variation in the absence of warming, z(t) is described by a periodic function:
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z(t) = µT − AT cos
(
2πt
yr

)

where µT and AT are the mean and amplitude of seasonal fluctuations, and yr is 365

days. Climate change affects environmental temperature by increasing the number of high

temperature days (IPCC, 2014), thus generating both increased average annual temperatures

and greater seasonal fluctuations. The model can capture this by altering parameters in z(t)

above such that µT and AT are now functions of time µT (t) and AT (t) where µT (t) = µT +γµt

and AT (t) = AT + γAt. Here µT and AT are the pre-warming mean and amplitude, as in

the seasonal non-warming case. The rate at which the mean and amplitude increase over

time, γµ and γA respectively, are given as 1
nµ·yr and 1

nA·yr where nµ and nA give the number

of years per a 1 degree Celsius increase in temperature (Amarasekare and Coutinho, 2013).

Note that these functions are illustrative; the model is general and can accommodate any

climate change warming scenario.

Trait Responses

The temperature response of birth rate is symmetric unimodal (Dell et al., 2016; Ama-

rasekare and Savage, 2012) and well-described by a Gaussian function:

b(T (t)) = bmaxe
−
(
T (t)−Topt

)2
2s2 , (5)

where bmax is the maximum per capita fecundity, realized at the optimal temperature for

reproduction (Topt), and s quantifies the deviation around the temperature optimum.

The per capita mortality rate of ectotherms increases monotonically with temperature

according to the Boltzmann-Arrhenius relationship (Gillooly et al., 2001, 2002; Savage et al.,

2004):
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d(T (t)) = dTRe
Ad

(
1
TR

− 1
T (t)

)
, (6)

where dTR is the per capita mortality rate measured at a reference temperature TR.

The parameter Ad, the Arrhenius constant (activation energy per Boltzmann constant),

determines how quickly the mortality rate increases with temperature (Van der Have and

de Jong, 1996; Gillooly et al., 2002; Savage et al., 2004). For example, a high Ad means a

steeper increase in the mortality rate with temperature (i.e., a greater sensitivity of mortality

to temperature). In what follows, dA(T ) refers to adult mortality, and dJ(T ), refers to

juvenile mortality. Both take the form of equation 5.

The maturation rate, the rate at which an individual develops from one life stage to the

next, of multi-cellular ectotherms exhibits a unimodal, left-skewed temperature response:

m(T (t)) =
mJ

T (t)
TR

e
Am

(
1
TR

− 1
T (t)

)

1 + e
AL

(
1

TL/2
− 1
T (t)

)
+ e

AH

(
1

TH/2
− 1
T (t)

) , (7)

where mJ is the maturation rate, and Am is the enthalpy of activation (scaled by the

universal gas constant, R), both measured at reference temperature TR which is a tem-

perature for which the control metabolic enzyme on which development rates are based is

100% active. The parameters AL and AH give the enthalpy of activation (per R) at low

and high temperatures for which enzyme activity is at 50%. The parameters TL/2 and TH/2

are the temperatures at which these low and high enthalpies occur (Johnson and Lewin,

1946; Schoolfield et al., 1981; Sharpe and DeMichele, 1977; Van der Have and de Jong, 1996;

Van der Have, 2002; Ratkowsky et al., 2005).

The trait responses of fecundity, survival and development arise from processes internal
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to a single individual. In contrast, competition strength, and its response to temperature,

manifest from interactions between many individuals. Recent theory (Begon et al., 2005;

Amarasekare and Coutinho, 2014) and empirical support (Gao et al., 2013; Johnson et al.,

2016) provide us with the hypothesis that the temperature response of intraspecific competi-

tion strength follows a unimodal functional form with a maximum at temperatures optimal

for reproduction. The optimal temperature for reproduction is the temperature at which

resource requirements across competing individuals are expected to be highest at the same

time due to peak reproduction. Much like the temperature response of reproduction, the re-

lationship between temperature and strength of intraspecific competition can be formalized

in terms of a Gaussian function:

qi(T (t)) = qie

−
(
T (t)−Tqi

)2
2s2
i (8)

where qi, is the maximum competition strength, which occurs at the temperature for

maximum reproduction (or other form of activity for which resource requirements are great),

Tqi . The width of the temperature response is given by si.

Empirical work has not yet been published on the temperature response of interspecific

competition strength, but we use the idea that a species is most sensitive to competition

at the temperature for which reproduction is maximized, as in the case of intraspecific

competition. Because a species j can only exert a sustainable competitive effect qij(T ) on

competitor species i over the temperature range for which species j’s population is viable,

the width of response exerted on species i by j, sij, is equivalent to the width of species j’s

response sj. This gives the following equation for the temperature response of interspecific
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competition:

qij(T (t)) = qije

−
(
T (t)−Tqij

)2
2s2
ij (9)

where again species i experiences the greatest strength of competition at temperature

Tqij . Both Tqij and Tqi occur at species i’s thermal optimum for reproduction.

Model Analysis

We use the model to simulate the joint effects of temperature and competition on native-

invasive interactions in ambient and warming temperate regions. We simulate native-exotic

interactions starting with a thermal regime typical of temperate zones (µT = 12.2 oC and

AT = 15.24 oC under ambient seasonal conditions) and use parameters characteristic of

typical temperate and tropical species. As already mentioned, these parameters come from

measurements of two Hemipteran insects, the tropical Clavigralla shadabi and the temperate

Apolygus lucorum. These parameters are taken from (Scranton and Amarasekare, 2017). We

compare our simulations to those generated by the following model:

dA1(t)

dt
= b1(T (t))e−q11(T (t))A1(t)q12(T (t))A2(t)A1(t) − d1(T (t))A1(t)

dA2(t)

dt
= b2(T (t))e−q22(T (t))A2(t)q21(T (t))A1(t)A2(t) − d2(T (t))A2(t)

(10)

where all traits are defined as in Equations (5), (6), (8) and (9) above. For both models,

we assume that the native resident, which is already adapted to both the thermal and biotic

environment, is a superior competitor than the exotic invader under constant temperature

(i.e., qij > qji in Equation 9 where species i represents invader and j represents native).
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We solve both models numerically using the PyDDE package. In order to explore long-

term dynamics, we use an initial condition of 10 adults of each species, or 10 adults of one

species and 0 adults of another for the case of intraspecific competition acting alone (used for

comparison). We examine the two warming scenarios mentioned in the Mathematical Model

section separately. For all cases, warming occurs over 100 years, but we run each simulation

for an additional 50 years after warming has concluded to allow for model convergence. All

models converge by 130 years from the start of the model (i.e., 30 years after warming has

concluded; see Supplementary Figs. S1.1-S1.4).

We investigated the effects of developmental delays on competition by setting the devel-

opmental response parameters of the exotic invader (per capita mortality rate at the reference

temperature, dTR ; Arrhenius constant, AdJ ; lower and upper temperature thresholds, TL/2,

TH/2; enthalpy of activation at the reference and lower and upper temperature thresholds,

Am, AL, AH ; mortality rate at the reference temperature, mJ) equal to those of the temper-

ate native. We then varied the tropical invader’s parameters one-by-one above and below

the values measured in the temperate-adapted species.

Results

Invasion Success in a Constant Thermal Environment

Under assumption of a constant thermal environment (Table 1) we find that, in com-

parison to a non-stage-structured model (i.e., Equation 10), a developmental stage adds a

new niche axis, dJ(T ) · τ(T ), across which species-specific differences can be generated. At

the same time, however, the new term dJ(T ) · τ(T ) reduces a species’ ability to invade. For

example, in order for species 1 to establish into a community in which competitor species 2
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resides, the following must be true:

q12(T )
q22(T )

<
ln
(

b1(T )
dA1

(T )

)
−dJ1 (T )τ1(T )

ln
(

b2(T )
dA2

(T )

)
−dJ2 (T )τ2(T )

.

The larger the dJ1(T ) · τ1(T ) term, the harder it is for species 1 to satisfy this criteria.

Conversely, the larger dJ2(T )τ2(T ) is the easier it is for species 1 to invade.

We see that the term dJ(T ) · τ(T ) gets larger in magnitude with warming temperatures

(Fig. 1, bottom right). This is because the temperature response of mortality increases

exponentially with temperature, and the temperature response of development time, while

initially decaying with warming temperatures, does become large at high temperatures.

Thus, invasion of temperate regions by stage-structured populations is most greatly inhibited

by the dJ(T ) · τ(T ) term during warmer times of year. We might therefore expect that a

developmental stage makes invasion more difficult under climate warming.

Invasion Success under Warming Seasonal Conditions

We use the stage-structured model to examine the impact of warming in a temperate

region on the interactions between the temperate native A. lucorum, and a potential tropical

invader C. shadabi. The stage-structured model predicts that the minimum population size

of the temperate native species A. lucorum will decline with warming regardless of whether

it is engaging in competition with the exotic tropical invader (Fig. 3, bottom row). In

contrast, warming does not strongly alter the minimum population size of the invader C.

shadabi in the presence, or absence, of competition with the native lucorum (Fig. 3, top

row). However, in the presence of competition, the maximum abundance of tropical invader

C. shadabi increases with warming (Fig. 3, top left), while in the absence of competition, such

a pattern is not observed (Fig. 3, top right). This reflects an interaction between competition
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and warming, rather than an impact of warming alone. In fact, the framework shows that

for strong competition between temperate native A. lucorum and tropical invader C. shadabi

(Fig. 4), warming allows invasion of temperate regions by the tropical exotic when ambient

conditions do not (Fig. 4, top left). Further, while moderate warming promotes native-

exotic coexistence, high warming inhibits it by causing extinction of the native temperate

species. A comparison between competition and no competition shows that these patterns

are mediated through warming effects on competition, not warming alone (Fig. 4).

We investigate the effect of developmental delays on invasion success by comparing the

results of an unstructured model (i.e., without development) to those of a stage-structured

model in which both native and exotic species have the same developmental parameters. We

find that the existence of a developmental delay decreases the persistence of the invader as

warming proceeds (notice the invader’s declining minimum population size with warming in

the absence of competition: Fig. 5 right column, first row). In the unstructured model, the

invader does not suffer from this decline in persistence (Fig. 5 left column, first row). This

illustrates the disadvantage of having a complex life cycle, which generates an additional

mortality cost incurred during the duration of development. On the other hand, in the

stage-structured model (Fig. 5, right column, third and forth row) coexistence can occur

under a greater degree of warming than in the unstructured model (Fig. 5, left column, third

and forth row). This highlights the benefit of a complex life cycle.

We see by manipulating developmental trait response parameters that the benefit of the

complex life cycle is enhanced by either shortening the developmental delay (by increasing

rates of development) or reducing the juvenile mortality rate (Fig. 5). For example, under

ambient conditions the larger the maturation rate at the reference temperature (i.e., the
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larger mJ ; Fig. 6, row 3), the higher the average long-term abundance of the exotic. This

is also true for the temperature sensitivity of the development rate (Am; Fig. 6, row 4).

In contrast, the lower the mortality rate at the reference temperature (dJ ; Fig. 6, row 1),

the higher the average long-term abundance. Interestingly, the greater the sensitivity of

mortality response (AdJ ; Fig. 6, row 2) at ambient conditions, the greater the average long-

term abundance of the native. This is due to the same mechanism mentioned in chapter 2-

that a large temperature sensitivity of mortality is detrimental at high temperatures, but

beneficial at lower temperatures due to the manner in which it alters the slope of the mortality

response curve. Indeed, this benefit diminishes as warming proceeds (Fig. 6, moving right

along row 2) and ultimately flips such that the higher the sensitivity of mortality at high

warming, the lower the average long-term abundance. We find that warming does not

qualitatively alter the impact of any of the other developmental-stage parameters.

Discussion

Climate change is implicated as a major driver of increased rates of exotic species in-

vasion around the world. These invasions can have significant environmental and societal

impacts. Here we present a framework for examining how changing climate and competitive

interactions with native ectotherm species impact the invasion success of exotic ectotherms,

a group representing an overwhelming majority of documented invasions (e.g., see (Pysek

et al., 2008)). Our framework integrates mechanistic temperature responses of life history

traits and interspecific competition into a mathematical structure that realistically accom-

modates the developmental delay inherent to ectotherm life cycles. We highlight predictions

of our framework for warming of temperate regions in either the mean environmental temper-
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ature, or the amplitude of seasonal fluctuations, using parameters from two phylogenetically

similar (Order: Hemiptera) tropical and temperate-adapted species. Additionally, we ex-

plore the advantageous, and non-advantageous, impacts that a developmental stage has on

invasions.

We find that exotic species invasion does occur under warming conditions, and that for

some warming scenarios exotic invasion can occur even when invasion cannot under the

ambient seasonal conditions (Fig. 4). That is, our framework predicts that climate warming

can promote exotic species invasion for some combinations of the realistic parameter space, a

prediction that can be directly tested in real systems. Results of our framework additionally

support a second testable prediction: that climate warming increases invader impacts on

native residents, negatively impacting the native species’ ability to respond to warming.

Figure 4 shows that warmed climates allow for exclusion of the native resident when ambient

conditions did not. We can confirm that this impact was mediated via competition because

native persistence occurs across all warming regimes in the absence of competition with the

exotic (Fig. 4, middle row). This finding is concerning because it suggests that native-exotic

interactions that do not lead to native extinctions currently, could lead to extinction under

climate warming. The trait-based, mechanistic framework presented here can be a useful

tool for assessing such risk. Additionally, its use extends beyond the context of native-exotic

interactions. For example, it can just as easily be used for assessing the extinction debt

of a community under climate change due to an impending competitive imbalance between

species that emerges only as climate warms. Building upon this framework to incorporate

other, and multiple, types of interactions would allow a researcher to identify the relative

magnitude of warming at which critical transitions in community composition could occur.
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Our analytical comparison of mutual invasibility criteria between the stage- structured

model (Equations (1)-(4)) and an unstructured null model (Equation (10)) in a constant

thermal environment supports the prediction that a developmental stage can promote niche

differentiation (Table 1) under ambient conditions. At the same time, it suggests that warm-

ing may reduce a species’ ability to colonize when rare due to the relationship between an

increased cost due to juvenile mortality and the period over which that cost is incurred

(the developmental delay). These results are supported by the analyses conducted for am-

bient seasonal and warming scenarios. There we saw that, when both species have identical

parameters for the temperature response of development, the existence of a developmental

delay decreases the persistence of the invader as warming proceeds. This illustrates the

cost of having a complex life cycle in which new individuals (juveniles) have to develop into

adults before reproducing (during which time they suffer an additional mortality cost). In

contrast, when species differ in the parameters of the temperature response of development,

coexistence can occur under a greater degree of warming than in the unstructured model.

This illustrates the benefit of having a complex life cycle: juvenile mortality and juvenile

development provide two additional traits along which species could differ in their responses

to temperature variation.

These findings give rise to testable predictions. For example, species with longer delays

should experience a greater cost of development (due to increased extinction risk). On the

other hand, the benefit of development (i.e., a greater opportunity for species to differ in

their developmental response) is also greater. This means that species that both have shorter

delays and low juvenile mortality are less likely to coexist under warming compared to those

with longer delays and high juvenile mortality. At the same time, longer delays combined
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with high juvenile mortality increase extinction risk. Therefore, it seems that species that

have a longer delay but relatively low juvenile mortality are the ones who are most likely to

be able to tolerate competition in the face of warming. Testing these predictions both with

theory and data present an interesting avenue for future research.

Here we have highlighted predictions regarding the effects of climate warming on the out-

come of competitive interactions between native and tropical exotic ectotherms in temperate

regions. This is an important scenario to consider given the impact that tropical species can

have in temperate regions. For example, the Asian tiger mosquito Aedes albopictus and

the yellow fever mosquito Aedes aegypti, both from tropical and sub-tropical regions, have

taken up residence in temperate regions in North America where they compete with native

resident mosquito species (Shragai et al., 1999), and where they both carry and transmit

dengue, chikungunya, and Zika viruses (Shragai et al., 1999; Hanley et al., 2013).

A future direction for this work is to explore the impact of warming on the outcome

of native-exotic competition in tropical regions in which the tropical native competes with

a temperate invader. Work by (Deutsch et al., 2008) suggest that species in the tropics

are at greatest risk of extinction under warming because their thermal optimum for fitness

coincides with the mean temperature of their environment, and the width of their thermal

response is narrow. In addition, many tropical regions around the globe are biodiversity and

endemic hot spots (Myers et al., 2000). The application of our framework to the tropics

is therefore pertinent to determining whether temperate exotics exacerbate the potentially

catastrophic issue of warming in these regions. Additionally, due to the high levels of species

richness endemic to tropical biodiversity hot spots, and the narrow range of temperatures

over which tropical regions fluctuate under ambient seasonal conditions, the tropics present
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a useful opportunity our stage-structured model’s predictions that a developmental stage

can act as a niche axis that can promote coexistence. A preliminary approach would be

to use life history trait response data from the literature to examine whether the mutual

invasibility criteria given in Table 1 are satisfied under a neutral assumption of competition

(e.g., q12(T )
q22(T )

= 1.
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Table Legends

Table 1. Mutual Invasibility Criteria (MIC) for competition in a constant environment

(1st row: competition reduces fecundity; 2nd row: competition increases adult mortality, as

in Chapter 2) that incorporates (2nd column) and excludes (3rd column) development via

a juvenile stage. As the time spent in the juvenile stage (τ1(T ), τ2(T )) approaches zero,

the MIC with development (2nd column) converges to the MIC without development (3rd

column). Note, the current study only examines the case in which competition impacts

fecundity.
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Tables

Model Mutual Invasibility Criteria MIC without Development

Fecundity q12(T )
q22(T )

<
ln
(
b1(T )
dA1(T )

)
−dJ1(T )τ1(T )

ln
(
b2(T )
dA2(T )

)
−dJ2(T )τ2(T )

< q11(T )
q21(T )

q12(T )
q22(T )

<
ln
(
b1(T )
dA1(T )

)

ln
(
b2(T )
dA2(T )

) < q11(T )
q21(T )

Adult Mortality q12(T )
q22(T )

<

b1(T )
dA1(T )

e−dJ1(T )τ1(T )−1

b2(T )
dA2(T )

e−dJ2(T )τ2(T )−1
< q11(T )

q21(T )
q12(T )
q22(T )

<
b1(T )
dA1(T )

−1

b2(T )
dA2(T )

−1
< q11(T )

q21(T )
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Figure Legends

Fig. 1. Life History Trait Responses typical of ectotherm species. Parameters for these

responses come from the temperate species A. lucorum (blue) and tropical species C. shadabi

(red). The dashed curves in the mortality plot (top right) denote juvenile mortality and

the solid lines denote adult mortality. The cost associated with the developmental stage,

dJ(T ) · τ(T ) (bottom right), increases with temperature because the temperature response

of juvenile mortality (top right, dashed lines) increases exponentially with temperature, and

the temperature response of development duration (bottom left), while initially decaying

with warming temperatures, does become large at high temperatures. The development

duration of the tropical species C. shadabi (red line) was likely not measured at high enough

temperatures to see this increase in development duration, although the increase is expected

due to enzyme denaturation.

Fig. 2. Dynamics of the tropical invader C. shadabi (left column) and temperate native

A. lucorum under ambient seasonal conditions (top row), and after low (2 oC), moderate

5 oC) and high (8 oC) warming of the environmental mean (second, third and fourth rows

respectively). Legend: q21 = 1 and q12 = 0.1 (1 refers to native, 2 to exotic); all life history

trait parameters as in (Scranton and Amarasekare, 2017).

Fig. 3. Mean annual abundance (solid line; red for exotic invader, blue for temperate

native) is plotted as a function of the magnitude of warming when competition occurs (left

column) between the exotic (first row) and native species (second row), and when competition

is absent (right column). An abundance envelope (hatched object), capturing the boundaries

of minimum and maximum population sizes achieved over the year, is also shown. By
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comparing between the competition (left column) and no competition (right column) cases,

we see that the increase in maximum abundance observed in the exotic species engaging in

native-exotic competition is an artifact of competition, and does not reflect the impacts of

warming alone. We also see that the reduction in minimum population size in the native

species engaging in native-exotic competition (bottom left) is generated by warming alone.

Warming of seasonal fluctuations does not qualitatively alter dynamics from those generated

by warming of the mean. Legend:(q21 = 1 and q12 = 0.1 (1 refers to native, 2 to exotic); all

life history trait parameters as in (Scranton and Amarasekare, 2017).

Fig. 4. Mean annual abundance (solid line; red for exotic invader, blue for temperate

native) is plotted for the exotic (top row) and native species (middle row) as a function of

the magnitude of warming for the case when strong competition occurs (left column, top

two rows) and when competition is absent (right column, top two rows). An abundance

envelope (hatched object), capturing the boundaries of minimum and maximum population

sizes achieved over the year, is also shown. A comparison between the impact of warming

with competition versus without competition shows that the invader’s inability to invader

under ambient and mild warming conditions is a result of competition with the temperate

native. Likewise, extinction of the native, which occurs under high warming conditions, is

driven by competition (which is impacted by warming), not warming alone. The bottom row

shows long-term population size for the exotic (red) and native (blue) species for ambient

seasonal conditions (bottom row, left), and scenarios of moderate (5 degrees oC; bottom row,

middle), and high warming (8 degrees oC, bottom row, right). Results for warming of the

environmental mean do not qualitatively differ. Legend: q21 = 4 and q12 = 0.1 (1 refers to

native, 2 to exotic); all life history trait parameters as in (Scranton and Amarasekare, 2017).
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Fig. 5. Comparison between stage-structured model, in which all developmental param-

eters of the invader are set to that of the native species (right column), and the unstructured

model (left column). The mean annual abundance (solid line; red for exotic invader, blue

for temperate native) is plotted as a function of the magnitude of warming, as well as an

envelope (hatched object) capturing the boundaries of minimum and maximum population

sizes achieved over the year. The top two rows capture average annual abundance in the

absence of competition (exotic invader in the first row, temperate native in the second row).

The bottom two rows show average annual abundance for native-exotic competition (exotic

invader in the third row, temperate native in the fourth row). While warming has no impact

on persistence of either native or invader in the un-structured model (left column, first and

second row), warming does reduce persistence in the stage-structured model (right column,

first and second row). On the other hand, native-exotic coexistence occurs over a greater

range of warming conditions in the stage-structured model (right column, third and fourth

row), than it does in the unstructured model (left column, third and fourth row). Warming

of the amplitude of fluctuations gives the same qualitative results. Legend: q21 = 1 and

q12 = 0.1 (1 refers to native, 2 to exotic); all life history trait parameters as in (Scranton

and Amarasekare, 2017) except the development rate and juvenile mortality parameters of

the tropical invader which are set equal to those of the temperate native species.

Fig. 6. Average annual invader abundance across a range of developmental response

parameter values given as the fraction of the temperate native species’ parameter. For ex-

ample, a value of 1.0 for the parameter dJTR (top row) indicates that the tropical species’

dJTR parameter is equal to that of the native’s. A value of 0.5 indicates that the tropical has

a dJTR value that is half that of the temperate species’ value, and a value of 2.0 indicates

127



that the tropical species’ dJTR value is twice that of the temperate native’s. For each graph,

all other developmental parameters are held equal between the two species. Traits from top

row to bottom row are: dJ , AdJ , mJ , AmJ and are plotted under ambient seasonal conditions

(left column), low warming of the environmental mean (warming by 2 oC; middle column)

and high warming of the mean (warming by 6 oC; right column). A faster development time

(either due to a larger mJ or Am parameter) generates higher average abundances, while a

higher juvenile mortality rate (due to a larger dJ parameter) generates lower average abun-

dances. Per capita juvenile mortality dJ is measured at the reference temperature TR- in

other words, the the juvenile mortality response curve is pinned at TR. This means that in-

creasing the thermal sensitivity of juvenile mortality AdJ increases the average mortality rate

above the reference temperature TR while decreasing the average rate below the reference

temperature, and vice versa for decreasing the sensitivity. This explains the results gen-

erated by the AdJ plots (second row): a higher sensitivity response of mortality generates

higher average abundances under ambient temperatures, while it generates lower average

abundances under warmed conditions. Results for warming of the amplitude of fluctuations

are qualitatively equivalent. Legend: q21 = 1 and q12 = 0.1 (1 refers to native, 2 to exotic);

all life history trait parameters are as in (Scranton and Amarasekare, 2017) with the excep-

tion of development rate and juvenile mortality parameters in the tropical species. These

are the same as those in the temperate species except the particular parameter manipulated

in each graph.

Fig. S1. Dynamics (abundance versus time in days) of tropical invader engaging in

native-exotic competition warming in the environmental mean for zero to eight degrees Cel-

sius (graph heading denotes magnitude of warming). All simulations converge by 145 years.
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Legend: q21 = 1 and q12 = 0.1 (1 refers to native, 2 to exotic); all life history trait parameters

as in (Scranton and Amarasekare, 2017).

Fig. S2. Dynamics (abundance versus time in days) of tropical invader engaging in

native-exotic competition for warming in the amplitude of fluctuations from zero to eight

degrees Celsius (graph heading denotes magnitude of warming). All simulations converge by

145 years. Legend: q21 = 1 and q12 = 0.1 (1 refers to native, 2 to exotic); all life history trait

parameters as in (Scranton and Amarasekare, 2017).

Fig. S3. Dynamics (abundance versus time in days) of temperate native engaging in

native-exotic competition for warming in the environmental mean for zero to eight degrees

Celsius (graph heading denotes magnitude of warming). All simulations converge by 145

years. Legend: q21 = 1 and q12 = 0.1 (1 refers to native, 2 to exotic); all life history trait

parameters as in (Scranton and Amarasekare, 2017).

Fig. S4. Dynamics (abundance versus time in days) of temperate native engaging in

native-exotic competition for warming in the amplitude of fluctuations from zero to eight

degrees Celsius (graph heading denotes magnitude of warming). All simulations converge by

145 years. Legend: q21 = 1 and q12 = 0.1 (1 refers to native, 2 to exotic); all life history trait

parameters as in (Scranton and Amarasekare, 2017).

Fig. S5. Average annual invader across a range of trait values calibrated with respect to

the temperate native species’ developmental trait response parameters. For example, a value

of 1.0 for the parameter dJTR (top row) indicates that the tropical species’ dJTR parameter

is 100% that of the native’s (i.e., that they are equal). A value of 0.5 indicates that the

tropical has a dJTR value that is half that of the temperate species’ value, and a value of

2.0 indicates that the tropical species’ dJTR value is twice that of the temperate native’s.
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All parameters in the plots are shown this way with the exception of the lower and upper

thermal limits to maturation TL/2 and TH/2, which are given as additive deviations from

that of the temperate species. For example, a value of 0 for the TL/2 indicates that the

tropical species has the same TL/2 parameter value as the temperate native, and a TL/2 of

-2.0 indicates that the tropical invader has a value that is 2 degrees less than that of the

temperate native. Traits from top row to bottom row are: AL, AH , TL/2, TH/2 and are

plotted under ambient seasonal conditions (left column), low warming of the environmental

mean (warming by 2 oC; middle column) and high warming of the mean (warming by 6

oC; right column). Results for warming of the amplitude of fluctuations are qualitatively

equivalent. Legend: q21 = 1 and q12 = 0.1 (1 refers to native, 2 to exotic); all life history trait

parameters are as in (Scranton and Amarasekare, 2017) with the exception of development

rate and juvenile mortality parameters in the tropical species. These are the same as those

in the temperate species except the particular parameter manipulated in each graph.
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