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ABSTRACT: Thermal reaction norms of ectotherms exhibit a distinc-
tive latitudinal pattern: the temperature at which performance is
maximized coincides with the mean habitat temperature in tropical
ectotherms but exceeds the mean temperature in temperate ecto-
therms. We hypothesize, on the basis of Jensen’s inequality, that this
pattern is driven by latitudinal variation in seasonal temperature
fluctuations. We test this hypothesis with an eco-evolutionary model
that integrates the quantitative genetics of reaction norm evolution
with stage-structured population dynamics, which we parameterize
with data from insects. We find that thermal optima of temperate
and Mediterranean species evolve to exceed the mean habitat tem-
perature if seasonal fluctuations are strong, while the thermal opti-
mum of tropical species evolves to coincide with the mean habitat
temperature if fluctuations are weak. Importantly, ecological dynam-
ics can impose a constraint on reaction norm evolution. Tropical spe-
cies cannot tolerate an increase in seasonal fluctuations at the high
mean habitat temperature it experiences, while the temperate species
cannot tolerate a reduction in seasonal fluctuations if the mean tem-
perature is higher. In both cases, stochastic extinction during periods
of low abundances precludes adaptation to a novel thermal environ-
ment. Our findings suggest a potential directionality in colonization
success. Tropical ectotherms, because of their high thermal optima,
can successfully colonize temperate habitats, while temperate ecto-
therms, because of their low optima, are less successful in colonizing
tropical habitats.

Keywords: eco-evolutionary dynamics, life-history traits, reaction norms,
reproduction temperature variation.

Introduction

Ectotherm life-history traits (fecundity, development, sur-
vivorship) typically exhibit unimodal responses to temper-
ature variation (Van der Have and de Jong 1996; Van der
Have 2002; Kingsolver 2009; Kingsolver et al. 2011). Such
responses are characterized by a temperature at which the
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trait value is maximized (thermal optimum) and a range
over which the organism can respond to temperature (re-
sponse breadth). A large number of empirical studies (re-
viewed in Huey and Berrigan 2001; Deutsch et al. 2008;
Kingsolver 2009; Dell et al. 2011; Kingsolver et al. 2011;
Amarasekare and Savage 2012) show that the qualitative na-
ture of these reaction norms (e.g., Gaussian, left-skewed) is
conserved across ectotherm taxa (invertebrates, amphibians,
reptiles). This is because the temperature responses of bio-
chemical and physiological processes (e.g., reaction kinetics,
enzyme inactivation, hormonal regulation) that underlie these
reaction norms are themselves conserved across ectotherm
taxa (Van der Have and de Jong 1996; Van der Have 2002;
Kingsolver 2009). However, there are quantitative differences,
the most prominent of which is the latitudinal variation in
the relationship between thermal optima and the mean hab-
itat temperature. Tropical ectotherms exhibit thermal optima
for reproduction that are close to the mean habitat tempera-
ture, while temperate ectotherms’ optima are well above the
mean habitat temperature (Deutsch et al. 2008; Tewksbury
etal. 2008). Our goal is to elucidate the mechanisms that drive
this difference.

As is well known, the response breadth of thermal reaction
norms tends to increase with increasing latitude. The stan-
dard explanation for this pattern is latitudinal differences in
seasonal temperature variation. Temperate ectotherms exhibit
a greater response breadth because they experience thermal
environments with larger seasonal fluctuations (Gilchrist 1995).
We might therefore hypothesize that seasonal temperature
variation may also be driving latitudinal variation in thermal
optima. However, it is not immediately clear how stronger
seasonal fluctuations cause thermal optima to exceed the mean
habitat temperature. While previous theory has shown that
larger seasonal fluctuations can select for a wider tempera-
ture response (Gilchrist 1995) and a lower optimal body tem-
perature (Martin and Huey 2008), there is no theory we know
of that investigates how seasonal fluctuations influence latitu-
dinal variation in thermal optima.
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We address this question with a theoretical framework
that integrates quantitative genetic models of reaction norm
evolution with stage-structured models of population dy-
namics. The distinctive feature of this framework is that it
incorporates mechanistic descriptions of life-history trait
responses to temperature, derived from first principles of
thermodynamics, into population models that realistically
depict the complex life cycles characteristic of multicellular
ectotherms. We incorporate both density-dependent popu-
lation regulation and extinction at low abundances due to
demographic stochasticity. It is, to our knowledge, the first
time that these biological features have been incorporated
into a model of reaction norm evolution.

Mathematical Framework
Overview

Our analysis involves two main parts. The first part involves
developing a hypothesis for why the difference between a
species’ thermal optimum and the mean habitat tempera-
ture increases with increasing latitude. As pointed out above,
thermal reaction norms of ectotherms are nonlinear func-
tions of temperature. This allows us to use a mathematical
property of nonlinear functions (Jensen’s inequality; Jensen
1906) to develop our hypothesis. The second part of our anal-
ysis involves developing an eco-evolutionary model to test
the predictions of this hypothesis. This part involves the fol-
lowing steps. First, we derive an expression for the mean re-
action norm using standard quantitative genetics. Second, we
specify the ecological dynamics, taking into account the stage
structure (e.g., eggs, juveniles, adults) that is characteristic of
ectotherm life cycles. Third, we integrate the quantitative ge-
netic and ecological components into a dynamical model of
eco-evolutionary dynamics, from which we derive an expres-
sion for the mean fitness of the population. Fourth, we incor-
porate mechanistic descriptions of how temperature affects
ectotherm life-history traits (fecundity, development, mortal-
ity) into the full eco-evolutionary model. In the final step, we
parameterize the model with data on ectotherm species from
different latitudes (tropical, Mediterranean, temperate) to in-
vestigate how thermal reaction norms evolve in seasonally
varying environments.

Hypothesis Based on Jensen’s Inequality

Jensen’s inequality is a property of nonlinear mathemati-
cal functions. Specifically, if f is a nonlinear function of
the variable x with mean %, f(X) # f(x). When the func-
tion is concave down (e.g., unimodal), f(X) >m and vice
versa (Ruel and Ayers 1997). To give a concrete (and famil-
iar) example, logistic population growth is a concave-down
function of population size, that is,

d—N = rN(l —g>
dt K

The growth rate (dN/dt) is zero when N = 0 and N = K
and attains a maximum (rK /4) at the mean population size
(N = K/2). Therefore, when N is less than or greater than
K/2,

dN < rK
dt ~ 4’

and the mean population growth over all population sizes
(AN /dt) is less than the population growth at the mean pop-
ulation size (dN /dt). For instance, ifr = 1and K = 1,

INT K 2
N _ j rN(l —N)dN =™ 067
dt 0 K 6

while d—N = 0.25.
dt

Jensen’s inequality is important for understanding how
reaction norms evolve in thermally variable environments.
Temperature effects on biochemical processes (e.g., reac-
tion kinetics, hormonal regulation) dictate that the thermal
reaction norms of life-history traits (fecundity, develop-
ment, survivorship) be unimodal functions of temperature,
that is, the trait value increases with temperature to a max-
imum and declines as temperature increases further (Van
der Have and de Jong 1996; Huey and Berrigan 2001; Van
der Have 2002; Frazier et al. 2006; Kingsolver 2009; King-
solver et al. 2011; Amarasekare and Savage 2012). Since uni-
modal functions are concave down, performance at the mean
habitat temperature should exceed the average performance
over the temperature range experienced. How, then, would
the optimum evolve to exceed the mean habitat temperature?

We focus on the temperature response of reproduction, as
it is a major component of fitness. Data from a large number
of ectotherms spanning different taxa, habitats, and latitudes
(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. 2011; Amarasekare and Savage 2012)
show that the temperature response of per capita fecundity
(number of offspring per female) is symmetric unimodal
(fig. 1) and well described by a Gaussian function:

7(T7Topth)2
2
b(T) = bre >, (1)
where T, is the temperature (K) at which fecundity is

maximal (br,,), and s, depicts the temperature range over
which fecundity deviates from the optimum.

This content downloaded from 150.135.211.246 on February 20, 2017 04:15:35 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



Evolution of Thermal Reaction Norms E000
Tropical Mediterranean Temperate
Topt,Th T Topt, Tn Topt
q 9 - o
300 | 65 i |
1
52 |
> 225 i i
£ 60 H
= 39 |
1
g 150 !
= 30 | N
75 | 13 A
: 1 1
0 0 g
278 278 288 208 308 278 288 298 308

Temperature (K)

Figure 1: Temperature responses of fecundity for tropical, Mediterranean, and temperate insect species. Open circles are data from temper-
ature experiments, and the solid curve is the fit to a Gaussian function (eq. [1]). In all panels, T}, is the mean habitat temperature, and T, is
the optimum temperature at which fecundity is maximized. Parameter values are given in table B1, appendix B.

Consider an ectotherm species experiencing a constant
thermal environment characterized by T. The temperature
response of its per capita fecundity is given by

(T Topy,)?
WT) = by,e (2)
Because b(T) is a concave-down function, b(T) is maxi-
mized (ie., b(T) = by,,) when T,,, = T. Hence, the or-
ganism will maximize its fitness when the temperature at
which fecundity is maximal coincides with the habitat tem-
perature.

Now consider the same organism, with maximum fe-
cundity by, and Ty, = T, in a seasonal environment
with fluctuations of amplitude A, around the mean temper-
ature T. Its temperature response of fecundity is given by

(T()-T)?
b(T(1)) = br,, e 5 (3)
where seasonal temperature variation (T(t)) is given by
T — Ajot, with w = cos(27/t,) (or —sin(27/t,)) and
t,, = 365 days.
The average fecundity over the year is given by

tm
JO

Since seasonal temperature variation is nonnegative (i.e.,
Ayt >0 always),

_(Arwn?

by
b(T (D) =:7 e % dt. (4)

m

(Arwt)?
e
2511

e <1

and b(T(t)) < b(T). This means that an organism whose
maximum fecundity occurs at the mean habitat temperature

will have a lower fitness in a seasonal environment compared
with a constant environment. Natural selection will therefore
favor the evolution of a higher maximum fecundity (b, )
in a seasonal environment. Importantly, if selection drives
maximum fecundity to exceed that attained in a constant
environment (i.e., br,,, > by, ), the thermal optimum will
no longer coincide with the mean habitat temperature (i.e.,
Top, * T). Given empirical evidence that maximum per-
formance is greater at higher temperatures (Savage et al.
2004; Frazier et al. 2006), by, > br,, means that Ty, > T.

On the basis of the argument given above, if natural se-
lection leads to adaptations that maximize fitness in a given
thermal environment, fecundity of ectotherms experiencing
seasonally varying thermal environments should be maxi-
mized at a temperature (T, ) that exceeds the mean habitat
temperature. The greater the amplitude of seasonal fluctua-
tions, the greater should be the difference between the phys-
iologically optimal temperature and the mean habitat tem-
perature.

This hypothesis leads to two predictions. If the amplitude
of seasonal fluctuations is what drives the relationship be-
tween thermal optima and the mean habitat temperature,
then (i) thermal optima of temperate ectotherms should not
evolve to exceed the mean habitat temperature if the ampli-
tude of seasonal fluctuations decreased while the mean tem-
perature stayed the same and (ii) thermal optima of tropical
ectotherms should not evolve to coincide with the mean hab-
itat temperature if the amplitude of seasonal fluctuations in-
creased while the mean temperature stayed the same.

The manipulations of the seasonal environment required to
test these predictions are difficult to implement in a field or
laboratory setting. They are, however, relatively easy to imple-
ment in a mathematical model. Importantly, because temper-
ature fluctuations, through their effects on life-history traits,
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influence both selection and population dynamics, such a
model needs to incorporate both ecological and evolutionary
dynamics. This brings us to the second part of our analysis.

Model of Eco-Evolutionary Dynamics

We develop an eco-evolutionary model that integrates quan-
titative genetics of reaction norm evolution with ecological
dynamics. We consider maximum fecundity (br,,,) to be the
trait that natural selection acts on. Energetic constraints im-
pose a trade-off between maximum fecundity and response
breadth such that response breadth evolves as a correlated
trait. This combination of selection and constraints drives
the evolution of the reaction norm. Evolution occurs against
the backdrop of ecological dynamics characterized by stage-
structure and density-dependent population regulation, with
the possibility of stochastic extinction when populations go
through periods of low abundances.

We begin by developing a quantitative genetic expres-
sion for the thermal reaction norm for fecundity, which
we then incorporate into a stage-structured model of eco-
logical dynamics.

Thermal Reaction Norm for Fecundity. Let maximum fecun-
dity (br,,,) be driven by a quantitative trait x, which is subject
to stabilizing selection and has a polygenic basis, that is, it is
controlled additively by a number of loci (Falconer and Mc-
Kay 1996; Lynch and Walsh 1998). The trait x is normally
distributed and has a probability density function (PDF) of

1 C(—x)?
2
N ®)

where X is the trait mean and ¢” is the variance. The latter
consists of an additive genetic component (og) and an envi-
ronmental component (o}; Falconer and McKay 1996;
Lynch and Walsh 1998). As a first step in investigating reac-
tion norm evolution from an eco-evolutionary perspective,
we focus on the evolution of the mean trait x and consider
o’ to remain constant.

Maximum fecundity (br,,,) peaks at an optimal trait value
x = p and declines as the trait value deviates from the op-
timum. This relationship can be characterized by a Gaussian
function:

plx,x) =

C=p?

bTopt(x) =fe 7, (6)

where (3 is the maximum value of by, and vy depicts the var-
iability in by, when x deviates from p.

One might expect energetic or other constraints to gen-
erate a trade-off between bropl and s, that is, an increase in
maximum fecundity comes at the cost of a reduction in the
temperature range over which the organism can reproduce.

We can quantify this negative correlation between by, and
s, by considering the area under the reaction norm curve
(K) to be constant, that is,

Bv2m

V150

where s,,,, is the maximum response breath that can be
achieved given biochemical and physiological constraints in
a given thermal environment. A trade-off between b;,, and
s, means that as bTth evolves, s, evolves as a correlated trait.

We can write down the thermal reaction norm for fe-
cundity for an individual organism as

(T = Topty (bryy 9))°

ZSb(bTOP‘ (X))Z > (7)

b(T,x) = br,,(x)e

where T, (br,, (x)) is the temperature at which b(T,x) =
b, (x) and

K
W) = v

The average value of by, (x) is obtained by integrating
over all possible values of x, that is,

by (%) = rbTop.(x)p(x,x)dx

(x—p)? (8)
= Le_Z(GZJr'yZ))
which yields the following mean reaction norm for the
population:

Z;(T,)_c) = ETOP((;C)e 2$b(bT.,p.(J?))2 . (9)
The temperature at which ETOP‘ (x) is achieved is calculated
by solving

(Topl[7 (BT,,p( (55)) 7T0p‘5 )2
25 (b, (3))°

br,, (X) = Be (10)
for T:OP‘E(ETW(X)). Since equation (10) is nonlinear in
Topi; (br,, (X)) (ie., it appears as a squared term when one
expands eq. [10]), we use the quadratic formula to solve it.
This yields

ToptE (b,ep‘(a’c)) = ToptB - \/E\/_Sb(bTupt (56)) ln%, (11)

where Topy is the temperature at which (3 is achieved. Note
that by, (x) changes as the trait x evolves, and hence

Topu;(?)»,vop‘ (x)) also changes over time. We want to know
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the conditions under which by, (x) evolves toward (3, as a
result of which Ty, (br,, (x)) approaches Ty,

Having derived an explicit expression for the thermal re-
action norm using principles of quantitative genetics, the
next step is to specify the ecological dynamics.

Ecological Dynamics. We consider the simplest depiction
of an ectotherm life cycle, a population of juveniles and
adults:

d

d_i = b(T,x)Ae” " — my(T)] — J(d)(T) + q4/(T)]),
" (12)
= = Mi(DJ = AWA(T) + 4, (T)A),

where the variables /] and A represent, respectively, the
abundances of juveniles and adults. Recruitment to the ju-
venile stage occurs via adult reproduction (b(T,x)Ae #M4),
and losses occur via the maturation of juveniles into the
adult stage (my(T)]) and juvenile mortality (d,(T)J(1 +
44,(T)])). Recruitment to the adult stage occurs via juvenile
maturation (m(T)]) and losses, through adult mortality
(dA(T)A(1 + q4,(T)A)). The functions my(T), dy(T), and
dA(T) denote, respectively, the temperature responses of the
per capita juvenile maturation rate, the juvenile mortality
rate, and the adult mortality rate in the absence of density-
dependent population regulation, and the functions e %4,
44/(T)],and g4, (T)A depict, respectively, the temperature re-
sponses of density-dependent fecundity, juvenile mortality,
and adult mortality. Function definitions are given in the
sections below on the temperature responses of life-history
traits and competition.

Eco-Evolutionary Dynamics. The feedback between ecolog-
ical dynamics and reaction norm evolution is mediated by
the mean fitness of the population (W). To derive an equa-
tion for mean fitness, we start with the fitness of an indi-
vidual with phenotype x (W(x,],A)), which is given by
its per capita growth rate. In stage-structured models, the
per capita growth rate is calculated as the dominant eigen-
value of the system of equations (eq. [12] in our case; see
app. A for details; apps. A-G are available online):

W(x,J,A) = —%e’B(—[eZB(C + D)?
— 4e8(b(T, x)E
+ C(De?)) + e*(CD)]'?),

(13)

where B = Aq,(T), C = d\(T) + 2Jq4(T) + my(T), D =
d,(T) + 2A4q,,(T), and E = my(T)(B — 1). When density
dependence operates on only one or two traits, equation (13)
simplifies accordingly.

Evolution of Thermal Reaction Norms E000

We obtain the mean fitness of the population by inte-
grating the fitnesses of all individuals over all values of
the phenotype x:

oo

WEJ,A) = J Wix,J, A)p(x, )dx

—%e’B(—[eZB(C + D)* — 4eP(b(T,X)E (14)

+ C(DeB)) + eB(CD)]').

The eco-evolutionary dynamics are given by

d _

d_i = b(T,%)Ae ™" — my(T)] — J(d(T) + q4,(T))),
dA

= = m(D] = AALT) + 4,,(T)A), (15)
dx 2 ,OW

@

where h® is the narrow-sense heritability (Falconer and
McKay 1996) and 0W /0x is the selection gradient (the rate
at which mean fitness changes with the mean trait value).

An eco-evolutionary model in which reaction norms of
all life-history traits simultaneously evolve would be im-
mensely complicated and analytically intractable within the
quantitative genetics framework. We therefore focus on the
evolution of the thermal reaction norm for fecundity and
consider the empirically observed reaction norms of devel-
opment and mortality in the organism’s typical thermal en-
vironment to constitute evolved adaptations to that envi-
ronment. Investigations of how thermal reaction norms of
different life-history traits coevolve is an important future
direction (see “Discussion”).

Theory predicts—and data confirm—that different life-
history traits exhibit qualitatively different types of non-
linear responses to temperature (e.g., exponential, Gauss-
ian, left-skewed; Sharpe and DeMichele 1977; Schoolfield
et al. 1981; Van der Have and de Jong 1996; Gillooly
et al. 2001, 2002; Van der Have 2002; Savage et al. 2004;
Ratkowsky et al. 2005; Kingsolver 2009; Kingsolver et al.
2011; Amarasekare and Savage 2012). We therefore need
to consider how these different response types influence
eco-evolutionary dynamics. We start by providing mecha-
nistic descriptions of these temperature responses.

Temperature Responses of Life-History Traits

Temperature responses of reproduction, development, and
mortality are determined by temperature effects on the un-
derlying biochemical processes (e.g., reaction kinetics, hor-
monal 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; Rat-
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kowsky et al. 2005; Kingsolver 2009; Kingsolver et al. 2011).
For instance, temperature effects on biochemical rate pro-
cesses (e.g., reaction kinetics, enzyme inactivation) give rise
to temperature responses at the organismal level that are
monotonic or left-skewed. Mortality and maturation rates
tend to exhibit this type of response. In contrast, temperature
effects on biochemical regulatory processes (e.g., neural and
hormonal regulation; Nijhout 1994; Hochachka and Somero
2002; Long and Fee 2008) involve negative feedback: rate pro-
cesses on the left- and right-hand sides push the system to-
ward an intermediate optimum. These effects result in tem-
perature responses that are unimodal and symmetric (e.g.,
Gaussian). Reproductive traits tend to exhibit this type of
response.

The per capita mortality rate of all ectotherms exhibits a
monotonic temperature response that is well described by
the Boltzmann-Arrhenius function for reaction kinetics
(Van der Have and de Jong 1996; Gillooly et al. 2001, 2002;
Savage et al. 2004):

dy(T) = dyp et T, (16)
where d;(T) is the mortality rate of stage L (e.g., juvenile,
adult) at temperature T (K), d,, is the mortality rate at a ref-
erence temperature (TR), and A, is the Arrhenius constant,
which quantifies the temperature sensitivity of mortality, that
is, how fast it increases with increasing temperature (app. A).

As described in the “Mathematical Framework” section,
data show that the temperature response of per capita fe-
cundity is symmetric unimodal and well described by a
Gaussian function (eq. [1]; fig. 1).

The maturation rate of ectotherms exhibits a left-skewed
temperature response (Sharpe and DeMichele 1977; School-
field et al. 1981; Van der Have and de Jong 1996; Van der
Have 2002; Kingsolver 2009; Kingsolver et al. 2011) that
results from the reduction in reaction rates at low and high
temperature extremes due to enzyme inactivation. This re-
sponse is well described by a thermodynamic rate process
model (Sharpe and DeMichele 1977; Schoolfield et al. 1981;
Ratkowsky et al. 2005); (app. A):

mT JAm 41
m(T) = g el (7R 7) —
L+ M) | elnnT)

(17)

where m(T) is the maturation rate at temperature T (K);
mqy is the maturation rate at the reference temperature
TR at which the enzyme is 100% active; A,, (enthalpy of
activation divided by the universal gas constant R)
quantifies temperature sensitivity; Ty, and Ty, are, re-
spectively, the low and high temperatures at which the en-
zyme is 50% active; and A, and Ay, are, respectively, the en-
thalpy changes associated with low and high temperature
enzyme inactivation divided by R (Johnson and Lewin

1946; Sharpe and DeMichele 1977; Schoolfield et al. 1981;
Van der Have and de Jong 1996; Van der Have 2002; Rat-
kowsky et al. 2005).

Effects of Temperature on Intraspecific Competition

To investigate temperature effects on population dynam-
ics, we need to know how temperature affects population
regulation. Following previous theoretical studies (Savage
et al. 2004; Amarasekare and Coutinho 2014) we consider
two hypotheses for the temperature response of competi-
tion. First, if higher activity levels at higher temperatures
increase the per-individual resource acquisition, reducing
the carrying capacity when resources are limiting, we ex-
pect the strength of competition to increase monotonically
with temperature. This relationship can be described using
the Boltzmann-Arrhenius function:

q(T) = queAq(ﬁ_%)> (18)
where gry is the per capita competitive effect at a reference
temperature TR and A, is the Arrhenius constant, which
quantifies how fast competition strength increases with
temperature.

The second hypothesis is that competition is strongest
at temperatures that are physiologically optimal for repro-
duction (Begon et al. 2005). This is because of the in-
creased energetic requirements during periods of peak re-
productive activity, which increase the per-individual
requirement for food and other limiting factors. In this
case, the temperature response of competition should be
unimodal:

(T~ Trnax, 2

q(T) = quaxe 25q2 ’ (19)

where T, is the temperature at which competition is
strongest (qr,..) and s, depicts the response width. There
is empirical support for both hypotheses (Ritchie 1996;
Reigada and Godoy 2006; Laws and Belovsky 2010; Gao
et al. 2013; Johnson et al. 2015).

Now we have all the elements necessary to fully specify
our eco-evolutionary model. The next step is to analyze
the model, which proceeds in two steps: model parameter-
ization using empirical data for ectotherm species and anal-
ysis of eco-evolutionary dynamics under different regimes
of seasonal temperature variation.

Model Parameterization

We parameterize the eco-evolutionary dynamics model
with data for three Hemipteran insect species from tropi-
cal, Mediterranean, and temperate latitudes. We use these
particular species because they have the most complete data
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on the temperature responses of fecundity, maturation, and
mortality rates, thus enabling us to accurately estimate the
reaction norm parameters.

The tropical species is a pod-sucking bug (Clavigralla
shadabi; Hemiptera: Coreidae) from Benin (8°20'N; Dreyer
and Baumgartner 1996), the Mediterranean species is the
harlequin bug (Murgantia histrionica; Hemiptera: Pentato-
midae) from coastal southern California (33°37’8"N; Ama-
rasekare 2000), and the temperate species is the pea aphid
(Acyrthosiphon pisum; Hemiptera: Aphididae) from York,
England (53°57'30"N; Morgan et al. 2001). The tropical spe-
cies, which experiences a mean annual temperature of 27.2°C
(SE = 0.09) and amplitude of seasonal fluctuations (differ-
ence between maximum and minimum monthly tempera-
ture) of 3.5° achieves its maximum birth rate at 27.4°C. The
Mediterranean species, which experiences a mean annual
temperature of 17.2°C (SE = 0.28) and seasonal fluctuations
of 10.5° achieves its maximum birth rate at 25.3°C. The
temperate species, which experiences a mean habitat tem-
perature of 9.5°C (SE = 0.41) and seasonal fluctuations of
13°, achieves its maximum birth rate at 18.5°C. All three spe-
cies have multiple generations per year.

If the species are adapted to their current thermal envi-
ronments—a reasonable assumption, since they are either
native to their respective habitats or have been established
in these habitats for more than a century—one would ex-
pect the observed temperature optimum for fecundity to
be close to the optimum it is expected to achieve under sta-
bilizing selection. We therefore consider the observed max-
imum fecundities and the temperature optima as approxi-
mations of 8 and T, and the observed response width as
an approximation of s,

Since the heritability of phenotypic traits tends to be low
(Falconer and McKay 1996), we used a value of h* = 0.1
throughout. Higher heritabilities lead to faster evolutionary
dynamics but do not have a qualitative effect on the long-
term evolutionary outcome (Schreiber et al. 2011; Vasseur
et al. 2011). Initial values of the quantitative trait x were
set to values (0.01—0.05) well below that (u = 1) at which
maximum fecundity (B) is achieved, after verifying that ini-
tial conditions did not affect the long-term ecological or evo-
lutionary outcomes.

Model Analysis

To analyze the model, we need to specify the seasonal tem-
perature regime under which reaction norm evolution occurs
and the timescales over which we analyze eco-evolutionary
dynamics. We describe these steps next.

Seasonal Temperature Variation. We use a sinusoidal func-
tion to incorporate seasonal temperature variation into the
model. Specifically,

Evolution of Thermal Reaction Norms E000

27t
T(t) = My — Ay cos(tl),

m

where Mrand A; depict, respectively, the mean annual tem-
perature (K) and the amplitude of seasonal fluctuations, t is
the time in days, and t,, = 365. The sinusoidal function
ensures that the daily temperature fluctuates around the
mean annual temperature with an amplitude given by A,
and a period of 365 days. The dependence of temperature
on time ensures that the eco-evolutionary model captures
the changes in activity levels and the resulting phenologi-
cal patterns exhibited by each species in its typical thermal
environment (fig. B1, app. B; figs. B1, C1, D1-D3, El, F1,
G1-G3 are available online). For example, let k(T) be the
temperature response function of the trait k (e.g., birth, mat-
uration, or mortality rate). Since temperature is a function
of time, the trait value also changes over time, taking high
values when the temperature is favorable and low values
when the temperature is unfavorable (fig. B1).

Eco-Evolutionary Dynamics. Toinvestigate eco-evolutionary
dynamics, we numerically integrated equation (15) under the
seasonal regime experienced by each species. Because mean
fitness is quantified as the dominant eigenvalue of the system
of equations depicting ecological dynamics (eq. [12]), it is
important to determine whether the population can attain
a stable stage distribution (i.e., a constant juvenile-to-adult
ratio) and, if so, how quickly. It has been shown previously
that a population experiencing seasonal temperature varia-
tion can attain a stable age/stage distribution provided the
nature of seasonal variation (e.g., mean temperature and
amplitude of seasonal fluctuations) remains approximately
constantacross years (Amarasekareand Coutinho2013). Sim-
ulations of the ecological model (eq. [12]), parameterized with
data for the three species, show that a stable stage distribu-
tion is achieved within 1 year (fig. C1, app. C). To ensure that
reaction norm evolution occurred in a population that had at-
tained a stable stage distribution, we allowed stage-structured
population dynamics to proceed for 50 years before initiat-
ing eco-evolutionary dynamics. We calculated the optimal tem-
perature (Toptb(ETOPt (X))) after 250 years of eco-evolutionary
dynamics (750-1,000 generations, depending on the species).
This time frame allowed sufficient time for eco-evolutionary
dynamics to reach their long-term outcomes.

Stochastic Extinction. The interaction between the nonlin-
ear temperature response functions of life-history traits and
seasonal temperature variation can lead to complex dynam-
ics characterized by large fluctuations in abundance. This
predisposes species to extinction via demographic stochas-
ticity during periods of low abundances. To investigate the
effects of stochastic extinction on reaction norm evolution,
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Figure 2: Thermal reaction norms for the temperate (left) and tropical (right) species when the temperature response of competition is
unimodal and a trade-off exists between maximum fecundity and response breadth. Panels a and d depict the case when each species (trop-
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we introduced an extinction threshold such that if the pop-
ulation size at any time fell below one individual, it was con-
sidered to have become extinct.

Testing Predictions. We conduct three types of analyses. In
the first analysis, we investigate reaction norm evolution
when each species is subject to its typical thermal environ-
ment. In the second analysis, we increase or decrease the
magnitude of seasonal fluctuations while holding the mean
temperature at the value typically experienced by the spe-
cies. For example, we subject the temperate species, which
typically experiences large seasonal fluctuations, to lower
fluctuations characteristic of a tropical climate (3.5°C) while
keeping the mean habitat temperature it experiences in a
temperate climate (9.5°C). This allows us to determine the
effect that seasonal fluctuations themselves have on reaction
norm evolution. In the third analysis, we change both the
mean and the amplitude of seasonal fluctuations, that is,
we subject each species to a thermal regime different from
the one it typically experiences. This allows us to investigate
how the thermal reaction norm for fecundity evolves when a
tropical ectotherm invades a temperate habitat and vice
versa.

Since each species is native or naturalized to the habitat
it resides in, it is reasonable to expect that natural selection
has shaped the reaction norm for fecundity so as to max-
imize fitness in the organism’s current thermal environ-
ment. These empirically observed reaction norms provide
a basis for comparison with the reaction norms that evolve
in our model.

Results

We begin with the temperate species, looking first at how
the reaction norm evolves in the species’ typical thermal
environment. When the temperate species experiences the
low habitat mean and high amplitude seasonal fluctuations
characteristic of its typical thermal environment, maximum
fecundity evolves at a temperature that is well above the
mean habitat temperature and close to the empirically ob-
served temperature optimum (fig. 2a). When it experiences
the same habitat mean but weaker seasonal fluctuations,
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maximum fecundity evolves at a temperature that is only
slightly above the habitat mean and well below the empiri-
cally observed temperature optimum (fig. 2b). When the
temperate species is subject to a tropical thermal regime, ex-
posure to high tropical temperatures cause abundances to
fall so low that stochastic extinction occurs before the spe-
cies can adapt to the new thermal environment (fig. 2c).

When the tropical species experiences the high habitat
mean and low-amplitude fluctuations characteristic of its
typical thermal environment, maximum fecundity evolves
at a temperature that is close to the mean habitat temper-
ature and the empirically observed temperature optimum
(fig. 2d). When it experiences stronger seasonal fluctua-
tions at the same high habitat mean, abundances fall so
low that stochastic extinction occurs before the species can
adapt to the new thermal regime (fig. 2e). However, when
the tropical species is exposed to a temperate thermal regime
with a low habitat mean and high-amplitude fluctuations,
it evolves a reaction norm characteristic of a temperate spe-
cies with a lower maximum fecundity and a wider response
breadth (fig. 2f).

The Mediterranean species exhibits an intermediate sit-
uation. When subject to its typical environment, maximum
fecundity evolves at a temperature that is well above the
mean habitat temperature and close to the empirically ob-
served optimum (fig. 3a). When it experiences the same
habitat mean but weaker seasonal fluctuations, the Medi-
terranean species exhibits an evolutionary response similar
to that of the temperate species, with maximum fecundity
evolving at a temperature that is well below the empirically
observed maximum (fig. 3b). When subject to a tropical
thermal regime, the Mediterranean species evolves a reac-
tion norm characteristic of a tropical species with higher
maximum fecundity and lower response breadth; when
subject to a temperate thermal regime, it evolves a reaction
norm characteristic of a temperate species with lower max-
imum fecundity and higher response breadth (fig. 3¢). This
flexibility arises because the Mediterranean species’ ther-
mal reaction norm exhibits attributes of both tropical and
temperate species. For example, it has a narrow response
breadth, which allows it to withstand the higher mean tem-
peratures and lower seasonal fluctuations of a tropical cli-
mate, and a thermal optimum that exceeds the mean habitat

tropical thermal regime and vice versa. Panels ¢ and e depict the temporal dynamics in cases when stochastic extinction occurs. In a, b, and d,
the red curve depicts the empirically observed reaction norm for a given thermal regime, and the blue curve depicts the reaction norm that
evolves in our model under that thermal regime. In f, the green curve is the empirically observed reaction norm under a tropical thermal
regime, and the red curve is the empirically observed reaction norm under a temperate thermal regime. In each panel, the vertical red
and blue lines depict the observed and predicted temperature optima, the dashed blue lines depict the range of seasonal temperature vari-
ation, and the solid black line depicts the mean habitat temperature; the dashed black line represents the temperature corresponding to the
value of maximum fecundity that provides the initial condition for eco-evolutionary dynamics. In ¢ and e, the black and red curves depict,
respectively, juvenile and adult abundances. The detailed eco-evolutionary dynamics underlying these reaction norms are depicted in fig-

ures D1 and D3 (app. D). Parameter values are as follows: g = go = 1/5, A, = 10,000, T

values are as in table B, appendix B.

oty = Lopyg> and s, = sy, Other parameter
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The detailed eco-evolutionary dynamics underlying these reaction norms are depicted in figure D2 (app. D). Parameter values are as in figure 2.

temperature, which allows it to withstand the lower mean
temperatures and higher seasonal fluctuations of a temperate
climate.

The key result to emerge from this analysis is that the
evolutionary response to a change in the thermal environ-
ment depends on the species’ latitudinal origin and its sus-

ceptibility to stochastic extinction. We see that when the
tropical species is subject to a temperate thermal regime its
reaction norm evolves to resemble that of a temperate spe-
cies. However, when the temperate species is subject to a
tropical thermal regime, stochastic extinction prevents
any opportunity of reaction norm evolution. This is coun-
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terintuitive at first glance since the temperate species is a
thermal generalist and the tropical species is a thermal spe-
cialist. The explanation lies in the different ways in which
temperature affects the population dynamics of tropical
and temperate species. When the temperate species is sub-
ject to a tropical thermal regime, it experiences temper-
atures that are above its physiological optimum for most
of the year. Birth and maturation rates are the lowest and
mortality rate is the highest during the long periods of
warmer temperatures (fig. 4a—4c). As a result, abundances
drop to low levels that cause stochastic extinction before
the species has had time to adapt to the tropical climate
(fig. 4d; fig. D3, app. D). In contrast, when a tropical species
is subject to a temperate thermal regime, its high physiolog-
ical optimum allows it to capitalize on the times of the year
when temperatures exceed the habitat mean. Birth and
maturation rates are highest during the warmest periods
of the year, and while the mortality rate is also high during
this time, it is much lower than that which the species
experiences during the warmest days in the tropical habitat
(fig. 4e-4g). As a result, abundances do not reach the low
levels at which stochastic extinction occurs, and the species
can persist long enough to adapt to a temperate climate re-
gime (fig. 4h; fig. D1, app. D).

Importantly, it is the temperature effects on ectotherm
development that drives the differential susceptibility of
tropical and temperate species to stochastic extinction.
When we omit the juvenile stage and focus only on adult
population dynamics, the temperate species can just as well
invade tropical habitats as does tropical species temperate
habitats (fig. E1, app. E). When we consider the entire life
cycle, the multiplicative effects of the temperature responses
of juvenile development, juvenile mortality, and adult mor-
tality (and any density-dependent effects thereof) come into
play in determining the species’ per capita growth rate when
rare. It is this interaction that causes species’ abundances to
fall to the low levels at which extinction occurs due to demo-
graphic stochasticity. Since such interactive effects are ab-
sent when only the adult stage is considered, stochastic ex-
tinction is prevented and temperate species can increase
when rare in a tropical habitat and adapt to that environ-
ment (fig. E1, app. E).

In our eco-evolutionary model, energetic constraints im-
pose a trade-off between maximum fecundity and response
breadth such that response breadth evolves as a correlated
trait. Analysis of the model without this trade-off (i.e., maxi-
mum fecundity evolves while response breadth remains un-
changed) yields the same outcome, that is, maximum fecun-
dity evolves at a temperature well above the mean habitat
temperature in Mediterranean and temperate species and to
coincide with the mean habitat temperature in the tropical
species (fig. F1, app. F). However, since the response breadth
does not evolve, each species, when subject to a thermal envi-
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ronment different from the one it is adapted to, evolves a re-
action norm that is mismatched with the new thermal envi-
ronment. For instance, when the tropical species is subject
to a temperate climate, maximum fecundity evolves at a tem-
perature that is closer to the mean habitat temperature but the
response breadth remains narrow, making the species unable
to take advantage of time periods when seasonal fluctuations
cause temperatures to exceed the habitat mean. Similarly,
maximum fecundities of Mediterranean and temperate spe-
cies evolve at temperatures that exceed the habitat mean,
but the response breadth remains wider than the range of sea-
sonal fluctuations experienced in a tropical climate. If plastic-
ity incurs a cost, which one expects would be the case (DeWitt
et al. 1998; Relyea 1998), this would be maladaptive. These
results highlight the important role that selection and con-
straints jointly play in thermal adaptation.

The temperature response of intraspecific competition
(monotonic vs. unimodal) affects reaction norm evolution
through its effect on stochastic extinction (figs. G1, G2,
app. G). Minimum population sizes (the lowest abundance
observed in the time series) of all species are lower when
the temperature response of competition is monotonic
(fig. G3, app. G), thus increasing the risk of stochastic ex-
tinction.

Discussion

We investigate the mechanisms underlying the latitudinal
variation in the relationship between thermal optima and
the mean habitat temperature. We focus on the evolution
of the thermal reaction norm for fecundity, as it is a major
component of fitness. We hypothesize, on the basis of Jen-
sen’s inequality, that thermal optima should evolve to tem-
peratures above the habitat mean when seasonal fluctuations
are strong and to coincide with the habitat mean when sea-
sonal fluctuations are weak. We test this hypothesis by devel-
oping an eco-evolutionary model that integrates quantitative
genetics of reaction norm evolution with stage-structured
population dynamics. The novelty of our framework is the
mechanistic descriptions, derived from first principles of ther-
modynamics, of life-history trait responses to temperature,
inclusion of the stage structure that characterizes the com-
plex life cycles of multicellular ectotherms, and consideration
of stochastic extinction at low abundances as a constraint on
reaction norm evolution.

We find that, when exposed to the typical thermal re-
gimes characterized by large seasonal fluctuations, thermal
optima of Mediterranean and temperate species do evolve
to exceed the mean habitat temperature. When exposed to
the typical thermal regime characterized by weak seasonal
fluctuations, the tropical species’ thermal optimum evolves
to coincide with the mean habitat temperature.
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Two key insights emerge from our analysis. The first is
the role of ecological dynamics as a constraint on reaction
norm evolution. We see that the tropical species cannot
tolerate an increase in seasonal fluctuations at the high
mean habitat temperature it currently experiences, while
the temperate species cannot tolerate a decrease in fluctua-
tions if the mean habitat temperature is higher that what it
typically experiences. In both cases, a change in the ther-
mal regime causes abundances to fall to levels that predis-
pose the species to stochastic extinction, thus precluding
the opportunity to adapt to a novel thermal environment.
Stochastic extinction risk is greater when the strength of
intraspecific competition increases monotonically with in-
creasing temperature. This is because both temperature
and competition act synergistically to reduce abundances
at high temperatures, leading to a lower minimum popula-
tion size as temperatures approach winter levels. Minimum
population size is higher when the temperature response
of competition is unimodal because the negative effects of
competition and temperature are felt at different times, that
is, competition is strongest at the physiologically optimal
temperature for reproduction while negative effects of tem-
perature are strongest during temperature extremes above
the physiological optimum.

Importantly, it is the multiplicative effects of temperature
responses of juvenile development and mortality (and any
density-dependent effects thereof) that drive the differential
susceptibility of tropical and temperate species to stochastic
extinction. This is evidenced by the absence of such differen-
tial effects when stage structure is eliminated from the model
(app. E). This finding illustrates the crucial importance of in-
corporating the complex life cycles of multicellular ectotherms
into investigations of thermal reaction norm evolution.

The second key result is a potential directionality in col-
onization success. Tropical ectotherms, because of their high
thermal optima, can persist in sufficiently high abundances to
avoid stochastic extinction during the initial invasion phase.
This gives them the opportunity to adapt to the new thermal
regime and successfully establish in temperate habitats. Tem-
perate ectotherms, because of their lower thermal optima, are
more likely to succumb to stochastic extinction during the
initial invasion phase. They are therefore less likely to estab-
lish in tropical habitats. Interestingly, the Mediterranean spe-
cies, which resembles a tropical ectotherm in having a rela-
tively narrow temperature response of reproduction and a
temperate ectotherm in exhibiting a temperature optimum
well above the mean habitat temperature, can invade and es-
tablish in both tropical and temperate habitats. This result,
combined with the finding that tropical ectotherms can suc-
cessfully colonize temperate habitats despite having a narrow
response breadth, suggests that ectotherm species’ ability to
adapt to novel thermal environments may hinge on having
a high thermal optimum rather than a wide response breadth.

Evolution of Thermal Reaction Norms E000

Although we have not attempted a comprehensive anal-
ysis, our review of the invasion literature suggests that the
predicted directionality in colonization success may well ex-
ist. For example, some of the most successful invasive spe-
cies are ectotherms of tropical origin that have successfully
colonized temperate habitats (e.g., the cane toad [McCann
et al. 2014], the Asian tiger mosquito [Juliano and Lounibos
2005], the fire ant [Morrison et al. 2004], scale insects [Miller
et al. 2005], and marine invertebrates [Jablonski et al. 2006,
2013; Freestone et al. 2013]). While there are instances of
temperate ectotherms successfully colonizing subtropical hab-
itats, such as Hawaii (Meyer and Cowie 2010), the most suc-
cessful temperate invaders of tropical habitats are endotherms
(e.g., birds and rodents [Wiens and Graham 2005]). Of note,
our findings serve to explain the differential success of tropical
and temperate species in colonizing novel thermal environ-
ments. Whether this directionality in colonization success
translates into superior competitive ability during the estab-
lishment phase is an intriguing question that we hope to ad-
dress in future work.

Here we have developed an eco-evolutionary framework
that combines the quantitative genetics of reaction norm
evolution with stage-structured population dynamics. In
doing so, we have used ordinary differential equations to
depict stage-structured population dynamics. A realistic de-
piction of temperature effects on ectotherm development re-
quires the use of delay differential equations (Gurney et al.
1983; Nisbet 1997; Murdoch et al. 2003), but we currently
do not have the techniques to combine these equations with
models of trait evolution. Developing the mathematical and
computational techniques necessary to do so is an impor-
tant future direction. While our model focuses on seasonal
temperature variation, most ectotherm species also experi-
ence diurnal temperature fluctuations. Our focus on sea-
sonal temperature variation alone is, in part, in the interest
of parsimony: as our results show, seasonal variation alone
is sufficient to explain the latitudinal variation in the rela-
tionship between thermal optima and the mean habitat
temperature. It is also in part due to the lack of detailed in-
formation on patterns of diurnal temperature variation on
the same species for which data on thermal reaction norms
are available. In the absence of such data, it is difficult to
make an informed inference about the role of diurnal tem-
perature variation in driving latitudinal patterns. Prelimi-
nary analyses we have conducted, assuming a sinusoidal
pattern of diurnal variation, show that such variation does
not qualitatively alter our main finding that thermal optima
of species experiencing high amplitude seasonal variation
evolve to exceed the mean habitat temperature.

In the interests of tractability, we have investigated the
evolution of the reaction norm for fecundity while consid-
ering reaction norms of other life-history traits to reflect
adaptations to the organism’s typical thermal environment.
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In reality, reaction norms of different life-history traits are
likely to coevolve. Investigating the coevolutionary dynam-
ics of reaction norm evolution is an important future direc-
tion. Our formulation also considers ecological and evolu-
tionary dynamics to operate on comparable timescales.
While the increasingly strong evidence for rapid evolution,
especially in response to changes in the thermal environ-
ment (e.g., Rodriguez-Trelles and Rodriguez 1998; Maron
et al. 2004; Wiens and Graham 2005; Franks et al. 2007),
validates this approach, it is important to test how robust
our results are when evolutionary dynamics operate on a
slower timescale than ecological dynamics. We are currently
developing adaptive dynamics models to investigate the is-
sue of timescales in reaction norm evolution.
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