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Temperature, Growth Rate, and Body Size in Ectotherms: Fitting Pieces of a
Life-History Puzzle!
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Svnopsis.  Themajority of ectotherms grow slower but mature at alarger body sizein colder environments.
This phenomenon has puzzled biologists because classic theories of life-history evolution predict smaller sizes
at maturity in environments that retard growth. During the last decade, intensive theoretical and empirical
resear ch has generated some plausible explanations based on nonadaptive or adaptive plasticity. Nonadaptive
plasticity of body sizeishypothesized to result from thermal constraintson cellular growth that cause smaller
cells at higher temperatures, but the generality of this theory is poorly supported. Adaptive plasticity is
hypothesized to result from greater benefits or lesser costs of delayed maturation in colder environments.
These theories seem to apply well to some species but not others. Thus, no single theory has been able to
explain the generality of temperature-size relationships in ectotherms. We recommend a multivariate theory
that focuses on the coevolution of thermal reaction norms for growth rate and size at maturity. Such a
theory should incorporate functional constraints on thermal reaction norms, as well as the natural covari-

ation between temperature and other environmental variables.

INTRODUCTION

The relationships among environmental tempera-
ture, organismal growth, and adult body size have in-
trigued biologists for over a century, but a resurgence
of interest in the last decade has been fueled by the
discovery of widespread patterns in diverse taxa. Spe-
cies distributed over broad geographic ranges often ex-
hibit thermal clines in body size, with the majority of
species exhibiting larger adult size in colder environ-
ments (Partridge and French, 1996; Ashton, 2004).
This geographic variation in body size is consistent
with the intraspecific version of Bergmann's rule,
which states that races of a species tend to be larger
in colder environments (for reviews of this concept,
see Blackburn et al. [1999] and Ashton [2004]). Al-
though genetic divergence in body size among popu-
lations is not uncommon (Partridge and Coyne, 1997),
phenotypic plasticity is likely to be a major contributor
to geographic clines in body size because lab studies
have shown that a reduction in environmental temper-
ature causes an increase in adult size in the mgjority
of ectotherms studied to date (Atkinson, 1994, 1995;
Atkinson et al., 2003). This thermal plasticity of body
size—dubbed the temper atur e-si ze rule—has been ob-
served in bacteria, protists, plants, and animals, mak-
ing it one of the most taxonomically widespread
“rules” in biology. As with all biological ‘‘rules,”
clear exceptions to Bergmann's rule and the tempera-
ture-size rule exist. Still, biologists have had more dif-
ficulty finding plausible explanations for these rules
than they have had finding causes for exceptions.

Relationships between environmental temperature
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and life history in ectotherms have puzzled biologists
because of the paradoxical effects of temperature on
growth rate and size at maturity: lower temperatures
cause ectotherms to grow slower but mature at a larger
body size. In contrast, most optimization models pre-
dict a smaler size at maturity in environments that
retard growth (reviewed by Berrigan and Charnov,
1994). Despite their slower rates of growth, individu-
as in cold environments can reach a relatively large
body size by prolonging growth and delaying repro-
duction relative to individuals in hot environments;
nevertheless, such a strategy decreases the probability
that individuals in cold environments will survive to
produce any offspring. Thus, we should be puzzled
even if individuals in cold environments were to reach
the same size as those in warm environments.
Although temperature-size relationships are puz-
zling, their widespread similarity suggests that a com-
mon cause exists. In the last decade, both theorists and
empiricists have responded to the challenge of identi-
fying this cause; both nonadaptive and adaptive expla-
nations have been offered (Atkinson and Sibly, 1997).
Nonadaptive theories describe how the effects of tem-
perature on biochemical processes can give rise to the
observed temperature-size relationship. Such theories,
if they are to have generality, must also describe how
some species are able to circumvent these physical
constraints on growth and development. Adaptive the-
ories use the costs and benefits of particular life his-
tories to describe why, in most species, natural selec-
tion favors genotypes that grow faster but mature at a
smaller size when raised at higher temperatures. Be-
cause such a diverse array of organisms are involved,
biologists have mainly considered simple, univariate
explanations which are seemingly more general than
complex, multivariate ones (Atkinson, 1996). Despite
some claims that the puzzle has been solved, we em-
phasize that simple theories have not provided a gen-
eral explanation for temperature-size relationships. By
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refuting some of these theories, however, we have
made significant progress toward a solution. In the fol-
lowing sections, we review nonadaptive and adaptive
theories of temperature-size relationships and consider
their generality in light of emerging data. We then dis-
cuss a theoretical framework that could enable biolo-
gists to achieve a general theory by focusing on more
complex, multivariate explanations. Our emphasis is
placed on the thermal plasticity of body size, but the
theories we discuss could also be used to explain the
genetic divergence of body size along geographic ther-
mal gradients.

NONADAPTIVE PLASTICITY OF Boby SizE

Given the magnitude and diversity of organisms that
conform to the temperature-size rule, one might rea-
sonably hypothesize that some general physical con-
straints operating at the cellular and molecular levels
play a causal role. In this spirit, van der Have and de
Jong (1996) proposed that temperature-size relation-
ships result from unequal effects of temperature on
growth and differentiation. Specifically, they modeled
rates of growth and differentiation according to the
Sharpe-Schoolfield equation, assuming growth and dif-
ferentiation are governed by independent systems of
enzymes whose performances can be summarized by
single rate-limiting steps. When the effect of temper-
ature on the rate of differentiation is greater than its
effect on the rate of growth, the model predicts that
increasing temperature should lead to a decrease in the
size at maturity. To make a connection between the
model and real organisms, van der Have and de Jong
assumed that differentiation is proportional to cellular
division and that growth is proportional to protein syn-
thesis. Importantly, they argued that DNA replication
is more sensitive to temperature (Q,, = 2) because of
the high diffusibility of DNA replicase, whereas pro-
tein synthesis is less sensitive to temperature (Q,, =
1) because of the low diffusibility of ribosomal sub-
units. Thus, the theory’s explanatory power hinges on
the assumption that the physical capacities for differ-
entiation and growth are set by rates of different cel-
lular processes.

If the thermal sensitivity (i.e., the Q,,) of cellular
division does exceed that of cellular growth, another
possible cause is a reduction in the availability of ox-
ygen for cells with increasing temperature. Woods
(1999) used a biophysical model to demonstrate that
the maximal size of a cell—the size at which oxygen
concentrations should reach zero at its center—de-
creases with increasing temperature. Although data on
oxygen gradients in cells and their consequences for
cellular function are lacking (Woods, 1999), some ob-
servations suggest that the body size of organisms is
limited by the biophysical mechanisms that govern the
diffusion of oxygen. For example, Chapelle and Peck
(1999) noted that an increase in the threshold size of
benthic amphipods (i.e., the size separating the largest
5% of species from the smallest 95% of species) is
associated with an increase in the oxygen content of

water among 12 locations, ranging from tropical to
polar regions. By extending Wood's theory from the
cellular level to the organismal level, one might hy-
pothesize that ectotherms raised at higher temperatures
reach a smaller final size because of biophysical con-
straints on the size of their cells.

However, biophysical constraints on cellular size
cannot be a general explanation for the temperature-
size rule because temperature can affect both the num-
ber and the size of cells at adulthood. An implicit as-
sumption of the theory based on constraints on cellular
size is that the number of cells in adults is the same
at all temperatures; otherwise, no definitive end to dif-
ferentiation would exist and the rate of cellular divi-
sion would need not correlate with the duration of de-
velopment. For species such as C. elegans, in which
the number of cells at adulthood is constant, larger
body sizes at lower temperatures are caused obviously
by an increase in cellular size (Van Voorhies, 1996).
But the generality of this theory depends on whether
the number of cells at adulthood is insensitive to tem-
perature in other species of ectotherms. The cellular
basis of variation in body size has been explored most
extensively in Drosophila melanogaster. Thermal
plasticity of body size is caused primarily by variation
in the size of cellsin some populations (Partridge and
French, 1996; James et al., 1997; French et al., 1998;
Azevedo et al., 2002) and by variation in the number
of cells in others (Noach et al., 1997). Likewise, the
cellular basis of thermal clines in body size among
genetically-distinct populations of D. melanogaster is
inconsistent; an Australian cline is caused primarily by
variation in the number of cells (James et al., 1995,
1997), but a South American cline is caused by vari-
ation in both the size and number of cells (Zwaan et
al., 2000). Even within the South American cline, the
relative contribution of variations in the number and
size of cellsto variation in the size of an organ differs
among wings, eyes and legs (Azevedo et al., 2002).
Among 28 isofemale lines derived from three popu-
lations, both the number and size of cells contribute to
variation in body size and their relative contribution
varies among lines (de Moed et al., 1997). A similar
diversity of proximate mechanisms underlies latitudi-
nal clines in the body size of D. subobscura (Calboli
et al., 2003). Apparently, no general cellular mecha-
nism causes the thermal plasticity of body size. In-
stead, the outcome seems to depend on the genetic
variation available prior to natural selection (Zwaan et
al., 2000; Calboli et al., 2003).

ADAPTIVE PLASTICITY OF Boby SizE

Two lines of evidence suggest that alarger body size
in colder environments is adaptive. First, genetic di-
vergence among geographically widespread species is
consistent with patterns of phenotypic plasticity; in-
dividuals from colder environments often exhibit larg-
er sizes at maturity than those from warmer environ-
ments when all are reared in a common environment
(reviewed by Partridge and French [1996]; see also
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van ‘t Land et al. [1999], and Morin et al. [1999]).
Second, studies of natural selection in the laboratory
have linked environmental temperature to the evolu-
tion of body size in Drosophila melanogaster, with
low-temperature lines being larger than high-temper-
ature lines (Partridge et al., 1994). To reach arelatively
large body size, individuals in cold environments must
prolong growth and delay reproduction relative to in-
dividuals in warm environments. Such delayed matu-
ration is adaptive when a colder environment enables
alarger increment in fecundity or a higher rate of sur-
vival (Stearns, 1992). Although fecundity typically in-
creases with increasing body size (Roff, 2002), indi-
viduals in cold environments are not likely to achieve
relatively large increments in fecundity because they
grow slower than individuals in warm environments.
Therefore, adaptive explanations for the temperature-
size rule have been based on the costs and benefits of
particular life histories given thermal constraints on
production or thermal effects on survival (Berrigan
and Charnov, 1994; Atkinson, 1994, 1996). In this sec-
tion, we summarize recent efforts to evaluate these the-
ories.

Benefits of early maturation in warm environments

Predictions of life-history theory often depend on
which estimate of fitness is chosen (Kozlowski, 1993).
Two common estimates of fithess are the net repro-
ductive rate (R,) and the Malthusian parameter (r). In
analyses of life-history strategies over discrete inter-
vals of time, the finite rate of increase (\) is considered
instead of r, but these two estimates are interrelated (A
= ¢; Charlesworth, 1980). The use of R, is appropriate
for a closed population at an equilibrium size (Roff,
2002), or for a spatially-structured population with an
average growth rate equal to zero (Kawecki and
Stearns, 1993). The use of r is appropriate when the
growth of a population is unchecked; however, r is
also maximized when multiple generations are possi-
ble within a single active season, and mortality during
the inactive season is independent of the life-history
strategy (Kozlowski, 1993). To maximize r, the opti-
mal strategy is usually to mature as early as possible
because of the advantage of compound growth (e.g.,
see Sebens, 2002), as with the compounding of interest
in monetary investments. If temperature constrains the
timing of maturation, by affecting the minimal size for
reproduction or by limiting the rate of gonadal devel-
opment, the temperature-size rule can describe the op-
timal reaction norm for size at maturity in populations
whose growth is compounded.

The **compound interest hypothesis’ has been of-
fered to explain why certain ectotherms mature earlier
at a smaller size in warmer environments (Partridge
and French, 1996; Fischer and Fiedler, 2002; Atkinson
et al., 2003). When reproduction is limited to a par-
ticular season, the ability to complete multiple gener-
ations during this season favors early maturation at a
relatively small size whereas the inability to do so fa-
vors delayed maturation at a relatively large size. To

evaluate this hypothesis, Fischer and Fiedler (2002)
compared thermal reaction norms in two univoltine
and two oligovoltine populations of the butterfly Ly-
caena hippothoe. Univoltine populations were char-
acterized by reduced thermal sensitivity of adult size
compared to oligovoltine populations. Nevertheless,
smaller adults at higher temperatures were observed in
al four populations. The compound interest hypothesis
applies only to species in which generation times are
constrained, perhaps by some minimal size at maturity.
Otherwise, natural selection would favor the earliest
possible age at maturity in all thermal environments,
and the faster growth at a higher temperature would
result in a larger size at maturity. Thus, studies of de-
velopmental constraints on age and size at maturity
might shed light on the generality of this explanation.

Similarly, a therma constraint on gonadal growth
can favor smaller adult sizes at higher temperatures
(Kindimann and Dixon, 1992). The optimal reaction
norm for size at maturity depends on the relative rates
of energetic assimilation and gonadal growth; if higher
temperatures increase the maximal rate of gonadal
growth more than they speed the mass-specific rate of
assimilation, size at maturity should decrease with in-
creasing temperature. This result is contingent upon
the choice of r as an estimate of fitness, such that the
optimal strategy is to invest maximally in gonadal
growth so as to benefit from the effect of compound
interest. In support of the model, Kindimann and Dix-
on (1992) presented evidence that temperature impacts
embryonic growth rate (an estimate of gonadal
growth) more than relative growth rate (an estimate of
assimilation) in several species of aphids. But why
should temperature affect rates of gonadal growth
more than rates of assimilation? Certainly gonadal
growth relies on energetic resources that stem from the
process of assimilation. In the absence of a physiolog-
ical mechanism for this constraint, we wonder whether
thermal effects on embryonic and relative growth rates
of aphids reflect adaptive strategies of allocation rather
than a constraint on the maxima rate of gonadal
growth. If so, thermal sensitivities of embryonic and
relative growth rates are a consequence of a strategy
that diverts resources from growth to reproduction ear-
lier at higher temperatures, rather than a cause of this
strategy. A convincing evaluation of Kindlmann and
Dixon's model awaits the identification of a mecha-
nism by which low temperatures restrict the rate of
gonadal growth more severely than they restrict the
rate of assimilation.

Benefits of delayed maturation in cold environments

A relatively large increment in fecundity through
delayed maturation in cold environments is an implau-
sible explanation for the temperature-size rule unless
one assumes thermal constraints on maximal body
size. Typically, delayed maturation provides a benefit
of greater fecundity because fecundity increases with
increasing body size (Stearns, 1992; Roff, 2002). If
this benefit outweighs the cost of reduced survival to
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Fic. 1. In three species of isopods, the optimal temperature for
growth rate decreased with increasing body size. Adapted from Pan-
ov and McQueen (1998).

maturity, delayed maturation at a relatively large size
will be favored by natural selection (Stearns, 1992;
Roff, 2002). The problem is that delayed maturation
should yield a relatively small increment in fecundity
in cold environments because ectotherms grow slower
at lower temperatures. However, thermal constraintson
maximal body size can generate optimal reaction
norms consistent with the temperature-size rule (Ber-
rigan and Charnov, 1994; Atkinson, 1996; Kindimann
et al., 2001). Such constraints limit growth at the end
of ontogeny, and thus reduce the benefit of delayed
maturation; since these constraints are assumed to be
absent or less severe at low temperatures, the optimal
reaction norm is a decrease in age and size at maturity
with increasing temperature.

Thermal constraints on maximal body size have
been explored using Bertalanffy’s growth function
(Bertalanffy, 1960), in which growth rate is the dif-
ference between rates of anabolism and catabolism:

dw . g

p» awe — bw (@)
where W is body mass, a and b are coefficients of
anabolism and catabolism, and ¢ and d are exponents
that define the allometry of anabolism and catabolism.
Growth decelerates with age when ¢ < d, and accel-
erates with age when ¢ > d. Temperature can influence
the maximal attainable body size by changing the co-
efficients or the exponents. Strong and Daborn (1980)
suggested that smaller sizes at higher temperatures are
caused by a decrease in ¢ and an increase in d with
increasing temperature. Similarly, Perrin (1995)
showed that the optimal life history follows the tem-
perature size-rule when the thermal sensitivity of ca-
tabolism (i.e., the Q,, of b) is greater than the thermal
sensitivity of anabolism (i.e., the Q,q of a). Thermal
effects on the coefficients and exponents are multipli-
cative, such that both can contribute synergistically to
a reduction in body size at a higher temperature (Ko-

zlowski et al., 2004).
Available evidence supports Strong and Daborn’s
hypothesis that the allometries of anabolism and ca-
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Fic. 2. In contrast to the assumption of Perrin (1995), the relation-
ship between environmental temperature and the growth efficiency
of an ectotherm is usually positive and is rarely negative. Relation-
ships between temperature and growth efficiency (gross or net) were
characterized as positive, negative, unimodal, or statistically insig-
nificant. Data on gross and net growth efficiencies represent 89 pop-
ulations of 53 species and 24 populations of 20 species, respectively.
Adapted from Angilletta and Dunham (2003).

tabolism are differentially affected by temperature. In
their study of the isopod Idotea baltica (Strong and
Daborn, 1980), ingestion scaled almost isometrically
(c = 0.94) at low temperature but allometrically (c =
0.71) at high temperature, whereas respiration scaled
alometrically (d = 0.68) at low temperature and iso-
metrically (d = 1.00) at high temperature. These ther-
mal effects on allometry resulted in a decrease in the
thermal optimum for growth rate throughout ontogeny.
Consequently, individuals raised at high temperatures
started out growing at a maximal rate and ended up
growing at a sub-maximal rate, whereas those raised
at low temperatures started out growing at a sub-max-
imal rate and ended up growing at a maximal rate.
Similar trends have been observed in other species of
aquatic ectotherms indicating that the phenomenon ob-
served in Idotea baltica is not an isolated case (Fig.
1; see aso Angilletta and Dunham, 2003). These on-
togenetic shifts in the potential for growth favor early
maturation in warm environments where growth de-
celerates with age and delayed maturation in cold en-
vironments where growth accelerates with age.

In contrast, empirical evidence does not support Per-
rin’s hypothesis that the thermal sensitivity of catab-
olism is greater than the thermal sensitivity of anab-
olism. If this condition applies generally, growth effi-
ciency of an ectotherm must decrease with increasing
temperature. In a survey of more than 50 species, An-
gilletta and Dunham (2003) showed that growth effi-
ciency usually increases with increasing temperature
within the thermal range that is governed by the tem-
perature-size rule (Fig. 2). Even when data for a par-
ticular species do support Perrin’'s hypothesis, the
range of temperatures over which this mechanism can
explain the temperature-size rule is only about 5°C.
Therefore, the explanation put forth by Perrin (1995)
only applies to a narrow range of temperatures in the
minority of ectotherms studied to date.

A major problem with theories based on Bertalanf-
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fy’s growth function is that the mechanisms they as-
sume are not sufficiently general to explain the tem-
perature-size rule. In Perrin’s model, a decelerating
rate of growth must be assumed to produce an optimal
strategy of a smaller size at a higher temperature. Yet,
growth rates of juveniles are constant or accelerating
in a diverse array of species, including cnidarians
(Bamstedt et al., 1999), mollusks (Laing et al., 1987;
Sicard et al., 1999), crustaceans (Lellis and Russell,
1990; Pockl, 1995; Lee et al., 2003), insects (Tsitsipis
and Mittler, 1976; Sweeney and Vannote, 1978; Ernst-
ing et al., 1992), fish (Imsland et al., 1995; Martinez-
Palacios et al., 1996; Jonassen et al., 2000; Bendiksen
et al., 2002), amphibians (Berven, 1982; Jargensen,
1983), and reptiles (Dunham, 1978; Schoener and
Schoener, 1978; Sears and Angilletta, 2003). Even
Strong and Daborn’s hypothesis, which accounts for
accelerating growth at low temperatures is unsettling
because this condition would favor growth to an infi-
nite body size under a reasonable set of assumptions
(Sevenster, 1995). Because many organisms do not
grow asymptotically and no organism grows indefi-
nitely, Bertalanffy’s model is best treated as a phenom-
enological description of growth rather than a set of
mechanisms that constrain growth. The parameters of
Bertalanffy’s model can be modified through thermal
acclimation of morphology, behavior, and physiology
(Sebens, 1987), such that any particular set of values
are the consequence of a life-history strategy (albeit
not necessarily an adaptive one). In fact, models of the
optimal allocation of resources predict growth trgjec-
tories that are well described by Bertalanffy’s growth
function even when growth is not constrained by a
maximal body size (Kozlowski et al., 2004).

Although the assumption of decelerating growth is
problematical for analyses of optimal age and size at
maturity, the temperature-size rule can also result from
the optimal allocation of resources when somatic and
gametic production undergoes senescence (Kindlmann
et al., 2001). The senescence of production can result
from a decrease in the ability to acquire resources or
an increase in the required maintenance and repair
with age. Kindlmann et al. (2001) assumed that pro-
duction accelerated early in ontogeny but decelerated
late in ontogeny because of senescence. Under these
conditions, the growth of juveniles accelerates with
age while the fecundity of adults decelerates with age.
The optimal age and size at maturity depends on the
rate of senescence; if senescence is faster at higher
temperatures, early maturation is favored because it
enables reproduction before senescence takes a major
toll on fecundity. Kindlmann et al. (2001) claimed
their model probably resolves the puzzling effects of
temperature on body size. However, their conclusion
depends on the validity of r as a criterion of fitness,
the time-course of senescence, and the thermal sensi-
tivities of assimilation, gonadal development, and se-
nescence. As such, the generality of this explanation
is presently unclear.

Atkinson and Sibly (1996) argued that, even when

production accelerates with age, energetic costs asso-
ciated with pupation, mating, or other activities of
adulthood could favor the evolution of a smaller size
at maturity. This idea seems like a potential cause for
earlier maturation in warmer environments, but the ar-
gument is logically flawed. Fecundity should be higher
for individuals that delay maturation despite the ad-
ditional energetic costs associated with adulthood. For
income breeders, delayed maturation will result in a
higher rate of reproduction during adulthood because
the rate of production accelerates with age. For capital
breeders, delayed maturation will result in larger size
at maturity, which provides more stored energy for
reproduction. Therefore, the benefits of delayed mat-
uration are unlikely to provide an explanation for the
larger size of ectothermsin colder environments unless
some convincing mechanism for a thermal constraint
on maximal body size is discovered.

Costs of delayed maturation in warm environments

Since a higher survivorship of juveniles favors de-
layed maturation (Stearns, 1992; Roff, 2002), the tem-
perature-size rule could be explained by a lesser risk
of mortality at lower temperatures (Atkinson, 1994,
1995, 1996). Temperature can have both direct and
indirect effects on the survivorship of juveniles. Direct
effects are mediated by thermal sensitivities of devel-
opment, physiology, and behavior. Indirect effects are
mediated by changes in the quantity or quality of re-
sources, competitors, predators, or parasites. In the lat-
ter case, temperature need only be a reliable indicator
of these indirect effects for selection to favor reaction
norms that are expressed in the absence of ecological
factors (Perrin, 1988; Sibly and Atkinson, 1994). Fi-
nally, temperature might interact with other abiotic
variables that impact survivorship, such as salinity or
pH. Models that incorporate a risk of mortality predict
optimal sizes at maturity that are below the sizes that
maximize production (Perrin and Rubin, 1990; Perrin
and Sibly, 1993; Sebens, 2002).

Very large thermal effects on survivorship are need-
ed to produce an optimal reaction norm that conforms
to the temperature-size rule (Myers and Runge, 1983).
The necessary magnitude of the effect depends on the
thermal sensitivity of production and the survivorship
at low temperature (see Appendix). Typically, the Q,,
of anabolism ranges from two to six, and the Q,, of
catabolism ranges from one to three; consequently,
production is glightly more sensitive to temperature
than is anabolism (Table 1). Because production is
very sensitive to temperature, a decrease in survivor-
ship with increasing temperature does not guarantee
that the optimal life history will accord with the tem-
perature-size rule. Indeed, thermal sensitivities of sur-
vivorship must be quite large if they are to explain the
generality of this rule (Fig. 3).

Are direct effects of temperature on survivorship
large enough to explain the temperature-size rule? Be-
cause studies conducted in the laboratory exclude most
ecological sources of mortality, they provide valuable
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TaBLE 1. Thermal sensitivities of anabolism and catabolism in ectotherms.
Therma Qo Of Qy of Qo of

Species Range (°C) Anabolism  Catabolism  Production Reference
Acanthocyclops viridis 5-15 0.8 0.6 17 Laybourn-Parry et al. 1988
Argopecten ventricosus-circularis 16-19 9.3 2.7 12.9 Sicard et al. 1999
Daphnia middendorffiana 3.5-16 23 2.8 1.9 Yurista 1999
Macrocyclops albidus 5-20 1.1 0.9 14 Laybourn-Parry et al. 1988
Mytilus galloprovincialis 10-20 1.3 1.7 13 van Erkom Schurink and Griffiths 1992
Oncorhynchus mykiss 1019 1.3 1.0 14 Myrick and Cech 2000
Ostrea edulis 5-15 57 0.8 7.8 Buxton et al. 1981
Ostrea edulis 5-15 10.8 33 11.3 Hutchison and Hawkins 1992
Ostrea edulis 14-20 35 2.9 3.6 Beiras et al. 1994
Palaemonetes pugio 15-30 2.2 1.0 6.8 Vernberg and Piyatiratitivorakul 1998
Papilio canadensis 12-30 1.8 1.8 2.3 Ayres and Scribner 1994
Perna perna 10-20 34 2.0 4.0 van Erkom Schurink and Griffiths 1992
Pinctada margaritifera 19-28 2.0 1.8 2.2 Yukihira et al. 2000
Pinctada maxima 19-28 3.2 2.0 4.2 Yukihira et al. 2000
Platichthys flesus 6-22 29 2.2 4.4 Fonds et al. 1992
Salmo trutta 5.6-12.8 10.5 9.0 134 Elliot 1976
Scottolana canadensis 2028 2.8 2.1 34 Lonsdale and Levinton 1989
Smocephalus vetulus 8-28 1.8 1.3 1.9 Sharma and Pant 1984
Venerupis pullastra 10-20 6.4 3.8 7.4 Albentosa et al. 1994
Lower Quartile 1.8 1.1 1.9
Upper Quartile 4.6 2.8 7.1

Anabolism and catabolism were estimated from measures of net assimilation (or ingestion) and respiration, respectively. We excluded low
temperatures at which rates of production were negative and high temperatures at which rates of production were less than maximal; therefore,
estimates apply to thermal ranges described by the temperature-size rule.

information on the magnitude of direct effects. Atkin-
son (1994) examined the thermal effects on survivor-
ship for 29 of the 109 cases in his data set, concluding
that survivorship did not always decrease with increas-
ing temperature. Expanding on Atkinson’s analysis, we
calculated the thermal sensitivities of survivorship for
130 populations of ectotherms, including 1 species of
cnidarians, 4 species of annelids, 5 species of mol-
lusks, 2 species of rotifers, 7 species of arachnids, 18
species of crustaceans, 54 species of insects, 21 species
of fish, and 2 species of amphibians (data and refer-
ences are available upon request). We excluded low
temperatures at which rates of production were nega-
tive and high temperatures at which rates of production
were less than maximal, and used daily survivorship
at the two extremes to estimate a Q,,. Thus, our cal-
culations provided conservative estimates of the Q,y's
of survivorship over the thermal range to which the
temperature-size rule pertains. Although higher tem-
peratures caused lower survivorship in 74 of 130 cas-
es, thermal sensitivities of survivorship in most species
were too small to explain smaller adult sizes at higher
temperatures (Fig. 3). Thus, we can rule out direct ef-
fects on survivorship as a general explanation for the
temperature-size rule. Instead, biologists should focus
their attention on the mechanisms by which tempera-
ture influences ecological sources of mortality.

In natural environments, where ecological sources
of mortality abound, environmental temperature is ex-
pected to have a much greater impact on the survi-
vorship of juveniles. Presently, this impact can only
be estimated by comparing rates of survival among
populations or species distributed along thermal clines.
Intraspecific comparisons suggest that absolute effects

of temperature on survivorship are substantially great-
er in natural environments than they are in artificial
environments (Strong and Daborn, 1980; Ebert €t al.,
1999; Angilletta et al., 2004). However, the Q,,'s of
survivorship are still low because survivorship is rel-
atively poor regardless of the environmental tempera-
ture. For example, the Q,,’'s of survivorship range from
1.9 to 2.5 for fishes (Fig. 4) and copepods (Hirst and
Kigrboe, 2002). An important caveat is that these ex-
amples pertain to early stages of the life cycle, which
are prone to very high mortality. Either an increase in
the mean survivorship or a decrease in the Q,, of pro-
duction with increasing body size will decrease the
thermal sensitivity of survivorship that is needed to
explain the temperature-size rule. Thus, biologists
should endeavor to characterize thermal sensitivities of
size-specific rates of survival in natural or semi-natural
environments. Although this goal might be attained
through comparative studies, the manipulation of tem-
perature in replicated mesocosms is a promising ex-
perimental approach.

LINKING REACTION NORMS FOR GROWTH RATE AND
Boby Size

Existing theories demonstrate clearly that reactions
norms for age and size at maturity should be strongly
influenced by rates of production throughout ontogeny.
When optimizing life histories, specific trajectories of
growth have been assumed because either they reflect
patterns observed in nature or they simplify analyses
(e.0., see Stearns and Koella [1986] or Berrigan and
Charnov [1994]). Optimal reaction norms depend on
assumptions about the thermal sensitivity of these
growth trajectories. Alternatively, growth can be mod-
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Fic. 3. The thermal sensitivity of juvenile survivorship needed to
explain the temperature-size rule depends on the thermal sensitivities
of anabolism and catabolism (see Appendix). The upper plot depicts
the case in which the allometries of anabolism and catabolism are
identical. The lower plot depicts the case in which anabolism scales
allometrically with body mass (the exact relationship does not mat-
ter) and catabolism scales isometrically. The lines are isoclines for
realistic combinations of thermal sensitivities of anabolism and ca-
tabolism, which are listed in the margin as [Q,, of anabolism, Q,,
of catabolism]. To the right of each isocline, the optimal size at
maturity decreases with increasing temperature in accord with the
temperature-size rule. The points are thermal sensitivities of survi-
vorship for 130 populations of 114 species of ectotherms (see text
for details).

eled as the product of the allocation of energy among
competing functions (Perrin and Sibly, 1993; Ko-
zlowski, 1992). In models of energy allocation, the
optimal reaction norm still depends on rates of energy
assimilation throughout ontogeny (Kozlowski et al.,
2004). If assimilation is very sensitive to temperature,
thermal effects on senescence or extrinsic mortality
must be more extreme to favor smaller sizes at higher
temperatures (Kindlmann et al., 2001; Fig. 3). There-
fore, thermal and allometric effects on production are
key assumptions in all models of life-history evolu-
tion.

Although physical constraints on production have
played a major role in previous attempts to explain the
temperature-size rule, empirical evidence for these
constraints remains controversial. Certain body plans
place obvious restrictions on the rates of energy ac-
quisition and assimilation at a given size (Sebens,
1987; Twombly and Tisch, 2000), but such constraints
are temporary because they can be circumvented
through evolutionary modifications of behavior, phys-
iology and morphology. Some biologists have argued
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Fic. 4. Relationships between temperature and the natural loga-
rithm of survivorship for larval (top) and post-larval (bottom) fishes
in natural environments. Thermal sensitivities from 8° to 18°C and
from 18° to 28°C were comparable to those observed for ectotherms
raised in the laboratory (see text). Survivorships of larval and post-
larval fishes were calculated from daily rates of mortality tabulated
by Houde (1989) and Pepin (1991), respectively.

convincingly that allometric growth results from the
alocation of energy to growth and reproduction rather
than physical constraints on production (reviewed by
Kozlowski et al., 2004). Furthermore, comparative and
experimental evidence strongly support the view that
growth is a form of physiological performance whose
rel ationship with temperature evolves by natural selec-
tion (Huey and Kingsolver, 1989; Angilletta et al.,
2002). Thermal sensitivities of growth rate vary con-
siderably within and among species; among mollusks,
arthropods, and fish, an increase in environmental tem-
perature of 10°C results in a two- to sixteen-fold in-
crease in growth rate (see Table 1 and additional ref-
erences in Angilletta and Dunham, 2003). Therefore,
alometric and thermal effects on growth rate cannot
be viewed as constraints on the life history.

A better approach is to consider thermal reactions
norms for growth rate and size at maturity in the con-
text of a developmental reaction norm (sensu Schlicht-
ing and Pigliucci, 1998). The developmental reaction
norm (Fig. 5) is a multivariate function linking the
influence of temperature on growth rate (a labile trait)
to age-specific body size (a fixed trait). As such, it
provides an ontogenetic dimension to the study of tem-
perature-size relationships. By focusing simultaneous-
ly on the evolution of thermal reaction norms for
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Fic. 5. A hypothetical multivariate reaction norm depicting the in-
fluence of environmental temperature on body size throughout on-
togeny. Growth rate at a particular temperature is equal to the slope
of the relationship between age and body size. The bold line depicts
the thermal reaction norm for age and size at maturity. In this ex-
ample, alower temperature results in slower growth but alarger size
at maturity, which accords with the temperature-size rule.

growth rate and size at maturity, one avoids unneces-
sary assumptions about constraints on growth that are
common among current theories. Moreover, modeling
the evolution of the developmental reaction norm forc-
es one to confront factors that are commonly ignored
in models of life-history evolution, including the roles
of certain functional constraints and thermal hetero-
geneity in the evolution of thermal reaction norms.

Functional constraints on thermal reaction norms

Functional constraints, or tradeoffs (sensu Arnold,
1992), have a major influence on the evolution of the
developmental reaction norm. Because growth is de-
termined by rates of acquisition, assimilation and al-
location, ectotherms can alter their rates of growth by
numerous mechanisms (e.g., see Bayne, 2004). Each
mechanism involves a particular tradeoff that will in-
fluence the fitness of the organism (Angilletta et al.,
2003). For example, an ectotherm can grow faster by
alocating a greater fraction of its available energy to
growth. Because this increase in growth rate would
occur at the expense of others functions, the individual
would suffer a decrement in maintenance, activity, or
reproduction (Stearns, 1992; Zera and Harshman,
2001). Alternatively, an ectotherm can grow faster by
acquiring additional energy; this strategy would elim-
inate the need to divert resources from competing
functions, but it would likely increase the risk of pre-
dation or parasitism (Werner and Anholt, 1993; Got-
thard, 2000). Finaly, ectotherms can grow faster
through thermal specialization, which involves chang-
es in physiology that determine the efficiency with
which resources are assimilated and used for growth.
However, specialization would increase growth rate at
some temperatures while decreasing growth rate at

other temperatures (Bennett ands Lenski, 1999; Ya-
mahira and Conover, 2002).

Existing theories of evolution emphasize some
tradeoffs while ignoring others. Models designed to
explain the evolution of age and size at maturity em-
phasize tradeoffs that arise from the allocation of en-
ergy to competing functions (Kozlowski, 1992; Heino
and Kaitala, 1999), but tradeoffs arising from the ac-
quisition of resources for growth have also been con-
sidered (Gotthard, 2001). To our knowledge, tradeoffs
related to both acquisition and allocation have not been
considered simultaneously, and tradeoffs related to
thermal specialization have been ignored entirely by
life historians. Similarly, models designed to explain
the evolution of thermal reaction norms for physiolog-
ical performances, such as growth rate, emphasize
tradeoffs arising from thermal specialization but ignore
tradeoffs arising from acquisition and allocation (Huey
and Kingsolver, 1993; Gilchrist, 1995). A wealth of
comparative and experimental evidence suggests that
al three kinds of tradeoffs play important roles in
shaping thermal reaction norms (reviewed by Angil-
letta et al., 2003). Therefore, theorists will need to in-
corporate these functional constraints in a general the-
ory of temperature-size relationships.

Bringing natural (co)variation into focus

Optimal thermal reaction norms for growth rate de-
pend on the temporal variation in environmental tem-
perature and the manner in which growth contributes
to fitness. If growth contributes additively to fitness,
thermal specialists are favored under most patterns of
temporal variation in environmental temperature; ther-
mal generalists are favored only in environments
where temperature varies greatly among generations
and little within generations (Gilchrist, 1995). Consis-
tent with this conclusion, thermal generalists are fa
vored if environmental temperature changes system-
atically with time (Huey and Kingsolver, 1993). Thus,
both variations within and among generations deter-
mine the optimal reaction norm if growth contributes
additively to fitness. If growth islinked to thermal tol-
erance (and thus contributes multiplicatively to fit-
ness), the thermal reaction norm is affected more by
variation within generations than variation among gen-
erations; thermal specialists are favored in constant en-
vironments and thermal generalists are favored in var-
iable environments (Lynch and Gabriel, 1987). Accli-
mation of the thermal reaction norm might also be
favored if the environment varies spatially or tempo-
rally (Gabriel and Lynch, 1992). Because the pattern
of environmental variation determines how natural se-
lection acts on the thermal reaction norm for growth
rate, an important task for biologists is to characterize
these patterns and incorporate them into theories de-
signed to understand temperature-size relationships.

The covariation between temperature and other en-
vironmental variables can also shape the developmen-
tal reaction norm. A higher temperature could be a
reliable cue for increasing resources and hence signal
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the opportunity for population growth (Atkinson et al.,
2003). On the other hand, if higher temperatures are
usually associated with a scarcity of resources, the po-
tential for growth observed in the laboratory might not
be redized in nature. Higher temperatures could also
be associated with greater risks of mortality through
changes in the density and activity of predators (e.g.,
see Lampert, 1989). If temperature covaries with the
abundance of prey or predators in a particular manner,
natural selection will favor reaction norms that have
the greatest fithess under those conditions. This point
is especially important because theory predicts that in-
creased predation should have direct and indirect ef-
fects on size at maturity (Abrams and Rowe, 1996);
the direct effect is a reduction in size because higher
rates of mortality favor earlier maturation, whereas the
indirect effect is an increase in size because predation
decreases intraspecific competition for resources. Be-
cause resources are often limiting in nature, one might
expect developmental reaction norms to be shaped by
both direct and indirect effects of predation. Breaking
the natural covariation among temperature, food avail-
ability, and predation risk can create a condition that
never occurs in nature, which would lead to an erro-
neous interpretation of results (Bernardo, 1998). The
way in which these variables interact to determine
thermal reaction norms for growth rate and size at ma-
turity (e.g., see Weetman and Atkinson, 2002) might
not make sense if one ignores the natural covariation.
Presently, we know very little about this covariation
in most populations of ectotherms suggesting an ob-
vious need to pay more attention to the natural context
in which temperature-size relationships have evolved.

FITTING PiECES OF THE PuzzLE

Current theories of nonadaptive or adaptive plastic-
ity of body size in response to temperature are rela-
tively simple, in that each focuses on only one or two
of the mechanisms by which temperature can influence
the life history. In reality, most variables are affected
by temperature, and optimal reaction norms for age
and size at maturity depend on the relative strengths
of these thermal effects. Atkinson (1994) suggested
that three thermal effects in particular were key to un-
derstanding temperature-size relationships: thermal
constraints on maximal body size, thermal sensitivities
of growth rate, and thermal sensitivities of juvenile
survivorship. To this list, we add thermal effects on
the frequency of reproduction and the survivorship of
adults, which have not received serious consideration
from life historians (but see Charnov and Gillooly,
2004). Because reproduction is typically less frequent
in colder environments, natural selection could favor
a larger body size to enhance fecundity at each repro-
ductive episode. For similar reasons, a larger size at
maturity might be adaptive if the survivorship of
adults is lower in colder environments (Stearns and
Koella, 1986). Finally, alarger body size could enable
individuals to produce larger offspring or to provide
better parental care, which are thought to be adaptive

in colder environments (Perrin, 1988; Yampolsky and
Scheiner, 1996). Like many hypotheses in evolution-
ary ecology (Quinn and Dunham, 1983), these mech-
anisms are not mutually exclusive; therefore, some or
al of them could contribute to an explanation for the
temperature-size rule. Moreover, the relative impor-
tance of each mechanism probably varies among spe-
cies. By combining these mechanisms in a single the-
ory, one can achieve a deeper understanding of the
relationships among temperature, growth rate and
body size.

When developing a multivariate theory of temper-
ature-size relationships, biologists should focus on the
developmental reaction norm because this approach
forces one to consider the coevolution of thermal re-
action norms for growth rate and size at maturity. Al-
lometric and thermal effects on growth rate can be
modeled by including well-established functional con-
straints, such as tradeoffs associated with acquisition,
alocation, and specialization. The natural variation in
temperature and the covariations between temperature
and other environmental variables must be considered
because they play important roles in the coevolution
of growth rate and body size. Because current theory
describes how the thermal environment shapes the op-
timal reaction norm for growth rate, modeling the de-
velopmental reaction norm could reveal why specific
temperature-size relationships have evolved in specific
environments. Such a breakthrough is needed if we are
to understand not only why most species follow the
temperature-size rule, but also why certain species do
not.
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APPENDIX

Assume an organism in an aseasonal environment whose relative
fitness is indexed by the net reproductive rate (R,), which is defined
as follows:

Ry, = Jz; I,m, dx, (A1)

where |, is survival to age x and m, is fecundity at age x. Fecundity
is a function of the energy available for production at age x (P,),
the fraction of this energy alocated to reproduction (f), and the
energetic content of offspring (¢), which is assumed to be constant:

fP
m, = —. (A2)
¢
Production is a function of body size (S) and environmental tem-
perature (T).

P(T. S) = a()-& - b(N)S;, (A3)

where S, is size at age x, a and b are coefficients of anabolism and
catabolism, respectively, and ¢ and d are exponents that describe the
alometry of these metabolic processes. Size at age x is a function
of size at birth (S)) and the allocation of energy to growth from ages
0 to x:

X

S=S+ f a - )P, dy. (A4)

For simplicity, we assume rates of surviva for juveniles (s) and
adults (s,) depend only on environmental temperature, such that sur-
vivorship to age x is denoted as follows:

Ik = {[(sM)I[(s(M) 1}, (AD)

where «a is the age at maturity.

The optimal strategy under these conditions is to allocate entirely
to growth at early ages and allocate entirely to reproduction after
maturation (Perrin and Sibly, 1993). Given that no energy is opti-
mally allocated to growth following maturation, equation (A1) be-
comes

Rozmu‘rlxdx. (AB)

Furthermore, given that adult survivorship is constant, R, can be
further simplified to

R = I.m.C, (A7)
where

c= J [s.(T)] dy. (A8)
0

Thus, fitness is proportional to the product of the probability of
survival to maturity and the fecundity at maturity.

To determine the age and size at maturity that result in maximal
fitness, we take the derivative of R, with respect to age at maturity
(o):

Sucfhnn®) e
where
% = l,In[s(T)], and (A10)
da
=y Ge = pPleams — (M. (AL
Therefore,

4R = CLIPAINS(D] + [ca(MS: * - oS ). (AL2)

Fitness is maximal (or minimal) when eq. (12) equals zero.

We explored the Q,, for optimal size at maturity over a realistic
set of parameters: (1) isometric (c or d = 1.0) and allometric (c or
d < 1.0) scalings of anabolism and catabolism with body size, and
(2) different thermal sensitivities of anabolism (Q,,'s ranging from
2 to 6) and catabolism (Q,,'s ranging from 2 to 3). When c is greater
than d, the optimal decision isto grow indefinitely (Sevenster, 1995).
When c and d are both equal to 1.0, eg. (12) cannot be solved; thus,
the optimal decision is either to grow indefinitely, or not grow at
all, depending on the values of a and b. When c and d are equal,
but less than 1.0, the optimal size at maturity is described by

o _ {c[a(T) - b(T)]}”“)

; =In[s(T)] '
and the Q,, for optimal body size is determined by
@(Tzﬂo) - b(Tz+10)BI(1fc)

Quonse = 32D =B [ (A14)
O 0

QlO In(sj)

(A13)

where T, is any temperature and T,. ,, is 10°C higher than T,. Thus,
the Q,, for optimal body size is a function of the Q,, of the natural
log of juvenile survivorship, the coefficients of anabolism and ca-
tabolism at each temperature, and the allometries of anabolism and
catabolism. However, the conditions under which the optimal body
size a T, is equal to the optimal body size at T,. ,, (i.e., the Q,, for
body size = 1) is not a function of c or d (Fig. 3).

The optimal body size and the Q,, for optimal body size cannot
easily be solved for the general condition in which d is greater than
c. However, under the special case when d is 1.0, the optimal size

at maturity is
1(1-c)
ca(T)
S =1—t ) A15
{b(T) - In[sq(T)]} (A1
and the Q,, for optimal body size is

_ a(T,,10)[b(T,) — In(s{(T))] 1(1-0c)
Qiosze = {a(TZ)[b(Tum) - In(s; (JTz+1o))]} . (A16)

Thus, the Q,, for optimal body size is still a function of the Q,, of
the natural log of juvenile survivorship, the coefficients of anabolism
and catabolism at each temperature, and the allometry of catabolism,
but is aso a function of the absolute survivorship at the low tem-
perature (Fig. 3). Once again, the conditions under which the optimal
body size at T, is equal to the optimal body size at T,,,, does not
depend on the specific value of ¢, aslong asc < 1.0.




