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Abstract For most ectotherms, increasing the rearing
temperature reduces the final (adult) body size, producing a
negative slope for the thermal reaction norm. Recent
studies show that this relationship may be reversed under
conditions of low resource quality, producing a positive
slope for the thermal reaction norm. If populations or
species differ in the degree of evolutionary adaptation to a
resource, how does this differential adaptation alter their
thermal reaction norms? We used a common garden
experiment with the tobacco hornworm, Manduca sexta, to
address this question. We examined the thermal reaction
norms for body size of two populations of M. sexta that
differ in their evolutionary exposures to an atypical, lowquality resource (devil’s claw; Proboscidea louisianica),
but have comparable exposures to a typical, high-quality
resource (tobacco; Nicotiana tabacum). Both populations
had increased mean larval mortalities and development
times when reared on devil’s claw compared with tobacco,
but the magnitudes of these increases differed between
populations. Both populations had similar, negatively
sloped thermal reaction norms on the typical, high-quality
resource (tobacco), but had divergent, non-negative thermal reaction norms on the atypical, low-quality resource
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(devil’s claw): the population with the longer evolutionary
history of exposure to the atypical resource exhibited a flat
(rather than positive) reaction norm. These results suggest
that population differences in host plant adaptation can
predictably influence the slopes of thermal reaction norms.
Keywords Manduca sexta  Phenotypic plasticity 
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Introduction
A reaction norm describes how the phenotype of an individual or genotype varies with environment, and is a useful
way to characterize phenotypic plasticity (reviewed in
Gotthard and Nylin 1995). One of the most widely
observed patterns of phenotypic plasticity is the temperature–size rule (Atkinson 1994): adult or final body size
decreases with increasing rearing temperature such that the
thermal reaction norm for size has a negative slope. This
pattern has been reported in more than 80% of ectotherms
in a wide variety of taxa for nonstressful temperatures (i.e.,
excluding temperatures near the lower and upper thermal
limits).
However, reaction norms are the outcomes of multifarious genetic and environmental factors (Angilletta 2009).
In herbivorous insects, thermal reaction norms for growth
and size are strongly influenced by nutrition and secondary
plant compounds (Stamp 1990; Stamp et al. 1994;
Kingsolver et al. 2006). For example, in the tobacco
hornworm, Manduca sexta, pupal and adult sizes decrease
with increasing temperature when reared on its typical
solanaceous hosts or on high-quality artificial diets, following the temperature–size rule (Davidowitz and Nijhout
2004; Davidowitz et al. 2004; Diamond and Kingsolver
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2010a); on the other hand, when reared on a novel, lower
quality host plant, M. sexta populations from the southeast
US show a reversal of thermal reaction norm slope: final
size increases with increasing rearing temperature
(Diamond and Kingsolver 2010a). Of course, resource and
host plant quality can reflect both intrinsic qualities of the
resource and the degree of evolutionary adaptation by the
consumer to that resource (e.g., Agrawal 2000). If populations or species differ in their degree of adaptation to a
novel resource, how does this alter their thermal reaction
norms?
In this paper, we use a population comparative approach
to address this question for M. sexta. Although M. sexta
typically feeds exclusively on solanaceous host plants,
recent reports indicate M. sexta utilizes a nonsolanaceous
host plant in two distinct parts of its range—the Southeastern (North Carolina, hereafter the ‘‘NC’’ M. sexta
population; Diamond and Kingsolver 2010b) and Southwestern (Arizona, hereafter the ‘‘AZ’’ M. sexta population;
Mechaber and Hildebrand 2000; Mira and Bernays 2002)
United States. The nonsolanaceous host plant, devil’s claw
(Proboscidea spp.), is native to the greater Southwestern
US and Northern Mexico, but has been introduced to the
Southeastern US within the last 100 years (Small 1903).
Although the AZ and NC M. sexta both exhibit reduced
performance on devil’s claw compared to typical solanaceous host plants (Mira and Bernays 2002; Diamond and
Kingsolver 2010b), AZ M. sexta have greater evolutionary
exposure to devil’s claw compared to NC M. sexta, and are
therefore potentially better adapted to this host plant.
We performed a common garden experiment in which
NC and AZ M. sexta were reared on devil’s claw
(Proboscidea louisianica) and a typical solanaceous host
plant, tobacco (Nicotiana tabacum), at 20 and 30°C. We
hypothesized that the slope of the thermal reaction norm
for body size would reflect differences in host plant
adaptation. In particular, we hypothesized that, for NC M.
sexta relative to AZ M. sexta, less evolutionary exposure to
devil’s claw contributes to poor adaptation to this resource;
the combination of poor adaptation to devil’s claw and
cooler temperatures creates a highly stressful environment
(sensu Diamond and Kingsolver 2010a) that alters the
typical negative thermal reaction norm for body size.
Under this hypothesis, we predict that: (1) when reared on
the solanaceous host plant, tobacco, both NC and AZ M.
sexta will have high survival and rapid development, and
will exhibit typical negative thermal reaction norms; (2)
when reared on the nonsolanaceous host plant, devil’s
claw, NC M. sexta will show larger increases in mortality
and development time than AZ M. sexta; and (3) when
reared on the nonsolanaceous host plant, devil’s claw, AZ
M. sexta will exhibit a more negative slope than NC
M. sexta.
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Materials and methods
Manduca sexta L. (Lepidoptera: Sphingidae), the tobacco
hornworm, has distinct egg, larval, pupal, and adult stages.
M. sexta typically have five larval instars (but may express
additional instars; Kingsolver 2007), reaching a maximum
size during the ‘‘wandering’’ phase at the end of the final
larval instar, when larvae wander off the host plant and
burrow under the soil to pupate. Until recently, M. sexta
larvae were thought to feed exclusively on host plants in
the nightshade family (Solanaceae). For example, domesticated tobacco (Nicotiana tabacum) and tomato (Solanum
lycopersicum) are major host plants in the Southeastern
US; native tobacco (e.g., Nicotiana attenuata) and sacred
Datura (Datura wrightii) are important hosts in the
Southwestern US. However, in the Southwestern and
Southeastern US, adult female M. sexta oviposit on the
nonsolanaceous host plant devil’s claw (Proboscidea spp.:
Martyniaceae), and the resulting offspring are capable of
completing development to maturity feeding on this host
plant (Mechaber and Hildebrand 2000; Mira and Bernays
2002; Diamond and Kingsolver 2010b). Proboscidea spp.
are native to the greater Southwestern US and Northern
Mexico (Bretting 1981), but have been introduced to other
locations across the US. Devil’s claw was introduced to the
Southeast approximately 100 years ago (Small 1903), and
while this host plant has since become naturalized to the
area, devil’s claw occurs at low frequencies and is sparsely
distributed in its introduced range compared with its native
range (Radford et al. 1968). This suggests potential further
limitations on the adaptation of Southeast M. sexta populations to devil’s claw.
We used populations of M. sexta from the Southwestern
US [the Chiricahua Mountains (near Portal) and the Santa
Rita Mountains (near Tucson), both in Arizona; the AZ
population], and Southeastern US (Clayton, North Carolina; the NC population), which differ markedly in their
evolutionary exposures to the nonsolanaceous host plant
devil’s claw, but not to typical solanaceous host plants. In
contrast, thermal selective regimes are relatively similar
across the AZ and NC populations (representing 32 and
36°N latitude, respectively): M. sexta populations experience comparable mean summer temperatures of *25°C,
though with greater diurnal extremes in AZ. In our
experiments, we used a species of devil’s claw, P. louisianica, common to both the greater Southwestern and
Southeastern US, and a low-alkaloid variety of cultivated
tobacco, a typical solanaceous host plant (Nicotiana tabacum, var. LA Burley 21; National Genetic Resources
Program, USDA, ARS; Beltsville, MD, USA). We note
that the AZ M. sexta used in our experiments typically feed
on devil’s claw species other than P. louisianica (i.e.,
P. althaeifolia and P. parviflora), and as a result, may
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perhaps be less adapted to P. louisianica. However, if there
is differential adaptation of AZ M. sexta among these three
Proboscidea species, the differences are likely to be small,
as P. louisianica is phylogenetically nested between
P. parviflora and P. althaeifolia (Gutierrez 2008), and
Proboscidea spp. tend to be similar chemically (Ghosh and
Beal 1979). Importantly, because our prediction is that AZ
M. sexta will perform better than NC M. sexta on devil’s
claw, our experimental design using P. louisianica is
conservative.
Full experiments, comprising four treatment groups
based on each combination of host plant species (devil’s
claw, tobacco) and rearing temperature (20, 30°C), were
performed on NC population M. sexta in late summer 2008
(data from Diamond and Kingsolver 2010a). Full experiments involving AZ population M. sexta were performed in
late summer 2009. Concurrent with the AZ population
M. sexta, we reared NC M. sexta on devil’s claw only
(n = 10 for each of the two temperature treatments) in
order to corroborate results from the 2008 NC devil’s clawreared M. sexta. We observed comparable survival rates,
body sizes, development times, and thermal reaction norms
for body size for NC M. sexta reared on devil’s claw in the
2008 and 2009 experiments; we therefore pooled data
across years for NC M. sexta. The NC M. sexta (2008 and
2009) were the offspring of adults mated in the laboratory
after being reared through one generation in the laboratory
on an artificial diet following their initial collection from
the field as eggs and early-instar larvae on tobacco. The AZ
M. sexta were the offspring of adults mated in the laboratory after developing on a typical solanaceous host plant
(Datura sp.) in the field. Although the parental generations
of the AZ and NC M. sexta used in our experiments (C40
individuals comprised the parental generation for each
population) were reared on different resources (Datura and
artificial diet, respectively), both are high-quality resources, so nutritionally mediated maternal effects should not
greatly influence our results. Indeed, our previous work
showed no significant differences in survival, body size,
and development time (at/to maturity, i.e., pupation)
between tobacco leaf-reared NC M. sexta offspring of
parents reared on an artificial diet versus tobacco (under
comparable conditions: 25°C, 16:8 L:D; p [ 0.05 for the
effect of parental diet on each response; data from Diamond and Kingsolver 2010a and unpubl.).
From each population (AZ and NC), eggs were randomly assigned to tobacco and devil’s claw leaves held
under two different constant temperature regimes (20 and
30°C) in the laboratory. For the 2008 NC and 2009 AZ
M. sexta, upon hatching, 20 larvae from each population
were transferred to individual tobacco leaves, and 30–40
larvae from each population were transferred to individual
devil’s claw leaves in each of the two temperature
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treatments (the 2009 NC M. sexta had ten larvae transferred to individual devil’s claw leaves in each of the two
temperature treatments). In the full experiments, initial
sample sizes were greater on devil’s claw in anticipation of
higher mortality on this host plant compared with tobacco.
Details of rearing methods are presented elsewhere
(Diamond and Kingsolver 2010a); briefly, larvae were fed
ad libitum on whole leaves cut from greenhouse-grown
plants, and maintained individually in environmental
chambers (Percival 36-VL) under a 16L:8D photocycle.
Upon reaching the wandering phase, larvae were placed
individually in wooden chambers to pupate. At this time,
M. sexta from both temperature treatments were brought to
a constant temperature of 25°C and held at this temperature
through adult eclosion.
We measured survival, development time, body mass at
the third, fourth, and fifth (sixth in some cases) larval
instars, wandering, pupation, and adults (following eclosion). Larval masses were recorded immediately following
the molt into a given instar (indicated by slipping of the
head capsule). Wandering masses were recorded after
completely purging the gut contents. Analyses of growth
and development were restricted to individuals that survived to eclosion, though results were qualitatively similar
based on analyses of all individuals.
Survival to pupation was considered a binomial variable
and modeled using analysis of deviance with population
(AZ or NC), host plant species (devil’s claw or tobacco),
temperature (20 or 30°C), and all two-way interactions
between these terms as fixed effects (the three-way interaction between population, host plant species, and temperature could not be estimated, as the number of
parameters in such a model would exceed the available
degrees of freedom; instead, we perform post hoc tests
separately for animals reared on devil’s claw and tobacco
in which the two-way interactions between population, host
plant species and temperature could be estimated; see
‘‘Results’’). Development time to pupation and body mass
at pupation (for individuals surviving to eclosion) were
modeled using ANOVA with population, host plant species, temperature, sex, and all two- and three-way interactions between these terms, exclusive of those interactions
with sex, as fixed effects. We focused on measurements of
pupae because of the stability in body mass at this stage.
All statistical analyses were performed using R statistical
software (R Development Core Team 2010; version
2.11.1).

Results
Survival of the AZ and NC populations was consistently
high across the two temperature treatments when reared on
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tobacco, suggesting comparable adaptation to solanaceous
host plants. In contrast, the AZ population had greater
survival on devil’s claw than the NC population, suggesting that the AZ population is better adapted to using this
host plant compared to the NC population (Fig. 1). Analysis of deviance on survival detected significant effects of
host plant species (v2 = 28.4; P \ 0.0001), temperature
(v2 = 9.10; P = 0.00256), population (v2 = 6.65;
P = 0.00993), and host plant species 9 population
(v2 = 8.99; P = 0.00272). The interactions of temperature 9 population (v2 = 1.83; P = 0.176), and temperature 9 host plant species (v2 = 0.151; P = 0.698) were
nonsignificant. Post hoc analyses based on the subset of
M. sexta reared on devil’s claw revealed significant effects
of population (v2 = 10.1; P \ 0.0001) and temperature
(v2 = 10.7; P = 0.00106). Survival of the NC population
on devil’s claw tended to be particularly low at the lower
rearing temperature (Fig. 1), though the interaction of
population and temperature was not statistically significant
(v2 = 2.33; P = 0.126).
When reared on tobacco, the AZ population had significantly longer development times to pupation
(F1,165 = 151; P \ 0.0001) and larger pupal masses
(F1,165 = 43.6; P \ 0.0001) than the NC population
(Fig. 2). There was also a significant effect of sex on pupal
mass (F1,165 = 94.6; P \ 0.0001) but not on development
time (F1,165 = 0.205; P = 0.652) (see Madden and
Chamberlin 1945).
Rearing on devil’s claw significantly increased development times (F1,165 = 18.0; P \ 0.0001) and reduced
pupal masses (F1,165 = 19.1; P \ 0.0001) compared with

Fig. 2 a Mean development time (±1 SE) to pupation and b mean
pupal body mass (±1 SE) as a function of temperature for AZ (solid
lines) and NC (dashed lines) Manduca sexta females reared on devil’s
claw (open symbols) and tobacco (closed symbols). Results for males
(not shown) were qualitatively similar

Fig. 1 Mean proportion surviving to pupation (with 95% binomial
CI) as a function of temperature for AZ (solid lines) and NC (dashed
lines) Manduca sexta reared on devil’s claw (open symbols) and
tobacco (closed symbols)
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rearing on tobacco, confirming that devil’s claw is a lower
quality host plant for M. sexta. However, the magnitude
and pattern of effects differed between populations and
depended strongly on rearing temperature (Figs. 2, 3). For
example, on tobacco, mean development times were longer
for the AZ than the NC population, whereas on devil’s
claw, development times were shorter for the AZ than the
NC population (host plant species 9 population interaction: F1,165 = 179; P \ 0.0001) (Fig. 2a). This supports
the hypothesis that the NC population is more poorly
adapted to devil’s claw than the AZ population. The higher
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Fig. 3 a–d Mean body mass
[± 1 SD; in ln(mg)] as a
function of development time
(± 1 SD; in days) for AZ (solid
lines) and NC (dashed lines)
Manduca sexta females reared
on devil’s claw (a, b) and
tobacco (c, d) at 20°C (a, c) and
30°C (b, d). Results for males
(not shown) were qualitatively
similar. Developmental stages
shown (points): third, fourth,
and fifth larval instars,
wandering, pupa, adult. In cases
where larvae expressed an
additional instar, we present
results for body mass and
development time to the fifth
instar

rearing temperature significantly reduced development
times (F1,165 = 1917; P = 0.234), but with a magnitude
that depended on host plant and population (temperature 9 population: F1,165 = 130; P \ 0.0001; temperature 9 host plant species: F1,165 = 6.44; P = 0.0121; and
host plant species 9 population 9 temperature: (F1,165 =
125; P \ 0.0001).
The differential adaptation to devil’s claw across populations was also reflected in differences in their thermal
reaction norms for body size (Fig. 2b). ANOVA showed
that the main effect of temperature on pupal mass
(F1,165 = 1.43; P = 0.234) was nonsignificant, but temperature contributed significantly to body mass through its
interactions with host plant species and population. For
example, the NC population had markedly greater body
size on devil’s claw when reared at warmer temperatures
(positive thermal reaction norm), whereas the AZ population had comparable body sizes on devil’s claw across the
two temperature treatments (flat thermal reaction norm)
(Fig. 2b). These interactions were reflected in the significant effects of host plant species 9 population
(F1,165 = 22.8; P \ 0.0001), temperature 9 population
(F1,165 = 28.7; P \ 0.0001), temperature 9 host plant
species (F1,165 = 7.63; P = 0.00639), and host plant

species 9 population 9 temperature
(F1,165 = 20.5;
P \ 0.0001). These patterns support the hypothesis that
both host plant species and herbivore adaptation to host
plant quality can influence thermal reaction norms for body
size.

Discussion
The main goal of our study was to explore how variation
in resource adaptation, particularly among different populations, alters thermal reaction norms for body size.
Previous research in this area has demonstrated the
importance of both resource quality (Stamp et al. 1994;
Kingsolver et al. 2006) and population differences
(Kingsolver et al. 2007) in shaping thermal reaction
norms. Here we integrate these components to explore
how population differences in host plant adaptation alter
thermal reaction norms for body size in the tobacco
hornworm, Manduca sexta. Specifically, we compare
thermal reaction norms for two populations of M. sexta
reared on an atypical, low-quality host plant (devil’s
claw), to which these populations are differentially
adapted; as a control, we compare thermal reaction norms
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for M. sexta reared on a typical, high-quality host plant
(tobacco), to which M. sexta populations are well adapted.
Our results confirm previous studies (Mira and Bernays
2002; Diamond et al. 2010) suggesting that both the AZ
and NC M. sexta populations examined in this study are
well adapted to tobacco, a typical solanaceous host plant,
compared with devil’s claw, an atypical nonsolanaceous
host plant: survival, development time, and body mass
were all superior on tobacco compared with devil’s claw
(Figs. 1, 2). Similarly, both populations exhibited the typical negative-slope thermal reaction norm for body size on
tobacco, but not on devil’s claw (Fig. 2b). Note that the AZ
population performed well on domesticated tobacco,
although it does not typically encounter this particular
solanaceous host plant in the field (see ‘‘Methods’’).
A key result of our study is that AZ and NC populations
exhibited quite different thermal reaction norms for body
size on devil’s claw, in a manner consistent with the evolutionary exposure of these populations to this atypical,
nonsolanaceous host plant. The NC population, for which
devil’s claw is relatively new (Small 1903), exhibited a
steep positive reaction norm, whereas the AZ population,
which has a much longer history of exposure to devil’s
claw, exhibited a relatively flat reaction norm, i.e., a slope
more similar to the typical negative thermal reaction norm.
We interpret this result as a lesser degree of evolutionary
exposure to devil’s claw contributing to poor adaptation to
this resource: adaptation to devil’s claw combined with
cooler temperatures creates a highly stressful environment
(sensu Diamond and Kingsolver 2010a), altering the typical negative thermal reaction norm for body size. These
results suggest that population differences in host plant
adaptation can strongly and predictably influence the slope
of thermal reaction norms.
Developmental and survival data support this interpretation. On devil’s claw, the AZ population exhibited a
higher mean survival (Fig. 1) and a shorter mean development time (Fig. 2a) than did the NC population. Both
results suggest superior adaptation of the AZ population to
devil’s claw. Importantly, the magnitude of these population differences in survival and development on devil’s
claw tended to be greater at the cooler temperature. The
negative effects of some allelochemicals (e.g., the phenolic
compound rutin) have been shown to be magnified under
cooler thermal regimes for M. sexta (Stamp 1990; Stamp
and Horwath 1992; Yang and Stamp 1996; Yang et al.
1996). Although the temperatures used in our experiments
(20–30°) are typically nonstressful for M. sexta, the combination of cool temperature (*20°C) and low resource
quality of devil’s claw appears to create a stressful environment for M. sexta (Diamond and Kingsolver 2010a).
Apart from cool temperatures potentially amplifying the
effects of the devil’s claw allelochemicals, cool
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temperatures might also alter external physical properties
of devil’s claw. For example, the exudate produced by the
glandular trichomes may become more viscous at cooler
temperatures, and may be particularly difficult to navigate
for the comparatively smaller NC M. sexta. Regardless of
the mechanism, the combination of the devil’s claw
resource and cool temperatures creates an environment to
which AZ M. sexta are comparatively better adapted than
the NC M. sexta.
The AZ population had a larger mean body size than the
NC population for both host plants at both rearing temperatures. The greater size of AZ M. sexta relative to NC
M. sexta has been previously detected (Kingsolver and
Woods, unpubl.), and is unlikely to reflect dietary variation
in the parental generations across the two populations; see
‘‘Methods’’). This suggests an alternative interpretation
that the AZ population is simply better or more robust than
the NC population, as evidenced by their larger body size
within each temperature 9 host plant treatment group (van
Noordwijk and de Jong 1986; Stearns 1992; Reznick et al.
2000). The flat thermal reaction norm for body size in the
AZ population reared on devil’s claw could therefore be
interpreted as being due to their intrinsic robustness, rather
than their evolutionary exposure and adaptation to devil’s
claw. However, when reared on the high-quality host plant,
tobacco, the NC population had more rapid development
times than the AZ population at both rearing temperatures
(Fig. 2): mean growth rates (mass/development times)
were in fact similar for the two populations on this host. In
addition, survival on tobacco was comparable for the AZ
and NC populations. These observations are inconsistent
with the notion that the AZ population is generally ‘‘better’’
or more robust, independent of resource quality.
We are careful here to note two important caveats of our
study. First, while the AZ population has had a longer
history of exposure to devil’s claw compared with the NC
population, rapid evolution to alternative resources can
proceed relatively quickly (e.g., Singer et al. 1993),
potentially on timescales comparable to the NC population’s exposure to devil’s claw. Although the point at
which sufficient adaptation to devil’s claw could result in
flat or even negative thermal reaction norms for the NC
population is unclear, the relatively short timeframe of
exposure of this population and low frequency of occurrence of devil’s claw in this region appear to limit adaptation considerably, as evidenced by the poor performance
of current NC populations. Secondly, we acknowledge the
limitations of our experimental design. As not all treatment
groups (population 9 temperature 9 host plant) were
examined concurrently (see ‘‘Methods’’), our study does
not represent a common garden experiment in the strictest
sense; importantly, however, nonconcurrent responses
were similar for replicated treatments (e.g., for NC
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M. sexta reared on devil’s claw in 2008 and 2009), suggesting that environmental conditions and results are
comparable across nonconcurrent experiments. In addition,
without further population-level replication, we cannot
fully exclude the possibility that our data reflect idiosyncratic rather than generalizable patterns in how thermal
reaction norms may be altered by host plant adaptation.
However, given the strong viability selection we observed
(Fig. 1), coupled with the fact that our results for survival,
development time, and body size (Figs. 2 and 3) all indicate local adaptation of the AZ M. sexta to devil’s claw, we
are reasonably confident in our interpretation.
Thermal reaction norms for body size with negative
slope—a pattern termed the temperature–size rule—are
common in ectotherms (Atkinson 1994). The prevalence of
this pattern has prompted the development of both mechanistic and adaptive hypotheses, though whether the temperature-size rule is produced by natural selection or by
shared physiological and thermodynamic constraints
remains unclear (Berrigan and Charnov 1994; van der
Have and de Jong 1996; Davidowitz et al. 2004; reviewed
in Kingsolver and Huey 2008). The results of our study
indicate that both resource quality and evolutionary adaptation to those resources can strongly influence the slope of
thermal reaction norms. It would be interesting to revisit
exceptions to the temperature–size rule (*20% of reported
studies: Atkinson 1994; Angilletta 2009) in terms of
resource quality and resource adaptation in those cases.
More generally, our analyses suggest that the evolution of
thermal reaction norms must be viewed in the context of
evolutionary adaptation to resources, and perhaps other
environmental factors.
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