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Developmental cost theory predicts thermal
environment and vulnerability to global warming
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Metazoans must develop from zygotes to feeding organisms. In doing so, developing offspring consume up to 60% of the
energy provided by their parent. The cost of development depends on two rates: metabolic rate, which determines the rate
that energy is used; and developmental rate, which determines the length of the developmental period. Both development and
metabolism are highly temperature-dependent such that developmental costs should be sensitive to the local thermal environment. Here, we develop, parameterize and test developmental cost theory, a physiologically explicit theory that reveals that
ectotherms have narrow thermal windows in which developmental costs are minimized (Topt). Our developmental cost theoryderived estimates of Topt predict the natural thermal environment of 71 species across seven phyla remarkably well (R2 ~0.83).
Developmental cost theory predicts that costs of development are much more sensitive to small changes in temperature than
classic measures such as survival. Warming-driven changes to developmental costs are predicted to strongly affect population replenishment and developmental cost theory provides a mechanistic foundation for determining which species are most
at risk. Developmental cost theory predicts that tropical aquatic species and most non-nesting terrestrial species are likely to
incur the greatest increase in developmental costs from future warming.

D

evelopment is energetically costly1,2 and selection favours
minimizing the costs of development for both parents and
offspring. For offspring, minimizing development costs
should maximize the resources available for the nutritionally independent phase, increasing fitness3,4. For parents, less costly development minimizes the per capita costs of producing nutritionally
independent offspring, thereby allowing for increased fecundity5.
The costs of development from a zygote to an independently feeding individual can be formally represented as:
C ¼ MR=DR

ð1Þ

Anything that decreases the ratio of metabolic rate (MR) to
developmental rate (DR) will decrease the costs of development
(C) overall3–6. A more intuitive way of presenting this equation is
to replace development rate with its inverse, development time D.
C ¼ MR ´ D

ð2Þ

So, decreasing metabolic rate, developmental time or both will
decrease the costs of development.
A key driver of variation in both metabolic rate and developmental time is temperature3–5,7. Higher temperatures increase metabolic rate (up to a point) and decrease developmental time (again,
up to a point). If temperature affected both metabolic rate and
developmental rate in the exact same way (that is, they had identical
temperature dependencies), then the costs of development would
be unaffected by temperature—an increase in one would perfectly
counterbalance an increase in the other. However, a recent metaanalysis revealed that the temperature dependencies of metabolic
rate and development rate are different3. These differential sensitivities mean that the total cost of development (as in equation (2)) is
determined by two functions of temperature.

Within the usual temperature range of an organism, the relationship between metabolic rate during development, MR(T), and temperature, T, can be described by the function:
MRðT Þ ¼ δeaT

ð3Þ

where δ is a constant and a is the coefficient describing the
temperature dependency of metabolic rate. Similarly, the relationship between developmental time, D(T), and temperature can be
described by the function:
DðT Þ ¼ de�bT þ c

ð4Þ

where b, c and d are parameters that describe the exponential decline
of developmental time with temperature (Fig. 1; for a discussion of
these parameters see Supplementary Information). The product of
equations (3) and (4), using typical parameter values, yields a unimodal function with the minimum representing the temperature
that minimizes the costs of development (Fig. 1)—we can consider
this temperature the optimal temperature for development in terms
of minimizing energy consumption (Topt). At temperatures cooler
than Topt, development is more costly because development time is
increased more than metabolic rate is decreased. At temperatures
warmer than Topt, development is more costly because metabolic
rate increases more than development time decreases. Note that
this function considers only the energy required to complete normal development and so only applies within an organism’s natural
thermal range; it does not consider survival or any other fitness
proxy. Temperatures that are beyond this thermal range will cause
high mortality, which we do not consider. Instead, we explore the
effects of temperature variation within the range of temperatures
where survival is relatively high3 (we discuss this issue further in the
Supplementary Information).
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Fig. 1 | Graphical representation of temperature-dependent
developmental cost theory. a,b, Temperature affects both metabolic rate
(a) and development time (b) but, for most species, development time is
more sensitive than metabolism. c, The product of development time and
metabolic rate yields the total costs of development; a single temperature
(Topt) is predicted to minimize the cost of development. See main text for
definitions of parameters.

Figure 2a,b shows the temperature dependencies of (relative)
developmental costs for three very different species, herring (Clupea
harengus), krill (Euphausia superba) and a crocodile (Crocodylus
johnstoni). While both the curvature of the relationship and the
position of Topt vary, a single temperature for each minimizes the
cost of development. For some species, the cost of development can
vary more than tenfold, depending on how far from Topt an environmental temperature may be.
We can formally calculate Topt for a species as the temperature at
which the first derivative of the product of the equations (3) and (4)
is equal to zero:


1
d ðb � aÞ
ð5Þ
T opt ¼ ln
b
ac
Equation (5) shows that all four parameters affect Topt but the
temperature dependency of development time (parameter b) has
the relatively strongest effect on Topt because it sits outside the logged
part of the equation. Using equation (5) we can calculate the Topt for
species for which we have data (Fig. 2c shows the estimated value of
Topt for 71 species).
We used these data to examine how Topt covaries with environmental temperature in nature to test the hypothesis that the temperature dependencies of metabolic rate and developmental time
have evolved to minimize the cost of development. We then examined how estimated values of Topt differ among species that develop
in aquatic and terrestrial environments (recent studies suggest that
these two systems differ systematically in their sensitivity to temperature8). We found that the cost of development is very sensitive
to deviations from optimal temperature, and that, for most species,
there is remarkable congruence between environmental temperature

and Topt. We then examined whether the developmental costs are
more sensitive to temperature deviations than traditional measures
of thermal performance such as survival.

Results

The temperature that minimizes the costs of development is strongly
related to the mid-environmental temperature for that species
(R2 = 0.83; F1,69 = 344.3, P < 0.0001; Fig. 2c). Phylogeny explained a
significant proportion of the residual variation (λ = 0.294 [95% confidence interval (CI): 0.08, 0.66]) in Topt. The slope of the overall
relationship (1.02 ± 0.08 s.e.m.) was not significantly different from
1:1 and the intercept (0.83 ± 1.43) was not significantly different
from zero (t69 = 0.27, P = 0.78; t69 = 0.58, P = 0.56).
The apparent isometric relationship between the environmental
mid-temperature and Topt belies systematic differences in this relationship for organisms that develop aquatically, in terrestrial nests or
terrestrially but not in nests (development environment: F2,67 = 6.30,
P = 0.003; Fig. 2c). Phylogeny did not explain a significant proportion of the residual variation (λ = 0.049 [95% CI: 0, 0.403]). These
patterns can best be visualized by calculating the difference between
Topt and Tmid for the different developmental environments (Fig. 3).
Topt was systematically higher than Tmid in species that developed in
terrestrial nests whereas, for non-nesting terrestrial species, in all
but two instances Topt was lower than Tmid. For aquatic species, the
value of Topt relative to Tmid depended on the temperature but for
around 45% of species, Tmid was equal to or greater than Topt.
In terrestrial species that do not nest, the relationship between
Topt and Tmid was supralinear (scaling exponent ± s.e.m. = 1.3 ± 0.08)
whereas in aquatic environments, it was sublinear (scaling exponent ± s.e.m. = 0.82 ± 0.07). On the basis of these nonlinear relationships between Tmid and Topt for terrestrial non-nesters and aquatic
species, we can calculate the temperature ranges in which Tmid
already exceeds Topt. For aquatic species, those in the tropics with
Tmid’s greater than ~22 °C have Topt’s that are lower than Tmid. For terrestrial non-nesting species, only tropical species have Topt’s that are
higher than Tmid.
Sensitivity to deviations from Topt. Terrestrially developing species
had systematically higher sensitivity (estimated as curvature at the
origin via the second derivative) to deviations from the Topt than
aquatic developing species (aquatic mean ± s.e.m. = 7 ± 1.3; terrestrial mean ± s.e.m. = 60 ± 21; F1,69 = 48.8, P < 0.001; λ = 0.03 [95% CI:
0.00, 0.28]). For example, a 20% shift (relative to the thermal range)
in temperature above the optimum for the terrestrially developing
C. johnstoni increases development costs by 15%, whereas in the
aquatically developing Danio rerio, a similar temperature increase
only increases development costs by 5% (see Supplementary Table 4
for full list). Applying the same percentage increase in temperature
for all species, terrestrial species show much greater development
costs than aquatic species (mean aquatic, 5.8% ± 1; mean terrestrial,
12.0% ± 1.6; F1,69 = 12.4, P < 0.001; λ = 0 [95% CI: 0.00, 0.19]).
Parameter variation. The temperature dependency of metabolic rate
(parameter a) and development time (parameter b) decreased with
environmental temperature (a: t68 = −4.93, P < 0.001; b: t68 = −2.50,
P = 0.01), but did not differ among habitats (a: t68 = −1.12, P = 0.27;
b: t68 = −1.60, P = 0.11). Neither parameter was associated with a
strong phylogenetic signal (λ = 0)
Relative sensitivity of costs of development and survival. Costs
of development were far more sensitive than survival to a small
deviation from the optimal environment temperature (paired t-test:
t41 = 4.01, P < 0.001). The costs of development increased by ~8% on
average whereas mortality increased by less than 3% for the same
temperature deviation (Fig. 4). For just over 50% of the species for
which we could find data, a temperature deviation of 20% from
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Topt caused no change in mortality relative to the optimum but the
same temperature deviation increased the costs of development for
all species in the dataset. The costs of development are therefore
more likely than survival to change in response to changes in temperature, and the costs of development are more sensitive than survival when temperatures differ slightly from the optimum for that
species. Survival tended to be more sensitive to deviations in temperature in terrestrial species relative to aquatic species (F1, 40 = 3.88,
P = 0.056, λ = 0 [95% CI: 0.00, 0.17]).
Across a wide array of taxa, the temperature that minimizes the costs
of development is very similar to the temperature at which they are
likely to develop. The cost of development is close to minimum
across only a relatively small thermal window—above or below
which results in increasingly costly development. Our data suggest
that ectotherms have minimized developmental costs by evolving
combinations of temperature dependencies of metabolic rate and
developmental time that ensure strong concordance between environmental temperature and Topt. Our model predicts that future
temperature increases will increase the costs of development for
some species but could decrease costs for others. Our model also
suggests that ectotherms may be far more sensitive to future warming than traditional measures of thermal performance would imply.
Our findings have worrying implications for the impacts of
global temperature increases and identify those organisms that are
at greater risk. Importantly, there seems to be no obvious ‘safety factor’ buffering organisms from deviations in temperature—the relationship between Topt and Tmid had an intercept that was not different
from 0. Thus, any temperature deviation, where Tmid is either cooler
or warmer than Topt generates additional developmental costs.
For almost half of all aquatic species, Tmid’s are already higher
than Topt. Tropical aquatic species, in particular, appear to live in
temperatures that often exceed Topt but it is also worth noting that
two Antarctic invertebrates have Topt’s that are lower than Tmid. For
non-nesting terrestrial species, that are living in temperatures cooler
than ~17.5 °C (temperate and polar species), Tmid already exceeds
Topt; any further temperature increase is predicted to increase developmental costs. Higher costs of development require mothers to
invest more resources in each offspring to compensate for these
costs3. If maternal resources remain unchanged, then fecundity
must decrease as per capita offspring investment increases. Thus,
for species that are already above Topt, our model predicts an insidious twofold impact of further warming. First, development will
become less efficient—offspring will achieve nutritional independence with a lower proportion of energy reserves than they would
at cooler temperatures—this is probably to reduce the performance
of these offspring9. Second, parents may increase the per capita

a

Fig. 2 | Development costs across temperatures for developing ectotherms.
a, The relationship between temperature and relative metabolic rate and
development time for three different species: C. harengus (dark blue)
E. superba (light blue) and C. johnstoni (yellow). b, Illustrating how tempera
tures dependencies combine to affect the relative costs of development
across temperatures for the three species and that a single temperature
(Topt) minimizes the costs of development for each species. c, The relation
ship between Topt and Tmid (the estimate of the temperature species
experience in nature, see main text for details) for 71 species across
seven phyla including the three species shown in a and b (silhouettes
indicate their points). Species with aquatic development are shown in
blue, species that develop in terrestrial nests are shown in yellow and
species that develop terrestrially but not in nests are shown in green.
The grey dotted line indicates a 1:1 ratio between Topt and Tmid. Credit:
silhouettes adapted from http://phylopic.org/ (crocodile, krill and mullet)
(https://creativecommons.org/licenses/by/3.0/).
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Discussion

investment in offspring to compensate for this increase in develop
mental costs and suffer reduced fecundity as a consequence3.
Assuming density dependence is not very strong, and populations are
recruitment limited, both of these effects could reduce the recruitment of adults into the population and reduce population robustness.
An important next step will be to examine how thermal develop
ment environments affect postdevelopment performance. Higher

408

Relative MR and development

1.0

0.8

0.6

0.4

0.2

b

Relative cost of development

1.0

0.8

0.6

0.4

0.2

c

40

1:1

30

20

10

0

–10

0

10

20

30

40

Environmental temperature, Tmid
(°C)

Nature Ecology & Evolution | VOL 4 | March 2020 | 406–411 | www.nature.com/natecolevol

Articles

NaTure EcOlOgy & EvOluTIOn
10

50

‘Too hot’

40

T mid–T opt

Change (%)

0

–10

‘Too cold’

30

20

10

Survival

Developmental costs
Performance measure

–20
Terrestrial
(non-nesting)

Terrestrial
(nesting)

Aquatic

Fig. 3 | Effect of developmental environment on mismatch between
Topt and Tmid for 71 ectotherms. Values greater than zero indicate that
environmental mid-temperatures are higher than those that minimize
the costs of development and values less than zero indicate that midtemperatures are less than those that minimize the costs of development.
Species with aquatic development are shown in blue, species that
develop in terrestrial nests are shown in yellow and species that
develop terrestrially but not in nests are shown in green. Boxplots show
interquartile ranges where boxes include first two quartiles of the data
and whiskers include data within 1.5× the interquartile range. Credit:
silhouettes adapted from http://phylopic.org/ (crocodile, bug and tuna)
(https://creativecommons.org/licenses/by/3.0/).

temperatures during development can either increase or decrease
subsequent performance9, thus offsetting or exacerbating the effects
we describe here.
We found that the costs of development are systematically relatively more sensitive to temperature deviations from the optimal
than survival differences. Relying on temperature effects on survival
to estimate the consequences of climate warming therefore risks systematically underestimating changes in population replenishment.
For example, a 1.6 °C temperature increase is predicted to reduce
hatching success of Atlantic salmon (Salmo salar) by 8%, whereas
our model predicts that development will become 17% more costly
for the same temperature increase. Similarly, a 2.2 °C temperature
increase will decrease the hatching success of Rana pipiens tadpoles
by only 3.5% but increase the costs of development by ~30%. If
mothers raise their per capita investment in offspring to compensate for such a temperature increase, fecundity may decrease by a
concomitant amount10, reducing the total fecundity of the population overall. An interesting next step will be to examine how temperature affects fecundity. Also, note that if mortality rates during
the embryonic phase are extremely high, then warming-induced
reductions in development time could still enhance fitness, despite
increasing developmental costs overall11. For now, however, we predict that the effect of warming on population replenishment via
development cost-mediated effects on fecundity could exceed the
direct effect of temperature on survival.
Our results imply that there are probable beneficiaries of further
warming, at least from a developmental costs perspective, though
cautious interpretation is necessary. Developmental cost theory
predicts that species that develop in terrestrial nests should have
lower development costs at higher temperatures—Topt was always
higher than Tmid in this group. However, such an interpretation
assumes that nests are not systematically warmer than general
temperature conditions already—given non-random nest site selection

Fig. 4 | Change in performance associated with a 20% increase (relative
to the range experienced by that species) in temperature relative to
the thermal optimum. On the left, performance is measured in terms
of percentage change in embryo survival. On the right, performance is
measured in terms of percentage change in developmental costs. Boxplots
summarize the two measures. Each line represents an individual species
and connects the relative effects in terms of survival and developmental
costs for that particular species. Blue lines, sloping upward from left to right
indicate that developmental costs associated with temperature increases
are greater than reductions in survival (n = 42), while red lines (n = 4) show
the converse.

and the thermoregulatory role of some nests, such assumptions
seem unlikely. So our theory predicts that terrestrial nesting species should benefit from warmer temperatures, if and only if nest
temperatures are not warmer than local conditions already. If on
the other hand, nests are already systematically warmer than local
conditions, then nesting species must either alter their nest site
selection or construction, or face rising developmental costs. It is
also important to note that for the species considered here, increases
in temperature increase the costs of development eventually. As
such, even if minor temperature increases decrease the costs of
development initially, further warming will always increase the
costs of development once Topt is exceeded. Thus, we suggest caution
when making inferences about any possible benefits of continued
temperature increases for the costs of development.
We show development is more costly whenever embryos
develop in temperatures that deviate from optimum but the magnitude of these increases differed among environments. We found
that increases in development costs were much greater in terrestrially developing species relative to aquatically developing species
(estimated both as curvature or changes in development costs at
set temperature deviations from the optimum). Interestingly, we
found similar trends when we examined survival at different temperatures. Our results contrast with a much more comprehensive,
recent comparison of thermal performance between terrestrial and
aquatic species8. Our focus here was on developing embryos and
larvae, whereas Pinsky et al.8 examined adult performance. Earlier
life-history stages tend to be the most sensitive and so it could be
that different stages are systematically more or less sensitive when
comparing terrestrial and aquatic species. Alternatively, differences
in the way in which sensitivity was measured between our study and
Pinsky et al.8 may drive differences in the findings—they focused on
thermal safety margins rather than physiological sensitivity per se.
We suspect the difference in sensitivity between animals that
develop in terrestrial and aquatic environments occurs because
species with terrestrial development have more opportunities to
regulate the temperature their offspring experience12. Terrestrial
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species can take advantage of thermal microclimates via the selection of oviposition site and the thermal regulatory potential of
nests13. In contrast, aquatic habitats are relatively more homo
geneous in temperature, rendering the selection of thermal microhabitat a less effective strategy for thermoregulation14. Aquatically
developing species might therefore need to be more robust to temperature variation, such that the costs of development increase less
sharply when temperatures deviate from the optimum relative to
terrestrially developing species.
Developmental cost theory reveals that a single temperature
optimum that minimizes the costs of development emerges from
the nature of the relationships between temperature, metabolic rate
and development time. Similar exponential relationships exist for
another ubiquitous but costly (from an energy perspective) ontogenetic transition—metamorphosis15. Transitioning from the larval
or pupal phase to the juvenile/adult phase can cost up to 60% of
energy reserves in some species2. An interesting next step would be
to explore whether there is a particular temperature that minimizes
the costs of metamorphosis for species with complex life cycles. If
so, then this this represents another pathway by which temperature
affects the energetics and performance of species with complex life
histories. Across a wide variety of taxa, energy reserves at the completion of metamorphosis predict postmetamorphic performance9.
Temperatures that deviate from the optimum that minimize the
costs of metamorphosis will therefore either reduce the performance
of the adult stage or require organisms to spend longer in the (often
dangerous) larval stage so as to accumulate sufficient resources.
Importantly, we expect the temperature dependencies of developmental and/or metabolic rate to evolve in response to global change
to reduce these fitness costs incurred at higher temperatures. Previous
work has shown that broad-scale climate influences the thermal
sensitivity and plasticity of physiological traits, including metabolic
rate16. Indeed, our own data suggest that these parameters do evolve in
response to local conditions: higher Tmid’s were associated with lower
temperature dependencies of both metabolism and developmental
time. Laboratory natural selection experiments, on the other hand,
suggest that the metabolic rate of adult Drosophila melanogaster has
limited capacity to evolve in response to temperature change17,18 but
comparable studies of development, and the metabolic rates of developing embryos, are presently lacking. Our framework allows the
a priori identification of which parameters are likely to drive changes
in the costs of development across different temperatures. On the
basis of equation (6), we would expect b, the temperature dependence
of development rate, would be under the strongest selection as this
parameter has the greatest influence on the relative costs of develop
ment and Topt. An important next step will be to test whether our
expectation matches findings from experimental evolution studies
that have manipulated temperature in species with complex life cycles.
We found that, for a given species, a single temperature minimizes the costs of development for a wide array of ectotherms and
that this predicted value is very similar to the temperature in which
each species develops. The unimodal nature of the relationship
between temperature and developmental costs means that development is inevitably more costly when temperature deviates from
the optimum—this represents a previously unrecognized, near universal, vulnerability of metazoan ectotherms. Developmental cost
theory links life-history theory with metabolic theory to show how
changes in function (the costs of development) drive these performance curves in a physiologically explicit framework. Our results
strongly suggest that life histories and investment strategies will
change under future temperature increases, though the impacts of
these changes may vary systematically across habitats and latitudes.

Methods

Definitions of development and data compilation. We define development as
the phase between fertilization and when independent feeding begins. So, for
410

some species (for example, zebra fish), once they hatch into feeding larvae, we
would describe development as complete, while for other species (for example,
lecithotrophic marine invertebrates such as Bugula), development would include
the non-feeding larval stage all the way through metamorphosis into a juvenile.
Importantly, this definition does not suppose that all parentally derived resources
have been exhausted once feeding begins; rather, this is simply the end of the phase
when offspring rely exclusively on these resources.
Data on the temperature dependency of development time and the temperature
dependency of metabolic rate were mostly compiled from an earlier study3,
supplemented with additional data from the literature. Due to the paucity of data
on these rates under varying temperature regimes, we could not rely on search
terms. Rather we combed the literature haphazardly using ISI Web of Science
(http://www.webofknowledge.com/WOS) for a range of search terms and followed
relevant citations to identify as many studies as possible. We parameterized the
MR(T) and D(T) functions, on the basis of the temperature ranges experienced
by each species during the early life history when offspring are non-feeding and
dependent on maternally derived energy (throughout the ‘dependent phase’).
For two species (Gynaephora groenlandica and Erynnis propertius), we could not
find data on the temperature dependence of metabolic rate of the embryo stage
but it was available for the early larval stage. We chose to use these data because
data for terrestrial developers under cool temperatures (<20 °C) were extremely
rare otherwise (our results were qualitatively identical whether these species were
included or not). In total, we parameterized the relationships between temperature
and development time (D(T)), temperature and metabolic rate (MR(T)) from
studies of 71 species from seven phyla (Supplementary Table 1). We also collected
embryo/larval survival data for as many species as we could find and, in most
cases, these survival data came from the same study as that of the metabolism and
development data.
We also collected data on the thermal regime in which our species of interest
developed. Where temperature range was not specified for the studies that
measured MR(T) and D(T), we searched the literature for studies reporting
temperature ranges for each species in similar locations. Throughout our analyses,
we used the temperature midway (Tmid) between the minimum and maximum
temperatures recorded for that species—our results were qualitatively unchanged
by using alternative estimates of environmental temperature (Tmid was strongly
positively correlated with mean, maximum and median temperature; R2 > 0.70 in
all cases; see Supplementary Information).
Meta-analysis methods. Most studies did not report sample size associated with
measurements; for those studies that did report both sample size and estimates of
error, we used generalized least squares using the ‘gls’ function within the ‘nlme’
R package19 to determine whether sample size was related to a higher precision
of estimates. This approach has been suggested by Nakagawa and Lagisz20 for
use in meta-analyses that measure only the absolute magnitude (mean) of the
effect size on the response variable (effect of temperature on mean D and MR).
We used phylogenetic generalized least squares to fit models where residuals are
correlated (correlation structure taken from phylogeny) using the ‘pgls’ function
in the R package ‘caper’13,21. The tree topology was taken from the open tree of
life using the ‘rotl’ package in R v.3.3.2 (refs. 22,23). The methods used to produce
a phylogenetically controlled meta-analysis were closely followed as per guidelines
presented in the Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA) statement24—for details on methodological considerations
and publication bias for these data see ref. 3. Phylogenetic signal is presented as
Pagel’s25 lambda (λ), which represents the proportion of variance—conditioned on
the fixed effects—attributable to phylogeny26.
Analysis of Topt − Tmid relationships. We first analysed our data in a
phylogenetically controlled framework where environmental temperature (Tmid)
was the continuous predictor and Topt was the response variable. We then
included a second, categorical predictor—the habitat in which offspring
development took place. Species were classified as either ‘aquatic’ or ‘terrestrial’
according to where development took place, irrespective of where adults of the
species lived. For example, turtles and crocodiles, which live in aquatic habitats as
adults, were classified as terrestrial because their offspring develop out of water.
Likewise, any species that had aquatically developing offspring but terrestrial
adult stages (for example, amphibians and many insects) were classified as aquatic.
For species that develop terrestrially, we further classified them according to
whether the offspring develop in nests or not. We did this because such species
may have greater capacity for thermoregulation during development and are
likely to experience different temperature regimes to terrestrial species that do
not nest. Because we did not have fully overlapping temperature ranges across
all our groups, we excluded the two coldest aquatic species from our formal
comparisons of habitats27.
We next examined whether systematic deviations between the predicted Topt
and Tmid varied with the environment (aquatic, terrestrial nesting and terrestrial
non-nesting) in which species developed by calculating Tmid – Topt as a response
variable with the same predictors as above. Positive values of Tmid – Topt indicate
conditions that are warmer than the temperature that minimizes the costs of
development, while negative values indicate the converse.
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We also examined how specific parameters varied with environmental
temperature—specifically we examined how/if the temperature dependency of
metabolic rate (a) and development (b) varied across environmental temperature.
Analysis of curvature. Describing the costs of development using a relatively
simple set of equations allows us to formally estimate the sensitivity of develop
mental costs to deviations in temperature away from the optimal temperature.
We calculated the second derivative of our cost function to yield the equation:


d2 C
¼ eaðT Þ a2 c þ ða � bÞ2 de�bT
dT 2

ð6Þ

and we then evaluated this equation at Topt to calculate the rate at which the cost
changes around this optimum.
Relative sensitivity of costs of development and survival. Our results suggested
that the costs of development were extremely sensitive to environmental
temperature and we wanted to compare the relative sensitivity of developmental
costs to the sensitivity of survival of developing embryos under relatively small
temperature changes. We did not collect data on adult survival, as meta-analyses
suggest that later life-history stages are far more robust to a range of temperatures3.
Ideally, we would have compiled thermal performance curves where performance
was defined as embryo survival for each species but data were too scarce. We
could only find hatching success or embryo survival at different temperatures for
46 of 71 species (64%) in our database and, for many of these, hatching success or
embryo survival was measured at only two temperatures. We therefore fit simple
linear relationships between survival at Topt and survival at a set deviation from Topt
(20% of the reported temperature range for that species in °C). We then compared
how both survival and costs of development changed across this standardized
temperature deviation. We compared these values using phylogenetically
controlled analyses to test whether these two measures of sensitivity to temperature
differed from each other. We found no phylogenetic signal and so report only the
results from a simple paired t-test where changes in costs and changes in survival
were the paired measures for each species.
Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data used in these meta-analyses are available from Dryad: https://doi.
org/10.5061/dryad.zw3r2284x.
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