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Proximate effects of temperature
versus evolved intrinsic constraints
for embryonic development times
e among temperate and tropical
e songbirds

Riccardo Ton* & Thomas E. Martin(®)?

The relative importance of intrinsic constraints imposed by evolved physiological trade-offs versus the
proximate effects of temperature for interspecific variation in embryonic development time remains
unclear. Understanding this distinction is important because slow development due to evolved trade-
offs can yield phenotypic benefits, whereas slow development from low temperature can yield costs. We
experimentally increased embryonic temperature in free-living tropical and north temperate songbird
species to test these alternatives. Warmer temperatures consistently shortened development time
without costs to embryo mass or metabolism. However, proximate effects of temperature played an
increasingly stronger role than intrinsic constraints for development time among species with colder
natural incubation temperatures. Long development times of tropical birds have been thought to
primarily reflect evolved physiological trade-offs that facilitate their greater longevity. In contrast, our
results indicate a much stronger role of temperature in embryonic development time than currently
thought.

Embryonic development time varies greatly across species and latitudes often independently from body mass'.
Classic theory posits that slower development reflects intrinsic constraints caused by evolution of physiolog-
ical trade-offs that benefit phenotypic quality and longevity via enhanced tissue differentiation?, quality of
immune responses’, and locomotor abilities*. However, slower embryonic development increases exposure to
time-dependent mortality such as predation®°. Despite these important implications for fitness, the extent to
which slower development reflects differences in evolved intrinsic constraints among species remains unclear.

This uncertainty arises primarily because slower development can also occur in response to colder tempera-
tures within species”®. Still, intraspecific variation in embryonic development time is small compared to variation
among species (Fig. 1) and the role of temperature in influencing this larger interspecific variation remains poorly
tested. Thus variation in embryonic development time may reflect traditional expectations of genetically based
physiological programs yielding small variation in development time within species, and larger differences among
species. Alternatively, selection may instead act on evolution of parental behaviors (e.g., nest/egg site choice,
warming behaviors) that affect embryonic temperature®-'4. As a result, the differences in intraspecific and inter-
specific variation in development time may reflect relatively consistent embryonic temperature within species,
and larger differences among species (Fig. 1).

Understanding the relative roles of these two potential causes of interspecific variation in rate of embry-
onic development is critical because they yield opposing consequences for phenotypic quality and survival.
Physiological trade-offs that extend development time can increase offspring quality'>-"7, whereas shorter embry-
onic periods can lead to smaller size at birth, higher metabolic rate and lower survival'®-?’. In contrast, cooler
temperatures yielding longer development time generally create costs to offspring®" ?2, while warmer condi-
tions may yield beneficial effects?. Thus, consequences of interspecific variation in embryonic period can differ
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Figure 1. Conceptual graph representing the potential effect of temperature on embryonic development. Each
symbol and color represents a different species. At the intraspecific level, temperature (dashed lines) can explain
small differences in development period (small bracket). However it is unclear if temperature (solid lines) or
physiological constraints are the main determinant of the larger interspecific differences in embryonic period
(large bracket).

depending on the relative roles that physiological trade-offs versus temperature play in determining development
time.

These two alternatives are strongly exemplified by songbird species living at different latitudes. Tropical
songbirds commonly have longer embryonic periods that are correlated with higher adult survival compared
with north temperate species'®?%. This correlation may reflect the classic expectation of physiological benefits
from slower growth and development yielding higher adult survival and longer life**. Yet, the higher adult sur-
vival of tropical birds can also favor reduced parental warming effort and the resulting cooler embryo temper-
atures may cause their longer embryonic periods?. Thus, this last possibility reverses the direction of causality
between embryonic development time and adult survival and highlights the importance of understanding the
basis of interspecific variation in embryonic development. Untangling these alternatives requires an experimental
approach that has until now not been attempted in a temperate-tropical context.

Here we conduct controlled heating and egg-swap experiments in tropical and north-temperate species that
exhibited broad differences in embryonic development times and incubation temperatures. We also compared
differences in egg mass loss, metabolic rates, and hatching success between treatment and control nests to test for
potential costs to embryos associated with faster development at warmer temperatures. This set of experiments
allows us to untangle the role of incubation temperature and physiological constraints on embryonic develop-
ment time and their possible consequences.

Results

Heating Experiment. Our heating experiments at 42 nests successfully increased average incubation tem-
peratures (mean & SE = 1.32 £ 0.13 °C; see actual temperatures measured for control and treatment nests by spe-
cies in Supplementary Table S1) and did not affect hatching success. Hatching success is typically about 90%
in natural nests. In our study, 93 £ 0.7% of eggs hatched, with no differences between treatment and control
clutches (F, 3,,=0.213, P=0.69).

Experimentally increased temperature was generally associated with a decrease in embryonic period among
all nine study species (Fig. 2a). However, responses of individual species to our warming experiment varied
substantially. Cordilleran flycatcher (Empidonax occidentalis) showed almost no reduction in embryonic period
(mean £ SE=—0.2 £ 0.08 d), whereas Mountain wren-babbler (Napothera crassa) showed impressive shorten-
ing in development time (mean &+ SE=5.33 £ 1.2 d) with increased temperature (Fig. 2a). Slopes were steeper
(i.e., stronger responses to temperature changes) in species that normally (i.e., controls) kept their eggs cooler
(Fig. 2b, ?=0.69, P=0.005). Tropical species commonly have colder egg temperatures because of reduced time
spent warming eggs by parents in the tropics!* 2. Consequently, embryonic periods of our tropical species with
their colder normal egg temperatures exhibited stronger responses (steeper slopes) to heating compared with our
north temperate species with warmer normal egg temperatures (F, ;= 17.38, P=0.004).

Egg Swap Experiment. Bornean stubtail (Urosphena whiteadi) eggs placed in Chestnut-crested yuhina
nests experienced higher average temperatures (mean + SE =4.06 & 0.39 °C) and showed a 25% shortening in
development time (mean & SE =6 £ 0.4 d) compared to controls. This reduced the average difference in devel-
opment time between the two species from ten (mean £ SE =10+ 0.4 d) to four (mean + SE=440.4 d) days.
Therefore temperature alone accounted for 60 £ 5.8% of the difference in average embryonic period between natal
and host species, while the remaining 40 & 5.8% can be attributed to intrinsic constraints or other unmeasured
variables. Physiological trade-offs also acted on the other end of the temperature gradient limiting the extent
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Figure 2. (a) Correlation between measured differences in egg temperature, and incubation period differences
between treatment and control among 42 paired nests belonging to nine species at two latitudes. Each point
represents a nest pair and each symbol and color a different species. Individual regression lines provide the
intraspecific response of embryonic period to experimental heating and warmer colors are associated to
warmer natural incubation temperature. Dashed lines denote tropical species. Names in figure legend are
reported in order of ascending slope. (b) Correlation between average (1 SE) differences in control incubation
temperature and change of embryonic period with treatment temperature (slope =1 SE) for nine songbird
species at two latitudes. Tropical species are denoted as ~. The gray horizontal line intercepting zero represents
the physiological threshold for development where further temperature increases produces no changes in
embryonic period.

to which development can be delayed. Eggs of Chestnut-crested yuhina (Yuhina everetti) that were transferred
to the colder temperature conditions of stubtail nests extended their embryonic period by two days on average
(mean 4+ SE=2+0.4 d). A substantial difference from the host nest remained (mean & SE =8+0.4 d) suggesting
the presence of selection favoring fast growth independently from the effect of temperature. Thus, physiological
trade-offs acted asymmetrically in these two species, with seemingly less intrinsic constraints in the slow (cold)
than fast (warm) species.

Consequences of increased temperature for egg mass and metabolism. Egg mass naturally
decreases over the embryonic period due to water loss associated with metabolic processes underlying devel-
opment. Average reduction in egg mass in our study was 14.6% =+ 0.41 for all samples (F, 4o=2.618, P=10.014)
but interspecific differences were substantial, ranging between 10-22%. Embryos of seven species lost less mass
when exposed to heating, three of which were significant (3a). The remaining two species tended to lose more
mass when incubated at warmer temperatures but the effect was not significant (Fig. 3a; Supplementary Table S2).
Overall, warmer temperatures during development resulted in heavier embryonic mass prior to hatching across
the nine species in our experiment (Fig. 3a; F, 3o=9.91, P=0.003).

Heated embryos had higher mass-specific metabolic rates than control embryos in six species, two of which
showed a significant effect of treatment. Mass-specific metabolic rate was lower in three species and one of those
showed a marginally significant effect of the heating experiment. This resulted in an overall lack of significant
effect of our treatment on metabolic rates (Fig. 3b; F) oo=0.813, P=0.372).
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Figure 3. Mean differences between treatment and control (£1 SE) in (a) % egg mass, and (b) mass-specific
metabolic rate (mL O, h™!) for nine bird species exposed to increased incubation temperature in a tropical
(Malaysia) and north temperate (Arizona) site. Significant (p < 0.05) and marginally significant (p < 0.1) effects
within species are denoted respectively as * and @.

Discussion

Differences among species in embryonic development and growth rates have long been viewed as a strong func-
tion of genetic programing and physiological processes that affect phenotypic quality and longevity'> . Of
course, proximate factors (e.g., food, temperature) can influence development rates within species®, but such
proximate effects have been considered a minor modifier of the variation among species. Yet, even species within
the same order can differ dramatically (up to 7°C) in the temperatures to which their embryos are exposed
(Fig. 2b), because of differences in parental warming behavior'* 2. Such interspecific differences in embryonic
temperatures are not restricted to birds' and can vary among diverse taxa as a function of parental choice of
oviposition and nest sites, basking, and brooding behaviors® 1> 13. The substantial reduction in embryonic period
in response to experimental heating (Fig. 2a) clearly demonstrates that such interspecific variation in tempera-
ture can strongly influence length of the embryonic period. Indeed, our average temperature increase of about
1.3°C was much smaller than the differences in embryonic temperature that existed among species. Moreover,
the change in embryonic period by as much as 7 days with warming (Fig. 2a) clearly shows that temperature can
explain a substantial portion of the interspecific variation in embryonic development time. Our results suggest
that the proximate effect of temperature can play a much stronger role in the differences in embryonic develop-
ment time among species than previously thought, but temperature effects are greater among species with colder
natural incubation temperatures (Fig. 2).
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Ultimately, physiology appears to limit how short development time can be. The shortest period of embryonic
development in birds is 10-11 days?, and this is typically seen when average incubation temperature is close to
37°C?. Thus, embryos experiencing natural incubation temperatures near 37 °C may have evolved development
periods close to their physiological limits. Species near their physiological maxima at the warm end of the tem-
perature spectrum reduced their embryonic periods very little during warming experiments (Fig. 2). Rather,
heating shortened embryonic period much more in tropical species with colder incubation temperatures and
longer development times (Fig. 2). This strong role of temperature for the long development times of tropical
birds is particularly interesting because tropical birds have been viewed as a good example of the benefits of long
development times for longevity due to physiological trade-offs". Yet, such arguments were predicated on the
idea that genetically based physiological programs caused long development times by allocating relatively more
intrinsic resources to physiological systems that enhanced longevity>* . Our results showing that long devel-
opment times, as common in tropical birds'* %, was a strong function of temperature rather than physiological
programs raises questions about such perspectives.

Faster development may lead to reduced phenotypic quality like smaller mass at hatching in lizards*®, and
faster metabolic rates in domestic chickens'®, both of which decrease survival®.. Yet, we found that eggs devel-
oping faster at warmer temperatures were overall heavier prior to hatch date compared to control eggs among
the nine species studied here (Fig. 3a). This result fits as the converse of egg cooling studies, which found cooling
caused smaller and lower quality offspring in various taxa®> 3. This effect may be explained by warmer temper-
ature favoring higher efficiency in cell differentiation and proliferation, whereas lower temperatures diverting
resources to respiration and self-maintenance. Intriguingly, our reported effects of temperature on egg mass sup-
port the hypothesis that parents in the tropics lay larger eggs to provision their embryos with extra resources
that compensate for the maintenance costs of low average incubation temperatures®. Also, we did not detect an
overall change in mass-specific embryonic metabolic rate due to heating (Fig. 3b). The possibility remains that
higher incubation temperatures underlying faster development may produce other costs unmeasured here with
detrimental consequences for adult longevity, but we did not detect costs related to mass and metabolism.

Long development times may impose a cost on young when caused by low incubation temperatures in two ways.
First, long development from cold temperatures requires increased use of internal resources by the embryo during
development and yields smaller and lower quality offspring®>*. Second, slow development at lower temperatures
extends the time of exposure to sources of mortality experienced during the vulnerable embryo stage. For example,
Bornean stubtail eggs have a 24-day incubation period and are exposed to a daily predation probability of 0.045'.
Yet, our experiments show that this species has the potential to shorten embryonic development by at least six days,
which translates into a 24% reduction in predation risk. Why then do songbirds not increase incubation effort to
keep eggs warmer and shorten the incubation period so that their offspring benefit from reduced predation risk?

A possible answer is that costs of greater incubation effort accrue to parents rather than to offspring. In
long-lived species selection may favor reduced energy expenditure by parents so that they enhance their own
probability to breed in the future'® ?¢. Tropical birds commonly spend much less time keeping eggs warm caus-
ing colder average egg temperatures than north temperate relatives'* . Nevertheless, the egg swap experiment
demonstrated that embryonic development time includes intrinsic constraints that may reflect beneficial phys-
iological trade-ofts. Thus, selection may favor increased longevity via two mechanisms that both yield longer
development times: by acting on physiological trade-offs to improve phenotypic quality, and by reducing parental
effort and resulting extrinsic embryonic temperature.

The effects that developmental temperature has on phenotypic variation are especially important in light of
global climate change®. Our data show that “cold” tropical embryos shorten development time more than “warm”
north temperate species for an equivalent increase in temperature. This suggests that small increases in tem-
perature due to global warming predicted at low latitudes®® may benefit tropical embryos by shortening their
incubation period and reducing exposure to predation with potentially minor phenotypic costs to the offspring.
Conversely, increased temperatures in north temperate zones may yield smaller effects for development because
species are closer to their physiological maxima (Fig. 2), causing tropical species to potentially be bigger ‘winners’
than temperate species from global warming®” with respect to development time and offspring predation risk. At
the same time, parents of temperate species may be able to spend less time on the nest under warmer conditions
and obtain survival benefits from increased self-maintenance. Thus, fitness costs of global warming between lati-
tudes®®* are unclear in songbirds and deserve further research attention.

Our study shows that extrinsic temperature plays an increasingly stronger role than intrinsic constraints on inter-
specific variation in embryonic period among species with colder incubation temperatures. The response to warmer
temperatures varied as a function of the thermal conditions normally experienced during development, leading to
questions about possible latitudinal differences in the effect of global warming on ectothermic embryos. Additionally
we found benefits rather than costs associated with shorter embryonic periods. These results will require revision of
views on the relative importance of proximate effects versus intrinsic constraints for interspecific variation in embry-
onic development time, and the potential consequences for phenotypic quality and longevity.

Methods

Study Areas and Species. We focused on six songbird species between May and July 2011-2014 in a north
temperate mixed forest at 2000-2350 m elevation in Arizona, USA (33°N). This work was conducted under the
Arizona Game and Fish Department permits SP557502 and SP614321, and the U.S. Fish and Wildlife Service
permit #MB791101-0. We studied three additional species between February and May 2012-2014 in a tropical
forest at 1450-1750 m elevation in Sabah, Malaysia (6° N) (Supplementary Table S3). Work in Malaysia was
authorized by the State of Sabah through Sabah Parks and the Sabah Biodiversity Council permits (Licence ref.
no. JKM/MBS.1000-2/2 JLD.4 (40)). The nine species were chosen to represent a strong gradient in embryonic
development time. All experiments and measurements were conducted in accordance with relevant guidelines

SCIENTIFICREPORTS |7:895 | DOI:10.1038/s41598-017-00885-3 5


http://S3

www.nature.com/scientificreports/

P Treatment
—— Control
6—\
O
> 4 | ‘
—
= ‘ : /
S 35 A\l '
— |
[V
o |
g .
-
S 30 |
p o]
m©
Ke)
- |
o
£
25
] ] I I I
00:00 06:00 12:00 18:00 24:00
Time of Day

Figure 4. Thermal conditions experienced during 24 hours of incubation by a control and a treatment clutch
of Red-faced warblers (Cardellina rubifrons) of the same age. Measurements were recorded on the same date
and nesting habitat; temperature oscillations reflect parental incubation behavior, with downward spikes from
parents leaving the nest to forage.

and regulations under the auspices of the University of Montana IACUC protocol #059-10TMMCWRU. We
conducted.

Experimental Increase in Incubation Temperature. We increased incubation temperature at 42 treat-
ment nests each paired with a control nest exposed to the same level of manipulation but experiencing natural
incubation temperatures. Treatment and control nests were spatially and temporally matched in order to mini-
mize differences in weather, seasonality, habitat and elevation. We also matched nests with the same clutch size
because the number of eggs can influence embryonic development rates*’. The experiment lasted for the full
length of the embryonic period starting from the last egg laid and ending with the first egg hatching. One heating
device (Kapton Heaters model #KHLV-105) was installed around the nest cup and powered by a 12'V car battery
that we replaced every second day. Heat output from the device was regulated by a thermostat connected to a
probe placed in the bottom of the nest (Pressure Tek, model# 3943) set at 37.5°C (Supplementary Fig. S1). This
value is considered around the optimum range for embryonic development*'. Control nests were treated the
same, except that the heating device was wired to a cardboard box to simulate the battery.

The overall effect of the heaters was to raise the temperature of the nest during periods when the parents were
absent or when incubation temperatures were sub-optimal. Thus average 24-hr egg temperature was increased
while maintaining normal incubation rhythms (Fig. 4) and avoiding heat stress to the embryos*?. Nests were
normally checked every 48 hours, but our monitoring effort increased up to four times daily as hatch dates
approached. Embryonic period length was calculated as the number of days between the last egg laid and the first
egg to hatch. To minimize loss of nests to predation, treatment and control nests of open-cup-nesting species were
caged with iron mesh that allowed normal movements of parents but prevented most mammal and bird predators
from accessing the nest.

Egg Swap Experiment. At our tropical site during the 2014 season, we performed a second experiment
that replicated methodology detailed in ref. 26. The goal was to test the relative contribution of temperature
and physiological trade-offs for differences in embryonic period between two tropical species. Chestnut-crested
yuhina (Yuhina everetti) and Bornean stubtail (Urosphena whitheadi) have comparable egg mass but embryos
of the former experience temperatures 5° C warmer on average than the latter during development because of
differences in parental incubation effort*’. If development is caused by physiological trade-offs alone, swapped
eggs should hatch at the same time as un-swapped controls of the same species. In contrast, if temperature is the
sole cause of developmental period length, swapped eggs should show the same embryonic periods as their host
nest species. Thus, by examining the relative change in developmental time in swapped eggs, we can partition
the relative importance of intrinsic constraints versus temperature. Eggs were transferred in the morning during
the laying stage (i.e., prior to start of incubation) between nests of the same stage. Neither of these two species
starts incubating before all eggs are laid, so embryos were undeveloped at the time of swapping. Nest predation is
reasonably high'*, and seven pairs of experimental nests were lost despite protection provided by the cage. Yet we
were successful in hatching swapped eggs between four pairs of nests.
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Temperature Measurements. We quantified temperature in all nests and in both experiments (Fig. 4)
by placing a thermistor in the center of an artificial egg positioned in the middle of the nest and connected to a
HOBO Stowaway XTI datalogger (Onset Computer Corporation, Bourne, Massachusetts, USA; Supplementary
Fig. S1). The dummy egg recorded temperature every 12 seconds for three days halfway through the natural incu-
bation period and was then removed. We chose to record temperature at this stage for three reasons. First, intra
and interspecific variation in the amount of time spent brooding is higher during the early stages of incubation*.
Second, incubating parents tend to be more sensitive to disturbance such as adding an extra egg to the clutch in
early than middle incubation (personal observation). Third, we needed to take measurements before possible
early hatch of treatment nests. Fake eggs were made of plaster of paris and were formed to mimic the size, shape
and color of the host species. We limited our measurements of temperature differences to three days because
larger clutches can increase the energetic costs of incubation to parents®.

Egg Mass and Metabolic Measurements. We marked and weighed all eggs in our heating and swap
experiment using an ACCULAB portable electronic scale (precision 0.001 g; Edgewood, NY, USA). A first weight
was taken the day of clutch completion followed by a second measurement two days before the expected hatch
date. We were able to forecast pretty accurately hatch date for all nests via “candling” This practice consists in
shining through the eggshell a powerful light source to monitor the extent of embryonic development. When
approaching the last stages of incubation we were recording egg mass daily. We kept in our analysis only the data
point taken two days before actual hatch date while discarding the others. These measurements allowed us to
quantify the mass lost by each clutch between the stages of early and late incubation.

We also measured embryo metabolic rate in eggs as oxygen consumption rate [ VO, (mL h™!)] using a FoxBox
field gas analyzer (Sable System, Las Vegas, NV, USA) for one egg only in order to ensure independence among
samples. Metabolic measurements were executed on eggs from both our experiments and followed the proto-
col detailed in ref. 43. Eggs were removed from the nest at 79.9 +0.72% (mean & SE) of their development and
were replaced with fakes. During metabolic measurements, the eggs rested in a 60 mL syringe, connected to an
open-flow system flushed with atmospheric air at a rate of 25 ml/min. The air was scrubbed of CO, and water
vapor using magnesium perchlorate, soda lime and drierite. To precisely control experimental temperature, the
chamber was submerged in a water bath and held at 37.5 °C.

Oxygen consumption rate was measured continuously every 0.5s, and VO, (mL h™!) was calculated as the dif-
ference in O, concentration between the air input and output flowing through the chamber during the most stable
three minutes of measurements. We used the formula V,,=FR(F,0, — F.0,)/(1 — F.0,) in ExpeData (ver. 1.3.2)
software from Sable Systems. Where FR; is the incurrent mass flow rate scrubbed from water vapor and CO,, Fo,
is the incurrent fractional concentration of oxygen, and F,0, is the excurrent fractional concentration of oxygen*.
Metabolic measurements lasted between 60 and 90 minutes, with larger eggs taking longer. After completion each
egg was returned unharmed to the nest of origin.

Statistical Analyses. Experimental increase in incubation temperature. We tested the effect that differences
in incubation temperatures between treatment and control nests have on embryonic period using a linear mixed
model with species as a random effect nested within site and year. We forced all intercepts through zero* because
no difference in temperature should yield no difference in embryonic period (Supplementary Table S4).

To test for evolved differences among species in the responses of developmental time to temperature, we
extracted the coefficients (slopes) from the previous model. We used these slopes as the dependent variable and
average temperature in control nests as the independent variable in a linear model that took into consideration
phylogenetic history (package “caper”). To produce our phylogeny we built a majority-rule consensus tree with
program Mesquite using 1,000 trees sampled from BirdTree.org*® (Supplementary Fig. S2).

Egg swap experiment. We quantified the relative contribution of temperature versus intrinsic constraints for deter-
mining differences in embryonic period between species in our swap experiment. We first subtracted the length of
embryonic period (days) of the egg remaining in the natural nest from the length of embryonic period of the egg
transferred to the host nest. We then divided this change in embryonic period by the observed difference in embry-
onic periods of the host versus natal nest x 100. We attributed this percentage change in embryonic periods between
species to temperature and the remaining portion to physiological trade-offs and other unmeasured effects.

Egg mass and metabolic measurements. We tested for effects of heating on egg mass loss by fitting a linear mixed
model with percent egg mass loss difference between treatment and control as the dependent variable, a categori-
cal variable with two levels (treatment and control) as independent variable and species as a random effect nested
within site and year. Using the same statistical approach we tested for differences in mass specific metabolic rate
and hatching success between treatment and control nests. We also conducted separate ANOVA tests for each
species to evaluate whether differences in egg mass loss and mass-specific metabolic rate were significantly differ-
ent from zero (Supplementary Table S2). All analyses were performed using the R package version 3.1.2%.

References

1. Gillooly, J. E, Charnov, E. L., West, G. B., Savage, V. M. & Brown, J. H. Effects of size and temperature on developmental time. Nature
417,70-73, doi:10.1038/417070a (2002).

2. Arendt, J. D. Allocation of cells to proliferation vs. differentiation and its consequences for growth and development. J. Exp. Zool.
288, 219-234, doi:10.1002/(ISSN)1097-010X (2000).

3. Brommer, J. E. Inmunocompetence and its costs during development: an experimental study in blue tit nestlings. Proc. Biol. Sci.
271(Suppl 3), S110-3, doi:10.1098/rsbl.2003.0103 (2004).

4. Shine, R. & Olsson, M. When to be born? Prolonged pregnancy or incubation enhances locomotor performance in neonatal lizards
(Scincidae). J. Evol. Biol. 16, 823-832, d0i:10.1046/j.1420-9101.2003.00600.x (2003).

SCIENTIFICREPORTS |7:895 | DOI:10.1038/s41598-017-00885-3 7


http://S1
http://S4
http://S2
http://S2
http://dx.doi.org/10.1038/417070a
http://dx.doi.org/10.1002/(ISSN)1097-010X
http://dx.doi.org/10.1098/rsbl.2003.0103
http://dx.doi.org/10.1046/j.1420-9101.2003.00600.x

www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.

17.

18.

19.
20.

21.
22.

23.
24.

25.
26.

27.
28.
. Rahn, H. & Ar, A. The avian egg: incubation time and water loss. Condor 76, 147-152, d0i:10.2307/1366724 (1974).
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
. Webb, D. Thermal tolerance of avian embryos: a review. Condor 89, 874-898, doi:10.2307/1368537 (1987).

43.

44.
45.

46.
47.
48.

49.

. Lack, D. Ecological adaptations for breeding in birds. Methuen, London (1968).
. Stearns, S. C. The evolution of life histories. Oxford university press, Oxford (1992).
. Deeming, D. C. & Ferguson, M. W. Physiological effects of incubation temperature on embryonic development in reptiles and birds.

Egg incubation: its effects on embryonic development in birds and reptiles (pp. 147-171. Cambridge University Press: Cambridge,
1991).

. Booth, D., Thompson, M. & Herring, S. How incubation temperature influences the physiology and growth of embryonic lizards. J.

Com. Phys. B170, 269-276, d0i:10.1007/s003600000097 (2000).

. Gilchrist, G. W. & Huey, R. B. Parental and developmental temperature effects on the thermal dependence of fitness in Drosophila

melanogaster. Evol. 55, 209-214, doi:10.1111/ev0.2001.55.issue-1 (2001).

Martin, T. E. A new view of avian life-history evolution tested on an incubation paradox. Proc. R. Soc. London B 269, 309-316,
doi:10.1098/rspb.2001.1879 (2002).

Aubret, F, Bonnet, X., Shine, R. & Maumelat, S. Clutch size manipulation, hatching success and offspring phenotype in the ball
python (Python regius). Biol. J. Linn. Soc. 78, 263-272, doi:10.1046/j.1095-8312.2003.00169.x (2003).

Shine, R. Incubation regimes of cold-climate reptiles: the thermal consequences of nest-site choice, viviparity and maternal basking.
Biol. J. Linn. Soc. 83, 145-155, doi:10.1111/bij.2004.83.issue-2 (2004).

Angilletta, M. J., Sears, M. W. & Pringle, R. M. Spatial dynamics of nesting behavior: lizards shift microhabitats to construct nests
with beneficial thermal properties. Ecology 90, 2933-2939, doi:10.1890/08-2224.1 (2009).

Martin, T. E,, Oteyza, J. C., Boyce, A. ], Lloyd, P. & Ton, R. Adult mortality probability and nest predation rates explain parental
effort in warming eggs with consequences for embryonic development time. Am. Nat. 186, 223-236, doi:10.1086/681986 (2015).
Ricklefs, R. E. Embryo development and ageing in birds and mammals. Proc. R. Soc. London B 273, 2077-2082, doi:10.1098/
rspb.2006.3544 (2006).

Metcalfe, N. B. & Monaghan, P. Growth versus lifespan: perspectives from evolutionary ecology. Exp. Gerontol. 38, 935-940,
doi:10.1016/50531-5565(03)00159-1 (2003).

de Magalhaes, J. P, Costa, J. & Church, G. M. An analysis of the relationship between metabolism, developmental schedules, and
longevity using phylogenetic independent contrasts. J. Gerontol. A Biol. Sci. Med. Sci. 62, 149-160, doi:10.1093/gerona/62.2.149
(2007).

Mortola, J. P. Metabolic response to cooling temperatures in chicken embryos and hatchlings after cold incubation. Comp. Biochem.
Physiol. B 145, 441-448, doi:10.1016/j.cbpa.2006.07.020 (2006).

Harman, D. In Aging: a theory based on free radical and radiation chemistry (University of California Radiation Laboratory, 1955).
Atkinson, D. Temperature and organism size: a biological law for ectotherms? Adv. Ecol. Res. 25, 1-1, doi:10.1016/S0065-
2504(08)60212-3 (1994).

Hepp, G. R., Kennamer, R. A. & Johnson, M. H. Maternal effects in wood ducks: incubation temperature influences incubation
period and neonate phenotype. Funct. Ecol. 20, 308-314, doi:10.1111/fec.2006.20.issue-2 (2006).

Olson, C.R., Vleck, C. M. & Vleck, D. Periodic cooling of bird eggs reduces embryonic growth efficiency. Physiol. Biochem. Zool. 79,
927-936, d0i:10.1086/506003 (2006).

Kingsolver, J. G. & Huey, R. B. Size, temperature, and fitness: three rules. Evol. Ecol. Res. 10, 251-268 (2008).

Ghalambor, C. K. & Martin, T. E. Fecundity-survival trade-offs and parental risk-taking in birds. Science 292, 494-497, doi:10.1126/
science.1059379 (2001).

Rollo, C. D. Growth negatively impacts the life span of mammals. Evol. Dev. 4, 55-61, doi:10.1046/j.1525-142x.2002.01053 x (2002).
Martin, T. E., Auer, S. K., Bassar, R. D., Niklison, A. M. & Lloyd, P. Geographic variation in avian incubation periods and parental
influences on embryonic temperature. Evol. 61, 2558-2569, doi:10.1111/j.1558-5646.2007.00204.x (2007).

Briskie, J. V. & Mackintosh, M. Hatching failure increases with severity of population bottlenecks in birds. Proc. Natl. Acad. Sci. USA
101, 558-561, doi:10.1073/pnas.0305103101 (2004).

Arendt, J. D. Adaptive intrinsic growth rates: an integration across taxa. Q. Rev. Biol. 72, 149-177, doi:10.1086/419764 (1997).

Van Damme, R., Bauwens, D., Brafia, F. & Verheyen, R. F. Incubation temperature differentially affects hatching time, egg survival,
and hatchling performance in the lizard Podarcis muralis. Herpetologica 220-228 (1992).

Allen, R. M., Buckley, Y. M. & Marshall, D. J. Offspring size plasticity in response to intraspecific competition: An adaptive maternal
effect across life-history stages. Am. Nat. 171, 225-237, doi:10.1086/524952 (2008).

Ardia, D. R., Pérez, J. H. & Clotfelter, E. D. Experimental cooling during incubation leads to reduced innate immunity and body
condition in nestling tree swallows. Proc. R. Soc. London B 277, 1881-1888, doi:10.1098/rspb.2009.2138 (2010).

DuRant, S. E., Hopkins, W. A., Hawley, D. M. & Hepp, G. R. Incubation temperature affects multiple measures of
immunocompetence in young wood ducks (Aix Sponsa). Biol. Lett. 8,108-111, doi:10.1098/rsbl.2011.0735 (2012).

Martin, T. E. Egg size variation among tropical and temperate songbirds: an embryonic temperature hypothesis. Proc. Natl. Acad.
Sci. USA 105, 9268-9271, doi:10.1073/pnas.0709366105 (2008).

Griffith, S. C., Mainwaring, M. C., Sorato, E. & Beckmann, C. High atmospheric temperatures and ‘ambient incubationdrive
embryonic development and lead to earlier hatching in a passerine bird. R. Soc. Open Sci. 3, 150371, doi:10.1098/rs0s.150371 (2016).
Parry, M. L. In Climate change 2007-impacts, adaptation and vulnerability: Working group II contribution to the fourth assessment
report of the IPCC (Cambridge University Press, 2007).

Somero, G. N. The physiology of climate change: how potentials for acclimatization and genetic adaptation will determine ‘winners’
and ‘losers. J. Exp. Biol. 213, 912-920, doi:10.1242/jeb.037473 (2010).

Deutsch, C. A. et al. Impacts of climate warming on terrestrial ectotherms across latitude. Proc. Natl. Acad. Sci 105, 6668-6672,
doi:10.1073/pnas.0709472105 (2008).

Dillon, M. E., Wang, G. & Huey, R. B. Global metabolic impacts of recent climate warming. Nature 467, 704-706, doi:10.1038/
nature09407 (2010).

Biebach, H. Effect of clutch size and time of day on the energy expenditure of incubating starlings (Sturnus vulgaris). Physiol. Zool.
57,26-31, doi:10.1086/physzo0l.57.1.30155963 (1984).

White, E. N. & Kinney, J. L. Avian incubation. Science 186, 107-115, doi:10.1126/science.186.4159.107 (1974).

Martin, T. E., Ton, R. & Niklison, A. Intrinsic vs. extrinsic influences on life history expression: metabolism and parentally induced
temperature influences on embryo development rate. Ecol. Lett. 16(6), 738-745, doi:10.1111/ele.12103 (2013).

Deeming, C. In Avian incubation: behaviour, environment and evolution (Oxford University Press, 2002).

Haftorn, S. & Reinertsen, R. E. The effect of temperature and clutch size on the energetic cost of incubation in a free-living blue tit
(Parus caeruleus). Auk 470-478 (1985).

Lighton, J. R. In Measuring Metabolic Rates: A Manual for Scientists: A Manual for Scientists (Oxford University Press, 2008).
Eisenhauer, J. G. Regression through the origin. Teach. Stat. 25, 76-80, doi:10.1111/test.2003.25.issue-3 (2003).

Jetz, W, Thomas, G., Joy, J., Hartmann, K. & Mooers, A. The global diversity of birds in space and time. Nature 491, 444-448,
doi:10.1038/nature11631 (2012).

Team, R. C. R: a language and environment for statistical computing, version 3.1.2.R Foundation for Statistical Computing, Vienna
(2014).

SCIENTIFICREPORTS |7:895 | DOI:10.1038/s41598-017-00885-3 8


http://dx.doi.org/10.1007/s003600000097
http://dx.doi.org/10.1111/evo.2001.55.issue-1
http://dx.doi.org/10.1098/rspb.2001.1879
http://dx.doi.org/10.1046/j.1095-8312.2003.00169.x
http://dx.doi.org/10.1111/bij.2004.83.issue-2
http://dx.doi.org/10.1890/08-2224.1
http://dx.doi.org/10.1086/681986
http://dx.doi.org/10.1098/rspb.2006.3544
http://dx.doi.org/10.1098/rspb.2006.3544
http://dx.doi.org/10.1016/S0531-5565(03)00159-1
http://dx.doi.org/10.1093/gerona/62.2.149
http://dx.doi.org/10.1016/j.cbpa.2006.07.020
http://dx.doi.org/10.1016/S0065-2504(08)60212-3
http://dx.doi.org/10.1016/S0065-2504(08)60212-3
http://dx.doi.org/10.1111/fec.2006.20.issue-2
http://dx.doi.org/10.1086/506003
http://dx.doi.org/10.1126/science.1059379
http://dx.doi.org/10.1126/science.1059379
http://dx.doi.org/10.1046/j.1525-142x.2002.01053.x
http://dx.doi.org/10.1111/j.1558-5646.2007.00204.x
http://dx.doi.org/10.1073/pnas.0305103101
http://dx.doi.org/10.1086/419764
http://dx.doi.org/10.2307/1366724
http://dx.doi.org/10.1086/524952
http://dx.doi.org/10.1098/rspb.2009.2138
http://dx.doi.org/10.1098/rsbl.2011.0735
http://dx.doi.org/10.1073/pnas.0709366105
http://dx.doi.org/10.1098/rsos.150371
http://dx.doi.org/10.1242/jeb.037473
http://dx.doi.org/10.1073/pnas.0709472105
http://dx.doi.org/10.1038/nature09407
http://dx.doi.org/10.1038/nature09407
http://dx.doi.org/10.1086/physzool.57.1.30155963
http://dx.doi.org/10.1126/science.186.4159.107
http://dx.doi.org/10.2307/1368537
http://dx.doi.org/10.1111/ele.12103
http://dx.doi.org/10.1111/test.2003.25.issue-3
http://dx.doi.org/10.1038/nature11631

www.nature.com/scientificreports/

Acknowledgements

We thank B.L. Larios and our lab group for helpful comments on the manuscript. Many people, especially S.
Haggberg, RN. Gobbo, J.A. Brandauer, and J.E. Goldberg, helped with data collection. We are grateful to Dr. Rimi
Repin, Sabah Parks and the Sabah Biodiversity Centre in Malaysia for logistical support. We greatly appreciate
financial support of the National Science Foundation (DEB-1241041, I0S-1349178). Any use of trade, firm, or
product names is for descriptive purposes only and does not imply endorsement by the U.S. Government.

Author Contributions
R.T. and T.E.M. designed the study. T.E.M. obtained the funding. R.T., T.E.M. and numerous field assistants
collected the data. Both authors wrote the manuscript and contributed to revisions.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-00885-3

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7:895 | DOI:10.1038/s41598-017-00885-3 9


http://dx.doi.org/10.1038/s41598-017-00885-3
http://creativecommons.org/licenses/by/4.0/

	Proximate effects of temperature versus evolved intrinsic constraints for embryonic development times among temperate and t ...
	Results

	Heating Experiment. 
	Egg Swap Experiment. 
	Consequences of increased temperature for egg mass and metabolism. 

	Discussion

	Methods

	Study Areas and Species. 
	Experimental Increase in Incubation Temperature. 
	Egg Swap Experiment. 
	Temperature Measurements. 
	Egg Mass and Metabolic Measurements. 
	Statistical Analyses. 
	Experimental increase in incubation temperature. 
	Egg swap experiment. 
	Egg mass and metabolic measurements. 


	Acknowledgements

	Figure 1 Conceptual graph representing the potential effect of temperature on embryonic development.
	Figure 2 (a) Correlation between measured differences in egg temperature, and incubation period differences between treatment and control among 42 paired nests belonging to nine species at two latitudes.
	Figure 3 Mean differences between treatment and control (±1 SE) in (a) % egg mass, and (b) mass-specific metabolic rate (mL O2 h−1) for nine bird species exposed to increased incubation temperature in a tropical (Malaysia) and north temperate (Arizona) si
	Figure 4 Thermal conditions experienced during 24 hours of incubation by a control and a treatment clutch of Red-faced warblers (Cardellina rubifrons) of the same age.




