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1 | INTRODUCTION

| Loren Merrill! | Thomas J. Benson'?

Abstract

For oviparous species such as birds, conditions experienced while in the egg can have
long-lasting effects on the individual. The impact of subtle changes in incubation
temperature on nestling development, however, remains poorly understood, espe-
cially for open-cup nesting species with altricial young. To investigate how incubation
temperature affects nestling development and survival in such species, we artificially
incubated American robin (Turdus migratorius) eggs at 36.1°C (“Low” treatment) and
37.8°C (“High” treatment). Chicks were fostered to same-age nests upon hatching,
and we measured mass, tarsus, and wing length of experimental nestlings and one
randomly selected, naturally incubated (“Natural”), foster nest-mate on days 7 and 10
posthatch. We found significant effects of incubation temperature on incubation du-
ration, growth, and survival, in which experimentally incubated nestlings had shorter
incubation periods (10.22, 11.50, and 11.95 days for High, Low, and Natural eggs,
respectively), and nestlings from the Low treatment were smaller and had reduced
survival compared to High and Natural nestlings. These results highlight the impor-
tance of incubation conditions during embryonic development for incubation dura-
tion, somatic development, and survival. Moreover, these findings indicate that
differences in incubation temperature within the natural range of variation can have

important carryover effects on growth and survival in species with altricial young.
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Verheyen, 1992). For oviparous species, embryonic development oc-

curs outside of the mother once incubation is initiated. Embryos are

Environmental conditions during development can impact both
short- and long-term phenotypic expressions (Weaver, 2009).
Indeed, the thermal regime an organism is exposed to during de-
velopment has been shown to influence short- and long-term phe-
notypic expression, including survival, hatchling size, posthatch
growth, locomotor performance, morphology, and sex differentia-
tion (Andrews, Mathies, & Warner, 2000; Bull, 1980; Rana, 1990;
Shine, Elphick, & Harlow, 1997; Van Damme, Bauwens, Braia, &

particularly sensitive to environmental factors such as temperature,
and proper development occurs within a narrow range of tempera-
tures (Webb, 1987). Consequently, conditions experienced while in
the egg can have important and potentially long-lasting effects on
individuals. Carryover effects of incubation temperature have been
reported in desert tortoises (Gophers agassizii) in which incubation
temperatures resulted in poor-condition hatchlings that died within
45 days of hatching (Spotila et al., 1994). Similarly, Burger (1989,
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1990) demonstrated carryover effects of incubation temperature on
whole-animal functions such as striking and escape behaviors as well
as maneuverability and locomotion in young pine snakes (Pituophis
melanoleucus), black racers (Coluber constrictor), and kingsnakes
(Lampropeltis getulus), in which both high and low incubation tem-
peratures negatively impacted young.

Unlike most other oviparous taxa in which organisms select an
appropriate thermal environment for the eggs and rely on site se-
lection for incubation, over 99% of bird species take an active role
in incubation (Deeming, 2002a, 2002b). In all species of birds, incu-
bation temperatures are in some fashion mediated by actions of the
adults, including nest location, nest structure, and incubation behav-
ior (Deeming, 2002a, 2002b). These behaviors can be broadly clas-
sified as “parental effects,” defined as the influence parents have on
the expression of the offspring’s phenotype that is unrelated to the
offspring’s genotype (Mousseau & Fox, 1998; Uller, 2008). Parental
effects can be broken down into paternal and maternal effects, and
in general, females have greater capacity to exert parental effects,
especially during the prehatch phase of development.

For many bird species, incubation is performed solely by the fe-
male and thus represents a maternal effect. The incubation period
plays a crucial role in reproduction, with most species exhibiting
contact incubation to maintain a suitable environment for embry-
onic growth and development (Deeming, 2002a, 2002b). During this
period, adult birds must balance current reproductive expenditures
(e.g., demands of the developing embryo) against future reproduc-
tive potential (e.g., costs of self-maintenance) (Reid, Monaghan, &
Nager, 2002; Stearns, 1992) as well as energetic expenditures re-
sulting from a trade-off between maintaining proper incubation
conditions for the developing embryo and foraging needs of the
adult(s) (Skutch, 1962). Despite the variety of climates in which eggs
are laid, avian embryonic development is generally restricted to a
thermal range between 30.0 and 40.0°C (Webb, 1987), but for many
species, the optimal range is substantially smaller (38.0-39.0°C;
Carey, 1980). Prolonged exposure to temperatures outside of this
optimal range can be deleterious for developing embryos (Lundy,
1969) of many species. Nest attentiveness is likely the primary mode
by which birds mediate incubation temperatures, and decreases in
nest attentiveness are known to impact nestling development and
survival in a number of ways, including: (1) extending the develop-
ment period, thereby prolonging the time a nest is susceptible to
predation (Martin, 2002), (2) reducing hatching success and survival
of young (DuRant, Hepp, Moore, Hopkins, & Hopkins, 2010), and (3)
retarding morphological development of nestlings (Nord & Nilsson,
2011; Webb, 1987). There has been substantial work on the effects
of incubation temperature in the poultry industry related to various
aspects of pre- and posthatch development and physiology (e.g.,
Hulet, Gladys, Hill, Meijerhod, & El-Shiekh, 2007; Leksrisompong,
Romero-Sanchez, Plumstead, Bannan, & Brake, 2007; Michels,
Geers, & Muambi, 1974; Nangsuay et al., 2016); however, research
on wild birds is more limited. Much of the work on incubation tem-
perature in wild birds has focused on cavity-nesting species, and/
or species with precocial offspring (DuRant etal., 2010; Hepp,
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Kennamer, & Johnson, 2006; Nord & Nilsson, 2011), primarily be-
cause species with these life-history traits are amenable to tempera-
ture manipulation studies. However, the majority of bird species are
open-cup nesting species with altricial young, and to date, little work
has been done examining how changes in incubation temperature
impact development and survival of open-cup nesting species with
altricial young (but see: Ton & Martin, 2017). While studies on cavity-
nesting species have provided critical insight into the importance of
incubation temperature for proper growth and development (Ardia,
Pérez, & Clotfelter, 2010; Wada et al., 2015), there are a number of
important differences between these species and those that build
open-cup nests and have altricial young. With respect to nest type,
species with altricial young that use nest cavities take frequent for-
aging trips and have relatively short on- and off-bouts during the
incubation period compared to open-cup nesting species (Conway
& Martin, 2000). The combination of short off-bout periods and the
more thermally insulated environment of a cavity are thought to
result in smaller temperature fluctuations for the developing eggs.
Open-cup nesting birds are exposed to higher predation rates (Lack,
1954; Nice, 1957; Ricklefs, 1969) and greater variability in tempera-
ture (relative to enclosed nests; Martin et al., 2017) throughout the
nesting period (Heenan, 2013). As such, open-cup nesting species
producing altricial young may be more sensitive to changes in incu-
bation temperatures as compared to precocial and/or cavity-nesting
species, which may profoundly impact growth, development, and
survival.

To better understand how variation in incubation conditions im-
pacts the length of the incubation period, hatching success, nestling
development, and survival of an open-cup nesting species with al-
tricial young, we artificially incubated eggs of the American robin
(Turdus migratorius: hereafter referred as robin(s); Figure 1) at 36.1°C
(“Low” treatment) and 37.8°C (“High”), and compared those to natu-
rally incubation (“Natural”) eggs.” Once hatched, we cross-fostered
experimentally incubated nestlings to non-natal nests with nestlings
of similar age in an effort to disentangle genetic and parental effects
from our experimental manipulation. We hypothesized that incuba-
tion temperature manipulations would differentially impact develop-

ment and probability of survival in nestling robins. Specifically, we

FIGURE 1 Adult American robin (Turdus migratorius) brooding
nestlings, Champaign, IL, USA. Photograph by Loren Merrill
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predicted that (1) incubation duration would vary inversely with in-
cubation temperature, (2) nestlings incubated at experimentally con-
trolled (see below for details on temperature selections), suboptimal
temperatures would be smaller and exhibit reduced survival com-
pared to naturally incubated individuals, and (3) individuals incubated
at “High” temperature conditions would not differ in survival or de-

velopment from those incubated naturally.

2 | METHODS

2.1 | Study site and species

The study was conducted on an 8 ha mixed coniferous tree farm lo-
cated near Urbana, IL, USA (40°02'N, 88°10'W), during the 2015
and 2016 breeding seasons (1 March-30 July). The site consisted
mainly of eastern white pine (Pinus strobus), white fir (Abies con-
color), Balsam fir (Abies balsamea), Fraser fir (Abies fraseri), Douglas
fir (Pseudotsuga menziesii), and Scots pine (Pinus sylvestris) ranging in
age from newly planted saplings to 16 years old. Trees were planted
in discrete rows which allowed for rapid and thorough nest search-
ing. Robins are an appropriate study species for this work because
they are found in high densities, are multibrooded, exhibit unipa-
rental incubation, and are resilient to research manipulation. We
located nests by systematically searching all trees on the site every
other day. Nests found during the building and laying periods were
checked every day to ensure an accurate clutch completion date. All
other nest-checks were conducted every other day to minimize dis-
turbance to the birds, while still obtaining high-resolution informa-
tion on fate. Incubating birds typically returned to the nest within
2-3 min following a nest-check.

2.2 | Incubation patterns and analysis

To determine the temperature and incubation patterns of robin
nests, we placed a small metallic temperature logger among the eggs
(Thermochron iButtons DS1921G, Maxim, San Jose, CA, USA) on the
day of clutch completion remaining in the nest until hatch. We af-
fixed iButtons to the nests using a combination of Velcro®, a shirt
button, and pliable wiring so as to be comparable to the eggs in both
height and position within the nest and ensure direct contact with
the brood patch. This setup ensured that iButton placement within
the nest was consistent throughout incubation, and prevented fe-
males from removing or burying them in the nest. iButtons were also
colored blue using a permanent marker that closely resembled the
color of robin eggs. Temperature was recorded at 2-min intervals,
and the data were downloaded and iButtons reprogrammed about
every 2-2.5 days. iButtons have some limitations because they typi-
cally cool and warm faster than eggs (Smith, Cooper, & Reynolds,
2015) and may thus provide slight temperature biases depending on
the female robin’s on-nest-to-off-nest bout ratio. We are using the
iButton temperature data here for descriptive purposes; we were
interested in examining the range of variation in temperatures ex-

perienced in natural nests rather than making precise inferences

about the temperatures experienced by eggs in those nests. We
used Rhythm 1.1 (Cooper & Mills, 2005) to transform raw iButton
data into usable sound files and to automate selections of on- and
off-bouts during the incubation period. Raven Pro 1.4 (Bioacoustics
Research Program, Cornell University, Ithaca, NY, USA) was used
to visually assess accuracy of automated selection generated by
Rhythm and to classify selections (i.e., on- vs. off-bouts). These pro-
cessing steps allowed us to estimate both temperature and duration

of on- and off-bouts for naturally incubated eggs.

2.3 | Egg collection, incubation, and cross-fostering

Nests that were located during the building or laying phase and that
contained 23 eggs were deemed suitable for egg collection and were
considered focal nests. Prior to the onset of incubation, we ran-
domly selected, removed, and marked one egg from each focal nest.
Eggs were placed in cotton-lined 50-ml Corning™ Falcon™ tubes for
transport to the laboratory. Collected eggs were randomly placed
into one of two temperature categories: 36.1°C (presumed subop-
timal incubation temperature; Lundy, 1969; designated as “Low”)
and 37.8°C (presumed optimal incubation temperature; Kuehler &
Good, 1990; designated as “High”) both set to 60%-65% relative
humidity (Kuehler & Good, 1990). Early on in the experiment, our
Low incubation temperature was 35°C, but during the initial round
of egg collections, it became evident that 35°C was too low for robin
eggs (0% hatching success, n = 11). Using both an ovascope (Brinsea
OvaScope Egg Viewer, Titusville, FL, USA) and by dissecting eggs,
we determined that hatching failure was caused by embryonic death
late in development, possibly caused by nutritional stress or delayed
development of the hatching muscle (Olson, Vleck, & Adams, 2008;
Olson, Vleck, & Vleck, 2006). At this point, we increased the Low
temperature to 36.1°C. Incubators (Turn X7, Lyons USA, Chula Vista,
CA, USA) were housed at the University of lllinois, where they were
closely monitored to ensure proper incubation temperature and
humidity throughout the experiment. We monitored progression
of embryonic development during incubation using an ovascope.
Initially, we placed eggs in an incubator with egg-turning capabili-
ties mimicking natural turning behavior during the incubation period.
Two days prior to hatching, we transferred the eggs to a nonturning
incubator to ensure a safe hatching environment. Once a nestling
hatched, we recorded its mass (only in 2016), marked it using a non-
toxic permanent marker, transferred it to the field in a small cooler
warmed with rechargeable hand-warmers, and placed it in a non-

natal nest with two or three same-age nestlings.

2.4 | Nestling sampling

Experimental nestlings were re-marked every other day with a non-
toxic permanent marker until banding to ensure accurate identifi-
cation throughout the experiment. On day 7 posthatch, we banded
each experimentally incubated nestling (hereafter “focal nestling”)
and a randomly selected naturally incubated nestling from the foster
nest (hereafter “foster nest-mate”). On days 7 and 10 posthatch, we
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recorded the mass and measured wing and tarsus length for each
focal nestling and its associated foster nest-mate. We also collected
a small blood sample (<5% blood volume) from both chicks prior to
and following the administration of a standardized 30-min stress
protocol (Breuner, Wingfield, & Romero, 1999) on days 7 and 10
posthatch as part of another study, after which nestlings were re-
turned to the nest. Due to time constraints, only the focal nestling

and foster nest-mate were sampled and banded.

2.5 | Statistical methods

We estimated baseline hatching success for robin eggs in our study
population using only those nests that were not manipulated (i.e., no
egg removed or added, and no iButton). We used generalized linear
mixed models (SAS PROC GLIMMIX; binomial distribution, logit link
function) to estimate the probability of a nestling surviving to day
7 or 10 posthatch for a given treatment including nest identity as
a random effect. We examined morphological differences among
temperature categories (Low, High, Natural) using a general linear
mixed model (SAS PROC MIXED), as well as differences between
a given focal nestling and its foster nest-mate using a paired t-test
(SAS PROC TTEST) to control for parental effects (e.g., provisioning
and nestling brooding). We used change in size between days 7 and
10 posthatch as a rough estimate of growth for each morphological
trait and compared growth estimates among temperature catego-
ries (Low, High, Natural) using a general linear mixed model. Clutch
survival (total and partial clutch loss) was estimated using general-
ized linear mixed models (binomial distribution, logit link function)
including a random effect of nest or nestling identity in all models
when appropriate. All statistical tests were performed using SAS 9.4.

3 | RESULTS

3.1 | Hatching success and incubation

Across both sampling years, we located and monitored a total of
339 nests. Hatching success for nonmanipulated nests (n=87)
was 85.2% (226 eggs hatched of a total of 265 eggs laid, excluding

FIGURE 2 Probability of American ®
robin (Turdus migratorius) egg survival to ;
hatching, posthatch day 7, and posthatch
day 10 in two experimental incubation
treatments (+SE; Low, 36.1°C; High
37.8°C) as well as nonmanipulated nests
(Natural) during the breeding seasons of
2015 and 2016. Hatching: Low: n = 65; s
High: n = 61; Natural: n = 265; Day 7: Low:

n = 14; High: n = 23; Natural: n = 148;

Day 10: Low: n = 8; High: n = 18; Natural:

n = 105. Asterisk denotes statistical

significance (p < .05)

Survival probability
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clutches/eggs lost due to predation or researcher manipulation).
Hatching success for eggs from the artificial incubators was slightly
higher (Low treatment [36.1°C; n=65]: 89.2%; High treatment
[37.8°C; n = 61]: 90.2%), but there were no significant differences
among temperature categories (p = .452, Figure 2). Additionally, as
mentioned above, hatching success for the initial Low treatment of
35.0°C was 0% (n = 11). Following the onset of incubation, tempera-
tures in nonmanipulated nests varied widely from a low of -2.4°C to
a high of 45.0°C during extreme periods, but tended toward tem-
peratures within a range of more optimal development (37-38°C;
Table 1; Figure 3).

Artificial incubation significantly decreased the length of the in-
cubation period compared to natural nests (F2,124 =31.5; p <.0001;
Figure 4). Length of the incubation period was more similar between
Low treatment (11.50 days) and naturally incubated (11.95 days)
eggs (differing by 0.45 days, p = .038) than between those incubated
in the High treatment (10.22 days) and naturally incubated eggs (dif-
fering by 1.73 days, p <.0001), although both treatments differed
from the naturally incubated nestlings. High-treatment eggs hatched
significantly more quickly compared with Low-treatment eggs (dif-
fering by 1.28 days; p = .038).

3.2 | Nestling survival and morphology

Nestling mass at hatch did not differ between experimental incuba-
tion treatment (F, ,, = 0.72; p = .40). Incubation category (Low, High,
Natural) had a significant effect on survival to day 7 posthatch, but
not on survival to day 10 posthatch (day 7: FM23 =4.83;p =.008; day
10: Fye23= 1.64; p = .195). Naturally incubated nestlings had a higher
probability of survival to days 7 and 10 posthatch compared with
both High- and Low-treatment nestlings (Figure 2). High-treatment
nestlings exhibited intermediate levels of survival to days 7 and 10
posthatch, with marginally significantly higher survival compared
with Low-treatment nestlings, and nonsignificantly lower survival
than naturally incubated nestlings (day 7: High vs. Low: p =.093;
High vs. Natural: p =.275; day 10: High vs. Low: p =.226; High vs.
Natural: p =.664; Figure 2). Nests that received an artificially in-

cubated nestling were significantly more likely to experience total

W Natural mlow @ High

e

Survival to hatching

Survival to day 7 Survival to day 10
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TABLE 1 Descriptive statistics for incubation patterns of
American robins (Turdus migratorius) breeding in central lllinois, USA
(n = 51). Data were collected using metallic temperature probes
(iButtons). Each iButton was preprogrammed to collect data every
2 min, removed from the nest every 2 days, and exchanged with a
newly programmed iButton

Parameter Mean (SE)

On-bout duration (min) 33.7(0.95)
Off-bout duration (min) 20.6 (0.40)
On-bout temperature (°C) 39.3(0.24)
Off-bout temperature (°C) 22.9 (1.03)
Overall mean temperature (°C) 28.3(0.72)

clutch loss than nonmanipulated nests (FL457 = 3.84; p =.050). Rates
of total clutch loss did not differ between the two experimental
treatments (36.1°C and 37.8°C; Fi456=043; p= .664). There was,
however, an effect of treatment on partial clutch loss (defined as
any nest that lost 1 or more nestling(s) while still fledging at least 1

young), in which nests that contained a Low-treatment nestling were
more likely to experience partial clutch loss than nests with a High-
treatment nestling (75% of nests in Low treatment experienced par-
tial clutch loss compared with 15% loss from High treatment and
12% loss from unmanipulated Natural nests; Fi1,=456;p= .052).
On days 7 and 10 posthatch, mean mass, wing, and tarsus
length were smallest for Low-treatment nestlings, and largest for
Natural nestlings (Figure 5). Focal chicks from both experimental
treatments were significantly smaller than their foster nest mates
in mass and tarsus length on day 7 posthatch, but that difference
only persisted for the focal chicks from the High treatment to day
10 posthatch (Table 2). On day 10 posthatch, focal nestlings from
the Low treatment no longer differed significantly in mass or tarsus
length from their foster nest-mate (Table 2). Focal nestlings from
the Low treatment had significantly shorter wings than their foster
nest mates on day 7 and day 10 posthatch (Table 2). High-treatment
nestlings and their foster nest-mate did not differ in wing length at
either time point (Table 2). Nestlings that hatched from artificially

incubated eggs (either experimental treatment) tended to exhibit

40

|

30

Temperature

10

FIGURE 3 Incubation temperatures
for nonmanipulated American robin
(Turdus migratorius) nests (n = 51) in 2015
and 2016. The horizontal line within

the box indicates the median value,
boundaries of the box indicate the 25th

T T
On-bout Off-bout

Bout type

%

| and 75th percentiles, respectively, and the
Total whiskers indicate the highest and lowest
values in the dataset

125

12

-

115

11

10.5

10

9.5

Incubation length (days)

8.5

HH

FIGURE 4 Average length of
incubation period (days; +SE) for naturally
incubated American robin (Turdus
migratorius) eggs, and two experimental
treatments: Low (36.1°C) and High
(37.8°C) during the 2015 and 2016
breeding seasons. Natural: n = 265; Low:

Natural Low
treatment

High n = 65; High: n = 61. Asterisk denotes
statistical significance (p < .05)



OSPINA ET AL.

FIGURE 5 Mean mass (g), relaxed wing
chord (mm), and tarsus length (mm * SE) of
experimentally (Low, 36.1°C; High 37.8°C)
and naturally incubated American robin
(Turdus migratorius) nestlings on days 7
and 10 during the nestling period of the
2015 and 2016 breeding seasons. Day 7:
Low: n = 14; High: n = 23; Natural: n = 37;

incubation treatment on mean mass, wing » II ||

day 10: Low: n = 8; High: n = 18; Natural:
chord, or tarsus length at day 7 or day 10 Mass day 7

&

Avg. mass (g), wing (mm), and tarsus {mm)

n = 26. There was no significant effect of

TABLE 2 Results of pairwise
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W Natural mLlow @ High

‘l |I “ w I

Mass day 10 Wing day 7 Wingday 10  Tarsusday 7  Tarsus day 10

comparisons between each focal nestling Day7 Day 10 Difference

(i.e., chicks from the Low [36.1°C] and t df p t df p t df p
High [37.8°C] temperature treatments)

and its foster nest-mate (a naturally Low—Tarsus -2.99 13 .010 -1.18 7 278 -1.28 7 243
incubated chick) on days 7 and 10 Low—Mass -3.00 13 .010 =12 7 .270 -0.80 7 452
posthatch, and the difference between Low—Wing -521 13 <001 -2.84 7 025 -0.70 7 504

each measurement from days 7 to 10
posthatch (growth). Significant pairwise

High—Tarsus -3.33 20 .003 -2.62 14 .020 -0.27 13 .790

differences (p < .05) bolded High—-Mass ~ -3.09 20  .006 -3.06 14 .009 -141 13 183
High-Wing ~ -1.24 20 229 -1.2 14 250 -044 13  .668

greater growth than their foster nest-mate, but growth was not sig-

nificantly different for any of the morphometrics (Table 2; Figure 6).

4 | DISCUSSION

Our results demonstrate that differences in incubation temperature
within the natural range of variation can have large-scale effects on
growth and survival in robin nestlings. These effects manifested as re-
duced incubation duration for both experimental temperature catego-
ries compared with naturally incubated eggs, as well as lower survival,

<]

~
o}

1%
S

FIGURE 6 Comparison of change

in size (days 10-7) between each focal
nestling (Low, 36.1°C, black bars; High,
37.8°C, dark gray bars) and their paired
naturally incubated foster nest mate
(paired with Low = white, paired with
High = light gray, +SE) in American robin
(Turdus migratorius) nestlings during the
2015 and 2016 breeding seasons. Low:

Difference: Mass (g), tarsus {mm), and wing {mm)

shorter mean wing length, and smaller mean mass and tarsus length at
Low temperatures (i.e., 36.1°C) compared to nestlings from High (i.e.,
37.8°C) and naturally incubated nestlings. These results complement
prior work documenting adverse effects of low incubation tempera-
tures in cavity-nesting wild birds (DuRant et al., 2010; Nord & Nilsson,
2011; Reid et al., 2002), but also provide novel insight into the impor-
tance of incubation temperature for open-cup nesting species.

Similar to previous research (DuRant et al., 2010; Nord & Nilsson,
2011), we found that the incubation period was shortest for eggs ar-
tificially incubated at higher experimental temperatures. While more
rapid rates of development may be beneficial (e.g., when risk of nest

W Low experimental L Low natural M High experimental @ High natural

Jﬂl 1 s

+

n = 8; High:n=18 Mass Tarsus Wing
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predation is high), there is likely some optimal rate of development
above which the offspring suffer deleterious effects. Nestlings from
both experimental treatments were generally smaller for all three
measured traits compared with nestlings from naturally incubated
nests. Our results corroborate findings from previous research on
blue tit nestlings (Cyanistes caeruleus) in which nestlings from the
lower temperature treatment tended to be smaller than those from
the higher temperature treatment, although not significantly so
(Nord & Nilsson, 2011). We predicted that Low-treatment nestlings
would be smaller than High-treatment nestlings, and High-treatment
nestlings would not differ in size (mass, wing and tarsus length) from
naturally incubated nestlings given that ~38°C is presumed to be
optimal based on experimental work with a congener of the robin
(Kuehler & Good, 1990). When comparing raw means across treat-
ments, we did not find significant differences in mass, wing, or tarsus
length, but when we restricted comparisons to focal chicks and their
foster nest-mates (i.e. within nests), we found that the experimental
chicks from either temperature treatment were significantly smaller
than their naturally incubated foster nest mates on day 7 posthatch,
and that nestlings from the High treatment remained significantly
smaller on day 10 posthatch. Controlling for variation among nests
allowed us to isolate the effects of the incubation treatment.

The smaller size of experimentally incubated nestlings may have
been caused by several factors. Experimentally incubated eggs were
exposed to relatively constant temperatures, whereas naturally in-
cubated eggs experienced temperature fluctuations throughout the
incubation period. These fluctuations may play an important role in
proper embryonic development and can potentially impact nestling
traits important for future development, survival, and reproduc-
tion (DuRant, Hopkins, Hepp, & Walters, 2013). Indeed, previous
research suggests that slower development time is linked to intrin-
sic mechanisms (e.g., rate of yolk consumption) and can yield long-
term benefits for offspring quality (Metcalfe & Monaghan, 2003).
Therefore, by maintaining eggs in a state of high and constant in-
cubation temperature (particularly in the High treatment and to a
lesser extent in the Low treatment), we potentially reduced offspring
quality by forcing more rapid rates of embryonic development (Vleck
& Vleck, 1996). This more rapid development is likely linked to ele-
vated metabolic activity, which requires greater energy input (Vleck
& Vleck, 1996). Females deposit finite energy stores within the egg,
and after the eggs are laid, no further organic nutrients can be made
available to the developing embryo until hatching. The amount of re-
sources deposited into the egg represents a trade-off in investment
between current and future reproduction, but on average should
provide sufficient resources for the embryo under normal incuba-
tion conditions. We found that naturally incubated eggs experienced
temperatures well above our High treatment, but these were for
brief periods of time, and were offset by off-bout periods (Figure 3).
We also found that robin embryos were capable of developing under
low-temperature conditions but never successfully hatched at our
initial Low-temperature treatment (35°C), indicating that there is
a fine balance between the rate of development of robin embryos
and the resources deposited within the eggs. It is worth noting that

domestic chicken eggs are typically incubated at high (37.8°C + 0.3)
and constant incubation temperatures for optimal hatching success
and chick quality (Barott, 1937), although some growers have uti-
lized incubators with cyclical reductions in temperatures, thereby
mimicking natural fluctuations (reviewed in: Kosin, 1964). To what
extent optimal incubation patterns differ between precocial and
altricial species, or between Galliformes and Passeriformes are un-
clear, but there is substantial variation among species in parental in-
cubation behavior (Martin, Oteyza, Boyce, Lloyd, & Ton, 2015). One
general trend is that species with precocial young tend to exhibit
higher attentiveness during incubation and have higher constancy
(i.e., the amount of the time the eggs are in contact with an adult
relative to the entire incubation period) compared to species with
altricial young (Deeming, 2002a, 2002b).

We found a significant reduction in nestling survival to day 7 be-
tween experimental and natural chicks, and the primary cause of this
reduction was depredation of all nest contents (i.e., total clutch loss).
This differential survival suggests that the experimental nestlings
were in some way influencing the fate of the entire nest, possibly
through increased begging behavior and/or increased adult provi-
sioning (Martin, Scott, & Menge, 2000). For example, research on
seabird chicks suggests that during periods of prenatal stress, such as
decreased incubation temperatures, there is an increase in postnatal
stress hormone (corticosterone) concentration. Increased corticos-
terone concentrations are linked to more aggressive begging and el-
evated begging rates (Kitaysky, Kitaiskaia, Piatt, & Wingfield, 2003),
and changes in the begging behavior of one chick can impact begging
behavior of all the chicks in the nest (Elderbrock, Small, & Schoech,
2017). If experimental nestlings are begging more and/or if they in-
duce their nest mates to beg more, nest-predation rates can increase
as aresult of predators cuing in on begging calls (Haskell, 1994; Leech
& Leonard, 1997), or via increased provisioning rates of the adults
(Martin et al., 2000). In this manner, differences in incubation tem-
peratures experienced by the experimental chick can translate into
differences in total nest survival rates. More research is needed to
explore the relationship between incubation conditions and nestling
behavior and the potential downstream impacts on predation risk.

We also found a nonsignificant difference in nestling survival be-
tween experimental treatments, which was driven by significantly
higher rates of selective loss of the experimental chick for Low-
treatment nestlings compared with High-treatment nestlings. This
high rate of selective loss for the Low-treatment nestlings compared
with High-treatment and Natural nestlings suggests that the selec-
tive loss of the Low-treatment focal nests is not a product of artifi-
cial incubation, but was related to the differences in the incubation
temperature. Within the framework of “parental optimism” (sensu
Mock & Forbes, 1995), parents will selectively favor the larger and
therefore more robust offspring within the clutch, hedging against
resource uncertainty. Therefore, the disappearance of the smaller
Low-treatment chick likely reflects death due to poor condition
rather than selective partial nest-predation (Forbes & Glassey, 2000;
Mock & Forbes, 1995) and indicates that incubation temperature can
have detrimental developmental effects that may be too great for
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nestlings to overcome. In addition, we found no evidence that ex-
perimental nestlings remained in the nest longer than natural nest-
lings (E. A. Ospina, personal observation), indicating that they were
unable to compensate for their poor start by extending the nestling
period (Metcalfe & Monaghan, 2001).

Another possible strategy for the smaller experimental nestlings
would be to invest in compensatory growth, although there is a suite
of negative effects related to this strategy (Metcalfe & Monaghan,
2001). However, based on our longitudinal morphometric data,
we believe it is unlikely that experimental nestlings exhibited high
enough rates of compensatory growth between day 10 and 13 to
catch up to the Natural chicks (Table 2; Figure 4). Robins typically
fledge at 13 days posthatch, and experimental chicks likely would
have fledged at a smaller size than Natural chicks. Smaller individuals
often experience lower postfledging survival (Magrath, 1991; Vitz
& Rodewald, 2011), so incubation temperature may continue to im-
pact mortality after fledging. Fledglings that leave the nest in better
condition may have superior foraging skills, better ability to evade
predators, and greater capacity to cope with adverse environmental
conditions (Jones, Ward, Benson, & Brawn, 2017; Vitz & Rodewald,
2011). Additionally, previous research in marsh tits (Parus palustris)
suggests that smaller nestlings within a brood will prioritize alternate
growth strategies (wing development) when faced with sibling com-
petition from dominant (i.e., older) nest mates (Nilsson & Svensson,
1996). The smaller individuals from the Low treatment in our study
may have been constrained by their exposure to suboptimal incuba-
tion temperatures, forcing them to invest in somatic growth to stay
competitive with their nest mates, potentially at the expense of their
postfledging survival. In contrast, nestlings from the High treatment,
which tended to be larger than the Low-treatment nestlings, did not
experience this same reduction in wing development as compared
to their naturally incubated foster nest mate. It is possible that the
High-treatment nestlings may have allocated available resources to
wing development to increase their postfledging survival probability.

The large effects on survival and development resulting from rela-
tively small differences in incubation conditions underscore the poten-
tial for landscape-level changes to have population-level impacts on
wild birds. For example, habitat fragmentation, increased exposure to
predators, and urbanization may impact incubation behavior (Baudains
& Lloyd, 2007; Crooks & Soulé, 1999; Weston & Elgar, 2007), and our
results suggest that such changes could fundamentally impact the
phenotypes and ultimately the fitness of these birds. Indeed, previous
research suggests that incubating females are capable of altering their
incubation behavior in response to perceived predation risk (Fontaine
& Martin, 2006; Ghalambor & Martin, 2002; LaManna & Martin,
2016), and given the potential ramifications of changes in incubation
conditions, this is a field that warrants further investigation.

Incubation temperature plays a large role in the pre- and
posthatch development of young birds and can have important
consequences for chick survival. Nestlings from experimentally
manipulated incubation treatments (High and Low) exhibited a
contracted incubation period, smaller body size, lower nestling
survival, and presumably smaller fledgling size leaving the nest
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as compared to naturally incubated nestlings. Although this work
provides needed baseline information on the effects of changing
incubation temperature for altricial, open-cup nesting species,
future research should examine additional factors, including tem-
perature fluctuations and modifications to natural nests to influ-
ence incubation temperature. This research provides compelling
evidence linking early developmental experiences to nestling de-

velopment, condition, and survival.
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