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Abstract

Despite classical expectations of a trade-off between immune activity and reproduction, an 

emergent view suggests that individuals experiencing activation of their immune system actually 

increase reproductive effort and allocation to offspring as a form of terminal investment in 

response to reduced survival probability. However, the components and mechanisms of increased 

parental investment following immunostimulation are currently unknown. We hypothesize that 

increased glucocorticoid production following immunostimulation modulates the increase in 

reproductive effort that constitutes terminal investment. We activated the immune system of 

breeding female house wrens (Troglodytes aedon) with an immunogen and cross-fostered the eggs 

they subsequently produced to separate pre- and post-natal components of maternal investment. 

Cross-fostering revealed an increase in both pre- and post-natal allocation from immunostimulated 

females, which was confirmed by quantification of egg constituents and maternal provisioning 

behavior. The increase in maternal provisioning was mediated, at least in part, by increased 

corticosterone in these females. Offspring immune responsiveness was also enhanced through 

transgenerational immune priming via the egg. Thus, our results indicate that maternal 

immunostimulation induces transgenerational effects on offspring through both pre- and post-natal 

parental effects, and support an important role for corticosterone in mediating parental investment.
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Investing resources into immunity is generally expected to reduce an animal’s ability to 

invest in reproduction, and vice versa, when resources are in short supply (Ilmonen et al. 

2000; Casto et al. 2001; Ardia 2005; Martin et al. 2008; Knowles et al. 2009), and trade-offs 

such as this provide a robust framework for predicting how natural selection acts on parental 

investment and life histories (Sheldon and Verhulst 1996; Ricklefs and Wikelski 2002). 

However, despite the potential importance of a trade-off between immunity and 

reproduction, recent work has revealed that parents in a broad range of taxa actually respond 

to activation of their immune system by increasing reproductive effort and success 
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(Williams et al. 1999; Bonneaud et al. 2004; Sadd et al. 2006; Schwanz 2008; Adamo et al. 

2014). Such a result is consistent with the terminal-investment hypothesis, which predicts 

that individuals should increase reproductive effort as a response to declining residual 

reproductive value, i.e., a decline in their probability of survival and future reproduction 

(Williams 1966; Clutton-Brock 1984). Thus, increased reproductive effort and success 

following an immune challenge is expected if activation of the immune system signals to an 

individual that its residual reproductive value has been jeopardized (see also Hanssen 2006; 

Weil et al. 2006; Velando et al. 2006; 2014; Kivleniece et al. 2010).

We recently tested the terminal-investment hypothesis in a wild population of house wrens 

(Troglodytes aedon) by inducing an immune response in breeding females through injection 

of lipopolysaccharide (LPS), a potent but non-lethal immunogen that is commonly used to 

activate the immune system (McEwen et al. 1997; Klasing 1998). Rather than reducing 

reproductive effort and success, females treated with LPS subsequently produced higher-

quality offspring than saline-injected controls, and in a sex-specific manner (Bowers et al. 

2012). These findings contradict the long-held notion that immune-challenged parents 

should sacrifice investment in offspring to improve their own survival. However, house 

wrens are short-lived in temperate North America, and many that survive to adulthood breed 

in only one year (Johnson 2015); thus, the results are expected if mothers perceive that their 

current offspring may be their last. The physiological processes underlying this behavior, 

however, remain largely unexplored.

We hypothesize that the parental response to immunostimulation and induction of terminal 

investment involves the glucocorticoid corticosterone. Secreted by the adrenal gland, 

corticosterone serves as a signal of environmental conditions, promotes the mobilization of 

energetic reserves, and is intimately involved with the immune system through the action of 

cytokines in the brain (Besedovsky et al. 1986; Sapolsky et al. 1987; Turnbull and Rivier 

1999; McEwen et al. 1997; Klasing 1998; Demas et al. 2011; see also Zimmerman et al. 

2014). Immunostimulation has long been known to cause sustained increases in circulating 

corticosterone, as expected if mounting an immune response is energetically expensive. 

Moreover, this increase in corticosterone is likely to remain elevated for at least part of the 

time that immunostimulated parents are breeding (McEwen et al. 1997; Adelman et al. 

2010), and although elevated corticosterone is often associated with a reduction in 

reproductive investment, there is evidence that low-level variation in corticosterone 

promotes foraging, parental care, and reproductive success because the energetic demands of 

parental care require the mobilization of energetic reserves (Landys et al. 2006; Doody et al. 

2008; Hau et al. 2010; Ouyang et al. 2011, 2013; Crossin et al. 2012; Love et al. 2014). 

Although immunostimulation is often expected to reduce reproductive effort, 

neuroendocrine effects of immune activation that lead to the suppression of reproduction 

(e.g., reduced production of gonadotropin-releasing hormone by the hypothalamus) often 

occur over shorter time periods than the effect that immunostimulation has on glucocorticoid 

production (Adelman et al. 2010; Lopes et al. 2012a). For breeding animals, this should 

result in their producing eggs or rearing offspring following immunostimulation while 

circulating corticosterone remains elevated.

Bowers et al. Page 2

Am Nat. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Circulating corticosteroids accumulate in the yolk during egg formation (Sinervo and 

DeNardo 1996; McCormick 1998; Hayward et al. 2005; Love et al. 2005, 2008; Okuliarová 

et al. 2010; Almasi et al. 2012); thus, egg-yolk corticosterone may serve as a non-invasive, 

integrated measure of maternal physiology reflecting what an individual produces over time 

and which is not subject to researcher- or restraint-induced stress. We hypothesize that 

increased corticosterone following immunostimulation is passed from mother to offspring 

during egg formation, and that the increase in corticosterone (i) reflects maternal 

physiology, with variation in corticosterone positively affecting maternal care (e.g., 

Sapolsky et al. 2000; Crossin et al. 2012; Love et al. 2014), and (ii) enhances offspring 

development via the egg by promoting begging and growth after hatching (Quillfeldt et al. 

2006; Loiseau et al. 2008; Love and Williams 2008; Chin et al. 2009; Smiseth et al. 2011). 

In blue-footed boobies (Sula nebouxii), immune-challenged males reared more-productive 

broods than controls, indicating that terminal investment and its effects on offspring can be 

derived from a source other than the egg (Velando et al. 2006, 2014). Given that 

immunostimulation leads to the activation of the hypothalamic-pituitary-adrenal (HPA) axis, 

the subsequent increase in corticosterone may promote foraging and provisioning by parents 

(Kitaysky et al. 2001; Angelier et al. 2008; Crossin et al. 2012; Love et al. 2014) and 

increased allocation to eggs (Kouwenberg et al. 2013), thus providing potential mechanisms 

of terminal investment.

In this study, we tested the hypotheses that females shape offspring phenotype following 

immunostimulation through (i) increasing pre-natal allocation to eggs, (ii) enhancing post-

natal allocation to nestlings, or (iii) by altering both pre- and post-natal allocation. To 

separate pre- and post-natal effects, we conducted a cross-fostering experiment with three 

treatment groups for use in the field: experimental females recently injected with LPS, 

control females recently injected with the saline vehicle, and natural females that were not 

manipulated. We transferred clutches of eggs among nests such that experimental and 

control females reared offspring from eggs that were produced by natural females, and 

natural females reared offspring from eggs produced either by experimental or by control 

females (fig. 1). Therefore, if immune-stimulated mothers increase allocation in the egg, 

offspring of LPS-injected females should grow larger than those of saline-injected females 

when each are reared by natural, unmanipulated mothers. We also predicted that LPS-

injected females enhance offspring growth after hatching by provisioning neonates with 

extra food, in which case the condition and health of natural offspring reared by 

experimental females should be higher than that of nestlings reared by controls (fig. 1). In 

addition to the cross-fostering experiment, we conducted a concurrent experiment to study 

effects of immune stimulation on allocation to eggs. In this experiment, females were treated 

identically to those in the cross-fostering experiment, but we collected pre- and post-

treatment eggs to quantify maternal allocation of yolk and yolk-steroids within the egg. We 

predicted that egg-yolk corticosterone would increase in post-treatment eggs for 

experimental, but not for control females, as the immunostimulation should increase HPA 

activity. For a subset of these females, we were then able to provide them with natural 

offspring to rear (as in the cross-fostering experiment); in these nests, we used the 

concentration of yolk-corticosterone in the eggs that females produced as a reflection of 
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their physiology and tested whether corticosterone deposited in the egg predicted their 

subsequent provisioning effort to nestlings.

Methods

Study Area and Species

House wrens are small songbirds with a widespread distribution in North America (biology 

summarized in Johnson 2015). We studied a migratory population from 2012–2014 in 

Illinois, USA (40.665°N, 88.89°W). Nestboxes (N = 820; see Lambrechts et al. 2010 for 

details) were distributed at a density of 5.4 boxes/ha and protected, to an extent, from 

ground-dwelling predators by aluminum predator baffles placed beneath the nestboxes. Each 

year we attempted to capture and mark all individuals on the site. Adults were captured 

inside nestboxes or by using mist nets near the box; we measured their body mass and tarsus 

length and banded them with a unique U. S. Geological Survey leg band; males received 

three additional colored bands in a unique combination so that they could be identified 

visually and distinguished from females while provisioning. Clutch sizes typically range 

from four to eight eggs. Only females incubate and brood nestlings until they begin 

thermoregulating at 8–10 days of age, but both parents provision nestlings, and young fledge 

14–16 d post-hatching (Bowers et al. 2013, 2014a). Both parents bring only one prey item to 

the nest on each visit (Barnett et al. 2012).

Field Procedures

We conducted this study during the second half of the 2012 and 2013 breeding seasons (as 

in Bowers et al. 2012) to ensure that females in the experiment would be breeding for the 

last time of the season. Because house wrens are short-lived (Johnson 2015), we predicted 

that intimations of impending mortality would elicit a terminal-investment response by 

females. Clutches initiated by single- and double-brooded females were equally represented 

in the experiment and yielded a sample that is closely representative of the larger population. 

We visited nestboxes at least twice weekly to check for evidence of female settlement, and 

visited nests daily during egg laying to mark eggs as laid using a non-toxic marker. Once 

females completed their clutches, we captured them shortly into incubation (3.2 ± 1.1 d; 

mean ± SD) and randomly assigned them to the control or experimental group (table 1). 

Experimental females were injected with 50 μL of phosphate-buffered saline (PBS) 

containing 0.1 mg × kg body mass−1 LPS (from Salmonella enterica serotype typhimurium; 

Sigma product number L7261) and control females with 50 μL of PBS.

LPS is a component of the cell membrane of gram-negative bacteria that the vertebrate 

immune system has been selected to recognize, and the response to LPS is highly conserved 

across taxa. Binding of LPS by a toll-like receptor generates an acute-phase immune 

response, involving the production of inflammatory cytokynes and the downstream 

production of corticosterone (see Introduction). LPS also elicits humoral responses that take 

longer to develop (i.e., days to weeks). Each of these responses are often energetically costly 

to produce; thus, the production of glucocorticoids following an immune challenge may 

facilitate such responses, and even play a role in mediating or avoiding traditionally 

expected trade-offs associated with immune activation. Therefore, LPS can be used to elicit 
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an immune response without causing an infection or direct harm, allowing for analysis of the 

behavioral effects of immunostimulation that are not generated by direct effects of a 

replicating pathogen (e.g., Bonneaud et al. 2003; Grindstaff et al. 2006).

After injection, we collected the females’ current clutch of eggs, forcing them to produce a 

replacement clutch (i.e., re-nest) and allowing time for development of an immune response 

while producing eggs (Grindstaff et al. 2006). Whether or not females re-nested occurred 

randomly with respect to the variables we analyze below (all P > 0.05). There were also no 

differences between control and experimental females in their pre-injection clutch size 

(treatment: F1, 128 = 0.30, P = .587; year: F1, 128 = 4.46, P = .037; treatment × year: F1, 128 = 

1.26, P = .264), egg mass (treatment: F1, 47.9 = 0.21, P = .648; year: F1, 47.9 = 0.13, P = .

720; treatment × year: F1, 33.7 = 1.92, P = .175), or body mass (treatment: F1, 128 = 0.73, P 

= .394; year: F1, 128 = 2.56, P = .115; treatment × year: F1, 128 = 0.13, P = 0.718) prior to the 

experiment, and females were treated identically in the two experiments (see below).

Cross-fostering Experiment

Once females re-nested, we randomly matched them for cross-fostering of eggs with 

unmanipulated, natural females breeding at the same time (fig. 1). Beginning approximately 

one day before eggs were expected to hatch, we cross-fostered whole clutches, such that 

natural females reared the biological offspring of either control or experimental females, and 

control and experimental females reared the offspring of natural females (fig. 1). We 

standardized the task of nestling rearing by providing all females with five eggs (the modal 

post-treatment clutch size in this study and in Bowers et al. 2012), allowing us to use the 

condition of foster offspring that females produced as a measure of post-hatching parental 

investment. Including the difference between the size of the clutch a female produced and 

the number of eggs she received after cross-fostering as a covariate had no appreciable 

effect on the outcome of our statistical tests (data not shown). A small number of surplus 

eggs were given to females not involved in the study.

We monitored the progress and status of nests over the following days and, 11 days after 

hatching began, weighed nestlings (± 0.1 g) on an electronic balance and measured their 

tarsus (± 0.1 mm) with dial calipers. We also drew a blood sample from the brachial vein at 

this time and used it to determine hematocrit, which is the percentage of whole blood 

comprised of erythrocytes and is a commonly used measure of health (Richner et al. 1993; 

Ots et al. 1998; Williams 2012). Although the significance of variation in hematocrit has 

been debated, our data suggest that it is a meaningful measure of condition and health state 

that has long-term consequences for fitness (Bowers et al. 2014b; see also Williams 2012). 

At this time, we also administered a phytohaemagglutinin (PHA) test in nestlings to obtain a 

measure of cutaneous immune activity (Martin et al. 2006). For this test, we used a digital 

thickness gauge (Mitutoyo no. 547–500) to measure pre-injection thickness of the wing web 

(prepatagium) as the mean of three measures, and we then injected the web with 50 μL of 

PBS containing PHA (Sigma product number L8754; concentration = 5 mg PHA/mL PBS). 

PHA is a plant-derived mitogen that stimulates inflammation and swelling upon injection, 

including immune cells derived from the innate and adaptive axes of the immune system, 

and large swellings indicate heightened immune activity (Martin et al. 2006; Forsman et al. 
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2010; Vinkler et al. 2014). We measured the swelling 24 h post-injection, and used the 

difference between the mean of three pre- and post-injection measures as the PHA response. 

The magnitude of the swelling at this age is positively associated with long-term 

reproductive success in our study population (Bowers et al. 2014b).

We monitored provisioning to the nest by each parent early in the nestling period (day 4 or 5 

post-hatching), when nestling growth is most rapid and when parental provisioning 

positively affects offspring growth and survival (Bowers et al. 2014a, 2015b). We used 

digital video cameras (Kodak Sport Zx5, Eastman Kodak Company, Rochester, NY, USA) 

placed 1–2 m from the nestbox to record provisioning trips to the nest by parents, and all 

recordings were made between 0630 and 1100 hr Central Daylight Time. We set up a 

dummy camera outside the nestbox the day before filming to allow parents time to habituate 

to the presence of the camera, although its presence does not appear to affect parental 

behavior, and provisioning data obtained from videos are similar to those obtained when 

parents are undisturbed and observed using a spotting scope from a distance of 

approximately 30 m (DeMory et al. 2010; Bowers et al. 2014a). Once filming began, most 

parents returned to the nestbox within 1–2 min and provisioned at regular intervals 

thereafter. We filmed for approximately 100–120 min to ensure that we had one full hour of 

undisturbed provisioning for analyses; provisioning data were obtained from the 1-h period 

after parents resumed provisioning (DeMory et al. 2010; Barnett et al. 2012; Bowers et al. 

2014a). We also used the time that females spent inside nestboxes as an estimate of 

brooding effort (i.e., the time [min] spent in the nestboxes providing warmth for ectothermic 

young during our observations of provisioning).

Allocation to Eggs

In this experiment, females were treated the same as those in the concurrent cross-fostering 

experiment. However, we collected eggs from the field on the day each was laid to quantify 

the amount of yolk deposited in eggs and concentrations of yolk steroids before and 

following treatment (N = 349 eggs from 38 pre- and 21 post-treatment clutches). We 

collected eggs on the morning each was laid, replacing the fresh eggs with artificial eggs 

that females readily accepted and incubated. We then measured the size (length and breadth) 

and mass of the eggs and stored them at −20°C prior to measuring concentrations of yolk 

steroids (corticosterone and testosterone) through competitive-binding radioimmunoassay 

(RIA) using a standardized protocol (Paitz et al. 2011). We also measured yolk testosterone, 

which also elicits post-hatching effects on offspring begging and growth (Barnett et al. 

2011; Smiseth et al. 2011). For the RIAs, we diluted yolk samples in 500 μL water and 

added radiolabelled (tritiated) steroid tracer to quantify recoveries of the extracted steroids 

following column chromatography. Yolk steroids were extracted twice with 3 mL of an 

ether extraction solvent (30% petroleum ether: 70% diethyl ether). The organic fraction 

containing the extracted steroid was dried, reconstituted in 90% ethanol, and stored at −20°C 

overnight to precipitate neutral lipids. We then fractionated different steroids from yolk 

extracts using column chromatography; samples were applied directly to the column and 

eluted using hormone-specific ethyl acetate: isooctane ratios (testosterone = 20%, 

corticosterone = 50%; fractions containing progesterone and dihydrotestosterone were 

fractionated separately and discarded). We dried the corticosterone and testosterone elutes 
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and measured concentrations using separate competitive-binding RIAs with tritiated steroid. 

Average recovery was 67% for corticosterone and 73% for testosterone. We conducted a 

total of six RIAs for each steroid, and obtained corticosterone and testosterone 

concentrations for 325 and 326 egg yolks, respectively (for corticosterone, we omitted one 

egg that had a concentration 9.8 SD above the population mean; inclusion of this datum has 

no effect on the results). Clutches from 2012 and 2013 were randomly assayed across the six 

RIAs, and all eggs from a given female were run within the same assay to reduce within-

female variation that might be attributable to inter-assay variability. For corticosterone, the 

intra-assay coefficients of variation were 7.1%, 5.7%, 9.9%, 7.6%, 7.7%, and 8.2%; the 

inter-assay coefficient of variation was 8.5%. For testosterone, the intra-assay coefficients of 

variation were 9.4%, 2.1%, 6.9%, 3.8%, 10.5%, and 1.6%; the inter-assay coefficient of 

variation was 9.0%.

Data Analysis

We used SAS (version 9.3) for all analyses, all tests are two-tailed, and we converted data to 

z-scores prior to analysis to obtain standardized parameter estimates, which provide greater 

interpretability as measures of effect size (Schielzeth 2010). Much of the USA, including 

central Illinois, experienced a drought during the 2012 breeding season (fig. A1). Therefore, 

we included year as a random effect in all analyses, but year did not interact with our 

treatment in any analysis (all P > 0.05). We used mixed-model analyses of variance 

(ANOVA), with nest as a random effect in addition to year, to analyze treatment effects on 

nestling phenotype. We included nestling tarsus length as a covariate in our analysis of body 

mass, and nestling body mass as a covariate in our analyses of PHA responsiveness and 

hematocrit. We then analyzed maternal food-provisioning rates with treatment (control, 

experimental, and natural), male provisioning rates, female brooding time, and the time of 

day of our observations as fixed effects. We analyzed the effects of maternal provisioning on 

nestling asymptotic body mass 11 days after hatching, which positively predicts recruitment 

and reproductive success in the study population (Bowers et al. 2014b, 2015b), and we 

included paternal provisioning rate, maternal brooding time, and nestling tarsus length as 

fixed effects. We then analyzed allocation to eggs (egg mass, yolk mass, yolk corticosterone, 

and yolk testosterone) using mixed-model, repeated-measures ANOVA; we included 

treatment (control vs. experimental) and time (pre- vs. post-injection) as crossed main 

effects, and we also included female body mass and relative egg-laying order (egg number 

divided by the clutch size) as fixed effects. We included clutch as a random effect to account 

for the non-independence of eggs within clutches, and time (pre- vs. post-injection) as a 

within-subject effect. When analyzing yolk mass, we analyzed residuals of a linear 

regression of yolk mass on egg mass as the dependent variable, thus reflecting yolk mass 

adjusted for egg mass; eggs with positive and negative values have increased and decreased 

yolk, respectively, relative to what would be expected from the overall mass/size of the egg. 

For a random subset of these females (N = 13), we quantified concentrations of yolk-steroids 

from their eggs and also provided them with natural foster offspring to rear, as in the cross-

fostering experiment; for these females, we tested whether the concentrations of yolk 

steroids predicted their provisioning rates to nestlings using a linear mixed model. Finally, 

we analyzed female clutch sizes using repeated-measures ANOVA (as above) and return 

rates to the breeding population the following year using a generalized linear mixed model 
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with a binary response distribution and logit link function, similar to a logistic regression, 

with treatment (control, experimental, and natural) and the number of young fledged as fixed 

effects.

Results

Cross-fostering Experiment

Cross-fostering revealed effects on both pre- and post-natal allocation to offspring induced 

by maternal immunostimulation. Pre-natal effects manifested through the egg enhanced the 

body mass and immune responsiveness of the offspring of experimental females relative to 

those of controls, but hematocrit was not affected (table 2; fig. 2). We also detected post-

natal effects, as experimental females reared natural offspring of greater body mass than 

those reared by controls (table 2; fig. 2A). However, neither offspring immune 

responsiveness nor hematocrit was affected by post-natal effects after correcting for nestling 

mass (table 2; fig. 2B,C). Removal of the term for mass in the analysis of post-natal effects 

on hematocrit (table 2) revealed a modestly significant treatment effect (P = .039); thus, 

post-natal effects influenced variation in nestling hematocrit, but through an effect on body 

mass.

Consistent with the post-natal effects on offspring body mass, maternal food provisioning to 

nestlings was substantially elevated in response to immune stimulation (table 3A; fig. 3A). 

Although experimental females subsequently increased food provisioning to offspring, they 

did not reduce brooding effort, because brooding effort was not affected by the treatment 

(F2, 87.1 = 0.86, P = .428), even though provisioning and brooding were slightly negatively 

correlated among females (table 3A). Both maternal provisioning rate and, to a lesser extent, 

brooding effort positively affected the asymptotic body mass of nestlings after controlling 

for their structural size (table 3B, fig. 3B).

Allocation to Eggs

Egg mass was not affected by treatment with LPS (table 4A), but pre-natal allocation of egg 

yolk was affected by immune stimulation with LPS (table 4B, fig. 4A). Allocation of yolk 

did not differ between control and experimental females prior to the treatment, but their 

post-treatment eggs contained differing amounts of yolk, as revealed by an interaction 

between treatment and time in their effect on yolk mass (table 4B, fig. 4A). Follow-up tests 

revealed that immunostimulated females produced significantly more yolk per unit egg mass 

than control females post-treatment (F1, 55.1 = 10.38, P = .002; fig. 4A); this difference was 

manifested primarily by a reduction in yolk mass for control females from pre- to post-

treatment clutches (F1, 27.4 = 16.13, P < .001), as the amount of yolk allocated by 

experimental females did not change between pre- and post-treatment clutches (F1, 25 = 

0.61, P = .443; fig. 4A).

Immunostimulation also caused an increase in the concentration of egg-yolk corticosterone 

(fig. 4B). Females did not differ in the corticosterone concentration of their yolks prior to 

receiving the treatment, but there was an interaction between treatment and time in their 

effect on yolk corticosterone (table 4C, fig. 4B). Follow-up tests revealed that, for post-
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treatment clutches, experimental females produced egg yolks with higher corticosterone 

concentrations than those produced by saline-injected controls (F1, 53.7 = 13.18, P < .001; 

fig. 4B); this difference came about primarily by an increase in egg-yolk corticosterone for 

experimental females (F1, 26.6 = 16.55, P < .001), as there was no change in control females 

from pre- to post-treatment clutches (F1, 28.6 = 0.03, P = .864; fig. 4B). In contrast to effects 

on corticosterone, immune stimulation had no effect on yolk-testosterone concentrations, 

although testosterone concentrations increased from earlier- to later-laid eggs within 

clutches (table 4D).

The increase in glucocorticoid production by females in response to LPS treatment was also 

associated with a change in maternal food provisioning to unmanipulated nestlings (fig. 5). 

Among the females for which we obtained both yolk-steroid data and food-provisioning 

rates, the rate at which they provisioned food to nestlings was positively predicted by the 

concentration of yolk corticosterone in the eggs they produced (estimate ± S.E. = 1.06 ± 

0.35, F1, 10 = 8.90, P = .014; fig. 5), but food provisioning was not associated with variation 

in yolk testosterone (estimate ± S.E. = −0.79 ± 0.44, F1, 10 = 3.15, P = .106).

Effects on Females

Control and experimental females were equally likely to re-nest following the 

implementation of our treatment (table 1; F1, 129 = 0.17, P = .680), and the change in clutch 

size between pre- and post-treatment nests did not differ for control and experimental 

females (table 5A). However, experimental females were less likely to return to the study 

area than control and natural females the following year (table 5B). Among the control and 

experimental females that re-nested, 15 of 48 control females returned (31.3%) and 3 of 42 

experimental females returned (7.1%), and 17 of 56 natural females that reared offspring 

returned (30.4%) the following year.

Discussion

Our experiments revealed effects of immunostimulation on both pre- and post-natal 

investment as predicted by the terminal-investment hypothesis, and that these effects are 

associated with an increase in corticosterone production as evidenced by variation in egg-

yolk corticosterone concentrations. Pre-natal allocation in the egg increased the asymptotic 

body mass and immune responsiveness of offspring (fig. 2A,B); the increase in post-natal 

provisioning also enhanced offspring body mass (figs. 2A, 3), but did not directly affect 

immune responsiveness or hematocrit, each of which is often influenced indirectly by effects 

of the rearing environment on offspring mass and condition (Sakaluk et al. 2014). The 

terminal-investment hypothesis predicts that individuals with reduced survival prospects 

should increase reproductive effort, regardless of any costs that the increased effort might 

impose on their future reproductive output, because they are unlikely to survive to breed 

again. Treatment with LPS elicits a strong immune response, but LPS is a non-replicating, 

non-pathogenic immunogen that does not directly harm the animals, thus allowing for 

analysis of costs that are not created by negative effects of a pathogen on host survival. In 

the current study, the increased reproductive effort by experimental females appears to have 

imposed a long-term cost, as experimental females were much less likely to return to breed 
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on the study site the following year (but see Bowers et al. 2012). We cannot rule out, 

however, the possibility that differences in return rates among treatments reflect changes in 

site fidelity and dispersal generated by the immune activation and glucocorticoid production.

Variation in corticosterone levels has long been known to be influenced by environmental 

conditions, and rapid and dramatic increases in corticosterone can sometimes promote the 

reallocation of energy toward self-maintenance and survival rather than reproduction 

(Wingfield 2003; Romero et al. 2009; Angelier et al. 2009; Lothery et al. 2014). However, 

for short-lived animals with few reproductive opportunities during their lifetime, small 

increases in glucocorticoid production have been predicted to facilitate, not inhibit, 

reproductive effort (Sapolsky et al. 2000). Indeed, there is an increasing appreciation that 

variation in corticosterone levels below those that induce radical life-history transitions 

promote foraging, parental care, and reproductive success in breeding birds as this metabolic 

steroid mobilizes energetic reserves, thus helping parents meet the energetic demands 

associated with rearing dependent young (Romero 2002; Landys et al. 2006; Angelier et al. 

2007; Doody et al. 2008; Hau et al. 2010; Ouyang et al. 2011, 2013; Crossin et al. 2012; 

Love et al. 2014; Crino et al. 2014). Moreover, variation in egg mass has recently been 

found to be positively associated with measures of circulating corticosterone prior to the 

breeding season (Kouwenberg et al. 2013). Both baseline and stress-induced glucocorticoid 

production appear to have a heritable genetic basis (Hayward et al. 2005; Jenkins et al. 

2014), indicating that this trait may evolve through natural selection and provide a 

potentially widespread means through which immunostimulation can modulate reproductive 

effort. A critical observation is that the effect of immunostimulation on behavior can be 

context-dependent. Zebra finches (Taeniopygia guttata) treated with LPS displayed classic 

“sickness behavior” (lethargy, reduced appetite) when in isolation, without direct interaction 

with the opposite sex, but did not exhibit such behavior when in groups containing the 

opposite sex, despite the fact that the physiology underlying the immune response (cytokine 

and corticosterone production) was the same for individuals in the different social settings 

(Lopes et al. 2012b, 2013). Such a result is consistent with terminal investment, and 

indicates that ecological and behavioral inferences about sickness and the trade-off between 

immune activity and reproduction should be made with caution when studies are conducted 

on captive animals without the opportunity to breed.

We have treated yolk corticosterone primarily as a reflection of maternal physiology, yet 

there is also evidence, albeit mixed, that yolk corticosterone can promote post-hatching 

begging, growth, and size (Love and Williams 2008; Chin et al. 2009; Crino et al. 2011; 

Strange 2015), and even induce effects on immune responsiveness in offspring (Love and 

Williams 2008). Such effects are consistent with the pre-natal effects we detected in the 

cross-fostering experiment (fig. 2A,B). Effects of yolk corticosterone on offspring phenotype 

appear to be decidedly mixed (Chin et al. 2009; Love et al 2009; Henriksen et al. 2011); 

however, we do know that developing avian embryos metabolize maternally derived steroids 

in eggs (von Engelhardt et al. 2009; Paitz et al. 2011; Paitz and Casto 2012; Vassallo et al. 

2014), and that, in our free-living study population, experimental elevation of corticosterone 

in the egg at laying enhances the post-hatching growth and asymptotic body mass of 

nestlings prior to fledging (Strange 2015), a trait positively associated with their long-term 
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reproductive prospects (Bowers et al. 2014b). It should be noted, however, that the specific 

mechanism through which in ovo corticosterone acts on offspring is unresolved and is likely 

to be more complex than traditionally thought (von Engelhardt et al. 2009; Vassallo et al. 

2014). It should also be noted that experimental manipulations of yolk steroids can be 

problematic if they cause embryos to develop under concentrations of steroids other than 

what the maternal phenotype has been selected to produce. Parent-offspring coadaptation 

should generally select for an optimization of maternally derived compounds within eggs to 

“match” the post-natal development of offspring with prevailing conditions (Wagner and 

Williams 2007; Hinde et al. 2009, 2010; Henriksen et al. 2011; Sheriff and Love 2013). 

Thus, if the concentration of any given compound (e.g., corticosterone) within an egg is 

optimized according to the availability of other resources both within the egg and outside the 

nest with which parents will eventually provision young after hatching, exogenous 

alterations to the hormonal milieu under which offspring develop may cause the offspring 

genotype to be expressed in a manner that does not maximize offspring or parental fitness, 

potentially contributing to such widely mixed results among studies (Wagner and Williams 

2007; Williams 2012). In the current study, we did not manipulate yolk corticosterone 

directly, but control and experimental females differed in the deposition of both nutritional 

resources and corticosterone in eggs (fig. 4).

Our data suggest that females engage in terminal investment by altering their allocation to 

both eggs and nestlings. In conjunction with previous work on this population showing a 

positive effect of in ovo corticosterone elevation on nestling growth (Strange 2015), 

terminally investing females in our experiments appear to have matched their allocation to 

eggs with their provisioning effort to offspring post-hatching (fig. 5). The modification of 

both pre- and post-hatching modes of maternal investment is not surprising, though rarely 

reported, given that parents are expected to match the post-natal needs of offspring with the 

environmental conditions in which they are expected to develop (e.g., Wagner and Williams 

2007; Tschirren et al. 2009; Jensen et al. 2013; Davis and Guinan 2014; Giordano et al. 

2014). For example, Hinde et al. (2009) manipulated the diet of female canaries (Serinus 

canaria) during egg formation and cross-fostered offspring among nests prior to hatching; 

nestling begging intensity was affected by the maternal diet treatment, an effect manifested 

via the egg, and females on enhanced diets displayed increased food-provisioning to foster 

young after hatching. Thus, mothers fine-tuned the constituents of their eggs to match 

offspring begging with prevailing conditions.

Enhanced immune responsiveness of offspring following parental immune challenge has 

now been documented in a number of studies and is consistent with the idea that selection 

favors modulation of offspring immune function according to the environment they are 

likely to encounter in the future (Buechler et al. 2002; Sadd et al. 2005; Grindstaff et al. 

2006; Sadd and Schmid-Hempel 2007; Love and Williams 2008; Hasselquist and Nilsson 

2009; Martyka et al. 2011; Midamegbe et al. 2013; Sternberg et al. 2015). However, whether 

this constitutes terminal investment or an “anticipatory parental effect” remains unresolved, 

and its resolution requires a cross-fostering approach to separate pre- from post-natal 

conditions experienced by offspring. Anticipatory parental effects, or “predictive adaptive 

responses,” occur when the environment experienced by parents (e.g., risk of parasitism) has 
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epigenetic effects on offspring, potentially matching their phenotype or behavior to the 

environment offspring are likely to encounter (Saastamoinen et al. 2010; Coslovsky and 

Richner 2011; Crews et al. 2012; Uller et al. 2013; Burgess and Marshall 2014; Burton and 

Metcalfe 2014; Merrill and Grindstaff 2014a,b). Unlike terminal investment, this hypothesis 

does not predict an increase in reproductive effort as a response to reduced residual 

reproductive value. Thus, our data on maternal provisioning behavior may help resolve this 

issue. The hypothesis of an anticipatory parental effect does not predict changes in parental 

food provisioning to nestlings; if anything, this hypothesis predicts that parents should invest 

less effort into progeny produced in an environment that turns out not to be conducive to 

maximizing parental fitness (e.g., an environment rich with parasites). Thus, although 

enhanced immune responsiveness of offspring is consistent with an anticipatory parental 

effect, elevated food provisioning to nestlings by parents with reduced prospects for survival 

through autumn and spring migration and to the next breeding season supports the terminal-

investment hypothesis.

In conclusion, maternal immune stimulation can induce pronounced transgenerational 

effects on offspring that are manifested through both pre- and post-natal parental effects. 

Moreover, the increased investment by immunostimulated mothers is mediated, at least in 

part, by an increase in glucocorticoid production, providing a mechanism of terminal 

investment and challenging the widely held view that corticosterone production negatively 

affects parental care and offspring development.
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Figure 1. 
Schematic representation of treatment groups in the cross-fostering experiment. For 

investigation of pre-natal effects, natural, previously unmanipulated females reared the 

biological offspring of females that had previously been treated either with LPS 

(experimental) or with saline (control). For investigation of post-natal effects, experimental 

and control females reared the biological offspring of natural females.
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Figure 2. 
Treatment effects on nestling phenotype. Pre-natal treatment effects are manifested through 

the eggs produced by control (saline) and experimental (LPS) females, whereas post-natal 

effects are manifested by differences in post-natal care (least-squares means ± SE).
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Figure 3. 
(A) Maternal food provisioning effort (food deliveries × hr−1) in relation to maternal 

treatment (least-squares means ± SE). (B) Nestling body mass on day 11 post-hatching in 

relation to maternal provisioning on day 4 or 5. In both panels, open circles represent control 

(Con) females, black circles represent experimental (Exp) females, and gray diamonds 

represent unmanipulated, natural (Nat) females (as in fig. 1).
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Figure 4. 
(A) Change in relative egg-yolk mass (i.e., yolk mass adjusted for egg mass) in eggs 

produced by control and experimental females. (B) Change in the corticosterone 

concentration of the egg yolks produced by control and experimental females. Plotted are 

least-squares means ± SE.
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Figure 5. 
Food-provisioning rate by females to unmanipulated offspring (as in fig. 1) in relation to the 

concentration of yolk corticosterone in the eggs they produced.
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Appendix: Figure A1. 
Variation in average temperature, rainfall, and clutch size during the 2012 and 2013 

breeding seasons (filled symbols) and the five seasons preceding this study (open symbols). 

Data from the National Oceanographic and Atmospheric Association.
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Table 1

Sample sizes.

Females injected N Females re-nesting N

Control Control

 2012 32  2012 21

 2013 34  2013 27

Experimental Experimental

 2012 33  2012 19

 2013 33  2013 23
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Table 3

Maternal food provisioning and its effects on offspring.

Estimate ± SE F df P

(A) Effects on maternal provisioning.

 Treatment 34.24 2, 86 < .001

  Experimentala 1.226 ± .193

  Controla −.413 ± .190

 Male provisioning rate −.175 ± .080 4.81 1, 86 .031

 Time spent brooding −.159 ± .081 3.89 1, 86 .052

 Time of observation .026 ± .080 .10 1, 86 .749

 Intercept −.234 ± .125

(B) Effects of parental care on offspring body mass.

 Female provisioning rate .246 ± .070 12.50 1, 70.2 < .001

 Female brooding time .138 ± .067 4.22 1, 69.9 .044

 Male provisioning rate −.110 ± .068 2.60 1, 74.8 .111

 Nestling tarsus length .461 ± .041 125.70 1, 305 < .001

 Intercept −.080 ± .376

a
relative to natural (unmanipulated) females
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Table 4

Components of pre-natal allocation.

Estimate ± SE F df P

(A) Effects on egg mass.

 Treatment .51 1, 36.5 .480

  Experimentala −.127 ± .323

 Time .76 1, 21.6 .393

  Pre-injectionb −.162 ± .114

 Treatment × time .176 ± .170 1.07 1, 21.8 .312

 Relative egg-laying order .860 ± .070 154.81 1, 287 < .001

 Maternal body mass .085 ± .103 .68 1, 52.4 .412

 Intercept −.532 ± .227

(B) Effects on egg-yolk massc.

 Treatment 3.47 1, 31.9 .072

  Experimentala 1.037 ± .322

 Time 5.74 1, 26.3 .024

  Pre-injectionb −.185 ± .238

 Treatment × time 1.201 ± .347 11.97 1, 26.3 .002

 Relative egg-laying order .209 ± .119 3.09 1, 285 .080

 Maternal body mass .068 ± .111 .37 1, 44.4 .547

 Intercept .131 ± .299

(C) Effects on yolk corticosterone.

 Treatment 7.95 1, 34.8 .008

  Experimentala 1.174 ± .324

 Time 7.06 1, 27.6 .013

  Pre-injectionb −.974 ± .239

 Treatment × time 1.018 ± .350 8.44 1, 27.7 .007

 Relative egg-laying order .171 ± .123 1.94 1, 259 .165

 Maternal body mass .065 ± .108 .36 1, 44.6 .551

 Intercept .823 ± .229

(D) Effects on yolk testosterone.

 Treatment 2.03 1, 36 .163

  Experimentala .410 ± .309

 Time 2.69 1, 22 .115

  Pre-injectionb −.123 ± .104

 Treatment × time −.005 ± .154 .00 1, 22 .973

 Relative egg-laying order .593 ± .121 24.16 1, 284 < .001

 Maternal body mass −.041 ± .097 .18 1, 45 .673

 Intercept −.060 ± .225

a
relative to control females,
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b
relative to post-injection eggs,

c
while controlling for egg mass (i.e., relative egg-yolk mass)

Am Nat. Author manuscript; available in PMC 2015 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bowers et al. Page 30

Table 5

Effects on clutch size and maternal return rates.

Estimate ± SE F df P

(A) Effects on clutch size.

 Treatment 1.19 1, 107 .278

  Experimentala −.336 ± .188

 Time 38.90 1, 103 < .001

  Pre-injectionb .820 ± .148

 Treatment × time −.364 ± .204 3.18 1, 102 .077

 Maternal body mass .185 ± .066 7.76 1, 178 .006

 Intercept −.543 ± .252

(B) Effects on female return rate.

 Treatment 3.59 2, 130 .030

  Controlc .107 ± .459

  Experimentalc −1.687 ± .683

   Contrasts:

   Exp vs. Con 6.63 1, 130 .011

   Exp vs. Nat 6.10 1, 104.4 .015

   Con vs. Nat .05 1, 130 .816

 Number of young fledged .241 ± .220 1.20 1, 130 .276

 Intercept −.859 ± .349

a
relative to control females,

b
relative to post-injection clutches,

c
relative to natural (unmanipulated) females
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