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Abstract The evolution of longevity requires a low risk
of mortality from extrinsic factors, relative to intrinsic
factors, so that individuals that differentially invest in
physiological self-maintenance and minimize their an-
nual reproductive costs will maximize lifetime fitness
through a prolonged reproductive lifespan. The trade-off
between reproductive effort and self-maintenance, as
measured by immune function, has been well docu-
mented in short-lived birds, but is difficult to demon-
strate in long-lived birds. To assess self-maintenance in a
long-lived seabird, we measured serum protein levels,
including immunoglobulin G (IgG = IgY), in 30
breeding pairs of common terns (Sterna hirundo) and
their first-hatched (A) chicks. Most parents were of
known age from banding as hatchlings; our sample was
selected to contrast young breeders (6–9 years) with very
old birds (17–23 years). Body-mass of the parents de-
clined by 5% during the chick-rearing period, while
serum protein levels were stable. Serum IgG levels were
higher in parents of offspring with faster growth rates,
while IgG levels were lower in parents whose broods
were reduced by starvation. A-chicks in broods of two
had higher IgG levels than singleton chicks. Albumin
levels were not related to reproductive performance.
Thus, despite adequate statistical power, we could find
no evidence for a trade-off between reproduction and
self-maintenance in common terns, even in old age. The
results are consistent with life-history predictions for
long-lived vertebrates, in which selection favors sus-
tained self-maintenance across the reproductive lifespan.

The positive relationships between IgG levels and
reproductive performance indicate that IgG can be used
as an index of parental ‘‘quality.’’

Keywords Life-history Æ Self-maintenance Æ Cost of
reproduction Æ Sibling competition Æ Aging

Introduction

Birds are remarkable for their exceptional longevity in
the face of high metabolic turnover (Holmes and Ott-
inger 2003). Although some avian taxa show actuarial
(Ricklefs 2000), reproductive (Møller and de Lope
1999), and immunological senescence (Saino et al. 2003;
Cichon et al. 2003), rates of senescence vary widely and
appear to be associated with other aspects of life history
(Sanz and Moreno 2000). Birds with high risks of mor-
tality from extrinsic factors (e.g. weather, food shortage,
or predation) are expected to have rapid development,
high reproductive investment, and low annual survival
rates (Williams 1966; Stearns 1992). These taxa display
trade-offs between reproductive effort and self-mainte-
nance, and consequently appear to show physiological
deterioration with age (Gustafsson and Pärt 1990). For
these short-lived taxa, costs of reproduction are mani-
fested in reduced annual survival (Nur 1984a) and future
reproductive performance (Roskaft 1985) of the parents,
as well as offspring morphology and recruitment (Nur
1984b). In addition, experimentally increased repro-
ductive effort results in depressed antibody responses in
parents (Deerenberg et al. 1997; Nordling et al. 1998),
indicating reduced self-maintenance.

In contrast, taxa with low risks from extrinsic hazards
typically have prolonged growth and developmental
periods, delayed sexual maturation, low annual fecun-
dity, and high survival rates and longevity (Stearns
1992). Seabirds breeding on predator-free islands typify
this suite of traits (Hamer et al. 2002). Slow offspring
growth rates of seabirds are thought to reflect the par-
ents’ strategy of provisioning their offspring secondarily
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to maintaining their own body condition, thereby min-
imizing their costs of reproduction and lengthening their
reproductive lifespans (Ricklefs 1992; Sæther et al.
1993).

In long-lived species, individual differences in physi-
ological performance or ‘‘quality,’’ may hinder the
detection of costs of reproduction and senescence. In at
least some species, individuals that are proficient for-
agers are more likely to survive and consistently produce
offspring, yielding positive covariance between repro-
duction and survival (Cam et al. 2002). These individu-
als predominate in the oldest cohorts, so that
reproductive performance may remain high or increase
with age in cross-sectional (cohort) comparisons, even if
it declines with age within individuals (Nisbet 2001).
Longitudinal (repeated measures) analysis of reproduc-
tive performance of individuals provides the best evi-
dence for identifying high-quality individuals (Cam and
Monnat 2000). These individuals show a positive rela-
tionship between reproductive output and self-mainte-
nance as both are potentially driven by the superior
foraging efficiency of high-quality birds. Currently, re-
search is being undertaken to identify physiological bi-
omarkers of individual quality (Moreno 2003).

The common tern (Sterna hirundo) population that
one of us (ICTN) studied for >30 years allows the study
of the relationship between reproductive success and
self-maintenance across the lifespan of this long-lived
seabird. This species shows little or no evidence for age-
related declines in survival (Nisbet and Cam 2002),
reproductive performance (Nisbet et al. 2002a), endo-
crine (Nisbet et al. 1999), or immune function (Apanius
and Nisbet 2003). Most of the parents selected for this
study were of known age (6–23 years), allowing us to
test whether any of the relationships examined varied
with parental age across the entire lifespan of the species.
In this paper, we ask whether high-quality parents, as
measured by offspring number and growth rate, also
show enhanced self-maintenance, as measured by one
component of immune function (serum immunoglobulin
G [IgG] levels). In long-lived seabirds, we expect positive
covariation in parental performance and immune-med-
iated self-maintenance, especially if the immunological
mechanism entails memory of previous antigenic expo-
sures.

IgG (=IgY) is the predominant circulating antibody
molecule in birds and is produced by bursally derived
(B-) lymphocytes, which are responsible for life-long
immunological memory of humoral responses (Warr
1995). Serum levels reflect systemic production directed
against dietary and environmental antigens that breach
mucosal surfaces and low levels are associated with
recurrent opportunistic bacterial infections in humans
(Root and Ryan 1985) and domestic animals (Kanecko
1997). Metabolic studies in laboratory animals and hu-
mans show that serum IgG levels are maintained around
a homeostatic set-point (Waldmann et al. 1970). In
poultry species, these homeostatic levels show heritable
variation (Rees and Nordskog 1981) that responds to

artificial selection (Sarker et al. 1999). Selection for ele-
vated IgG levels increased experimentally induced anti-
body responses (Sarker et al. 2000). Hence, baseline IgG
levels are an evolutionarily labile trait. Under natural
conditions, circulating IgG levels will reflect a genotype-
by-environment interaction as baseline levels are shifted
by exposure to environmental antigens (Lemke et al.
2004). Higher IgG levels can be regarded as a greater
allocation of host resources to this immune mechanism
either proximately, as a phenotypic response to the
antigenic environment, or ultimately, as a genetic re-
sponse to selection. Among practical considerations,
repeated blood sampling to measure IgG does not
influence the immunological phenotype and the values
obtained are comparable among species (ms, in prep.).

In both parent terns and their offspring, we compared
serum levels of IgG with those of albumin which is the
most abundant serum protein and provides nutritional
and transport functions (Kaneko 1997). Circulating
levels of albumin are controlled homeostatically, inde-
pendently of IgG, and are sensitive to protein malnu-
trition in growing chickens (Leveille and Sauberlich
1961). Thus, albumin levels can provide additional
information about body condition, but are not predicted
to be key components of the hypothesized relationship
between immune self-maintenance and longevity.

Materials and methods

Study area and population

This study was conducted at Bird Island, Marion, MA
(41�40¢N, 70�43¢W), in May–June 1999 as described in
Nisbet et al. (2002a). We sampled 59 parents on 30 nests;
1 parent was not captured. For this study, we used
samples restricted to a narrow range of dates to mini-
mize the effects of laying date (Arnold et al. 2004). In
1999, egg-laying occurred between May 7 and June 4
(Nisbet et al. 2002a). Clutches of our study birds were
initiated between May 7 and 16 and the first egg of each
clutch hatched between May 29 and June 7. Parents
were sampled between May 30 and June 6, between 5
days earlier and 4 days later than the hatching of their
first eggs. This sampling design yielded a strong positive
correlation between hatch date and sampling date.
Hence, it was not possible to distinguish statistically
between effects of hatch date, season, and stage in the
reproductive cycle within our 8-day sampling frame.

The exact ages of 41 parents were known (6–23 years)
from banding as chicks. The sampling design attempted
to balance the number of nests with a young parent
(6–9 years, N=14) to those with an old parent
(17–23 years, N=17); to the extent possible, these two
groups were matched by hatch date and sampling date
(Nisbet et al. 2002a). Mates of these known-age birds
were either unbanded (unknown age) or were also
known-age, among the latter cases we were able to test
for age-based assortative mating. The birds aged
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6–9 years were younger than the median age and those
aged 17–23 years comprised the oldest 7% of the local
population (Nisbet 2002). This increased the power of
the study to detect age-related variation in reproductive
(Nisbet et al. 2002a) and immunological variables (Ap-
anius and Nisbet 2003). All study pairs nested earlier
than others of the same age in the same colony (Nisbet
et al. 2002a), so that both old and (especially) young
birds were expected to be of above-average ‘‘quality’’ for
their ages (Arnold et al. 2004).

A subset of 13 parents was recaptured between June
23 and 27 when their oldest chicks were close to fledging
(days 21–26). There were no significant differences be-
tween singly and repeatedly sampled birds in any char-
acteristic measured at the time of initial sampling: body-
mass (ANOVA F1,53=0.16, P=0.69), total protein
(F1,56=0.12, P=0.72), albumin (F1,56=1.29, P=0.26),
or IgG (F1,56=1.24, P=0.27). Hence, we considered
parents resampled at the time of fledging to be a random
sample of the study population and used them in a re-
peated-measures analysis of variables between hatching
and fledging timepoints.

Field procedures

Parents were captured using walk-in traps placed over
their nest. At each capture (1) body-mass was measured
with a Pesola spring balance (±1 g); (2) head length
(back of skull to tip of bill) was measured with digital
calipers (±0.2 mm); (3) blood (100—700 ll) was col-
lected by jugular venipuncture. Birds in the nonover-
lapping parts of the distribution for this species were
sexed by head length (Nisbet 2002) resulting in 16
known-sex females and 16 males.

All study nests were checked daily, usually between
0900 and 1100, and were enclosed within low fences
(minimum plot area 2 m2) to facilitate capture of cur-
sorial chicks. All chicks were banded at hatching (day 0)
and were weighed (±0.1 g) on each day until day 4 and
on alternate days thereafter (±0.5 g) until fledging.
Body-mass data collected on the same days as blood
sampling were used in repeated-measures analyses. All
body-mass measurements (n=14–21 per individual)
were fitted to logistic growth curves. The logistic growth
constant (k) and asymptotic body-mass (A) were un-
correlated (r=0.12, df=29, P=0.52) and are used as
independent summary variables of offspring growth.

In the study nests, fledging success was 70%
(45 fledglings/64 hatchlings) and productivity (1.50
fledglings/breeding pair) was significantly higher than
the mean (0.95±0.11, N=40) for a sample of nests se-
lected as representative of the colony (Nisbet et al.
2002a; Mann–Whitney test, P<0.001). This confirms
our expectation that these earlybreeding birds were of
above-average quality.

Survival outcomes of chicks in the study broods are
summarized in Fig. 1. All pairs raised either one (N=15)
or two chicks (N=15) to fledging. In 17 broods, one or

two chicks died or disappeared (‘‘brood reduction’’). As
in earlier studies of common terns (Nisbet 2002), most of
the chicks that died or disappeared were the third-hat-
ched (‘‘C-chicks’’) or second-hatched (‘‘B-chicks’’)
within the brood; most had lost body-mass and ap-
peared to have died from starvation, reflecting sibling
competition that favors the oldest chick (‘‘A-chick’’) in
each brood (Bollinger 1994). We classified each brood
according to whether brood reduction occurred or not.
For each focal A-chick at each sampling date, we scored
the presence/absence of siblings, their number (1 or 2) if
present and their summed body-masses. Fledging brood-
size was as likely to be determined by brood reduction as
not (17/30 vs. 13/30, respectively; Fisher exact test,
P=0.45). Therefore, we treated these two variables as
independent measures of parental performance.

Blood samples (about 50 ll) were collected by jugular
venipuncture from A-chicks at approximately 4-day
intervals: day 4 (range 3–5, N=29), day 8 (7–9, N=27),
day 12 (11–14, N=30), day 16 (15–17, N=30), day 20
(19–22, N=30), and day 24 (24–26, N=24). In addition,
a single blood sample (about 20 ll) was taken from 19
chicks on days 0–2 to estimate the time-course of
catabolism of maternally derived IgG (Apanius 1998).
The volume of blood removed was 2.7–2.9% of the
estimated total blood volume (10% of body-mass; Bond
and Gilbert 1958; Fudge 2000) per week during the first
2 weeks of life. At day 4, we compared chicks that were
previously sampled (N=19) with those that were not
(N=11) and found no significant differences in body-

Offspring age-class (d)
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Fig. 1 Classification of first-hatched common tern (Sterna hirundo)
chicks with regard to the presence (filled circle) or absence (open
circle) of siblings, brood reduction (BR), number of fledglings
(NF), and sample size (N=number of nests). Bars represent first-
(a), second- (b), or third-hatched (c) chicks; truncated bars indicate
death of a chick. BR indicates whether sibling mortality occurred
or not. NA = not applicable

14



mass (ANOVA: F1,28=0.44, P=0.51), albumin
(F1,27=0.43, P=0.52), or IgG (F1,27=0.62, P=0.44).
Thus, there was no evidence that sampling of young
chicks perturbed their growth or hematological vari-
ables. Weekly removal of 10% of the blood volume from
adult American kestrels (Falco sparverius) did not per-
turb their hematological values (Rehder et al. 1982).

Hematological assays

Field-collected blood samples were placed in polypro-
pylene microcentrifuge tubes, allowed to clot at ambient
temperature for 2 h, and then placed in a chilled
(4–10�C) container. Within 6 h, tubes were centrifuged
(10,000 rpm for 10 min) and the serum was collected.
Serum was frozen at �20�C for a maximum of 30 days,
transported on dry ice and stored at �80�C.

Total serum protein was measured with Bradford
reagent (Protein Assay, Biorad, Richmond, CA). Serum
albumin was measured with bromcresol green reagent
(B6671, Sigma, St. Louis, MO) following Doumas et al.
(1971). In both cases, standard curves were constructed
using bovine serum albumin (BP1600, Fisher, Pittsburg,
PA). Common tern serum IgG was identified based on
the molecular weight of the native protein and of
subunits following reductive dissociation in two-dimen-
sional electrophoresis following Apanius et al. (1983).
Potential interference from lipoproteins was avoided by
using an anionic detergent buffer (0.33% sodium dode-
cylsulfate in 0.5 M Tris–HCl pH 6.8 and 10% glycerol).
IgG levels (g l�1) were measured by electrophoretic
separation in 7.5% polyacrylamide gels followed by
quantitative Coomassie G-250 staining protocol (Neu-
hoff et al. 1988; Apanius and Nisbet 2003). We con-
structed standard curves of 2, 4, 6, 8, 10 g l�1 of purified
chicken IgG (I4881, Sigma) in every gel (all r2>0.95).

Statistical methods

Repeated measurements of A-chick body-masses, albu-
min, and IgG levels on days 4, 8, 12, 16, 20, and 24 were
analyzed using linear mixed models (PROC MIXED, v.
9.1, SAS Institute Inc., Cary, NC). The uniformly
spaced time-points (age-classes) were treated as an
ordinal categorical variable. An auto-regressive AR(1)
covariance structure, in which the autocorrelation be-
tween measurements decreased exponentially with time,
provided the best fit as determined by the Akaike
information theoretic criterion (Littell et al. 2000). The
intra-class correlation (autocorrelation) coefficient (q)
was simultaneously estimated and represents the corre-
lation between consecutive measurements from the same
individual. Monotonic growth of each variable was
indicated by a significant trend (1 df linear contrast)
across age-classes. Significant differences between adja-
cent age-classes were identified using planned pairwise
contrasts.

To test the effect of sibling competition on A-chick
body-mass, albumin, and IgG, we categorized A-chicks
by the presence or absence of siblings at the time of
measurement and used age-class as a covariate. To test
whether the number of siblings (or their summed body-
masses) was related to body-mass, albumin, or IgG, we
categorized broods as having one or two siblings present
(or summed their body-masses) at the time of measure-
ment and used age-class as a covariate. The significance
of the age-class interaction was tested to determine if the
effects of siblings were uniform across age-classes. De-
grees of freedom reflect number of nests and age-classes
that siblings were present or absent.

To test for the effect of brood reduction on A-chick
body-mass, albumin, and IgG growth, we categorized
nests by brood reduction and used age-class as a co-
variate. The significance of the age-class interaction was
tested to determine if the effect of brood reduction was
uniform across age-classes. Degrees of freedom for this
test are based on the 24 nests for which brood reduction
was possible; 6 nests with single hatchlings were ex-
cluded. To test for effects of fledging brood-size on A-
chick body-mass, we categorized all broods by the
number of offspring that fledged and used age-class as a
covariate. The significance of the age-class interaction
was tested to determine if the effect of fledging brood-
size was uniform across age-classes.

All A-chick body-mass measurements were used to fit
logistic growth curves (PROC NLIN) for estimation of
the logistic growth constant (k) and the asymptotic
body-mass (A). The repeated-measures analysis using
age-classes was complementary to parameterization of
growth by fitting to a specified function. Whereas the
logistic equation assumes a canonical relationship be-
tween age and each variable, the changes in body-mass,
albumin, and IgG levels across age-classes were not
constrained to a particular functional form in the mixed
models. This allowed detection of effects at specific age-
classes as interactions.

For parents, assortative mating based on (rank-
transformed) age, body-mass, albumin of IgG was
tested by correlation analysis (PROC CORR). Corre-
lation analysis was also used to test relationships
between (rank-transformed) age, body-mass, albumin,
and IgG levels at hatching and fledging. General linear
models (PROC GLM) were used to test the relation-
ships between parental (rank-transformed) age, body-
mass, albumin, and IgG levels at hatching with
reproductive and offspring growth variables. For par-
ents sampled twice, general linear mixed models were
employed to test for trends in parental body-mass,
albumin, and IgG levels between hatching and fledging.
The residuals of linear models were examined and
satisfied the assumptions of normality and homogene-
ity of variances.

Statistical power (1-b) for the comparison of paired
means was calculated using the means, standard devia-
tions, intra-class correlation coefficients, and sample si-
zes of the hematological parameters at the time of
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hatching and fledging (PROC POWER). Power is re-
ported as the minimum detectable difference (MDD) at
b=0.20 and at a=0.05 or as the minimum significant r
(MSR) at a=0.05.

Results

Offspring: body-mass

Body-mass of A-chicks increased with age, peaking at
day 20 (Table 1; Fig. 2a), then appeared to decline on
day 24 (P=0.055). The mean logistic growth constant k
was 0.279±0.007 (SE) and the mean asymptotic mass A
was 116.1±1.9 g, or 13.0±2.1 g (10.1%) less than the
mean adult body-mass (F1,84=37.35, P<0.0001).

Of the 30 study nests, the number of nests with a
single A-chick was 6 (20%) at hatching and 15 (50%) at
fledging. Compared to singletons, A-chicks with a sib-
ling at the time of measurement had lower body-masses
on days 12 (P<0.0001), 16 (P<0.0001), and 20
(P=0.0072), but not at other age-classes, as shown by
the significant age-class · body-mass interaction
(Fig. 2a; Table 1). Similar results were obtained when
the six nests with a single A-chick were excluded from
the analysis, except that the interaction term was only
marginally significant (F5,104=2.05, P=0.078). For
broods in which the younger sibling survived to fledging,
A-chick body-mass was lighter at days 12 (P=0.050), 16
(P=0.12), and 20 (P=0.049), but not at other ages,
compared to singletons (significant age-class · fledgling-
number interaction, Table 1). At fledging, body-masses
of A-chicks with a sibling were 9.9±2.8 g (8.6%) lighter
than those without one (F1,28=9.79, P=0.0041) but
there was no difference in the logistic growth constant
(F1,28=0.09, P=0.77, MDD=0.028). In broods that
fledged two chicks, body-mass of the A-chick was con-
sistently 6.05±2.58 g (5.1%) heavier than the B-chick
(F1,28=5.47, P=0.027), with no evidence that this dif-
ference varied among age-classes (interaction
F5,128=1.09, P=0.37). There was no evidence that the

number of siblings (1 vs. 2) or their summed body-
masses at any age-class was related to the body-mass of
the A-chick (all P>0.12). In summary, the presence of
siblings decreased the body-mass of the A-chick starting
on day 12 and through fledging.

Comparing across age-classes, neither A-chick body-
mass nor the age-class interaction was related to brood
reduction (Table 1). Logistic growth constants were
0.025±0.013 (9.0%) lower in A-chicks from broods with
brood reduction compared to those without, although
the statistical significance was marginal (F1,28=3.64,
P=0.067). The asymptotic mass of A-chicks did not
differ between broods that were reduced or not
(F1,28=0.19, P=0.66, MDD=7.9 g). Thus, brood
reduction was apparently associated with decreased
growth rates of the A-chicks, but not with their fledging
body-masses.

Offspring: hematology

Albumin levels in A-chicks were low and not signifi-
cantly different between days 0 and 2 (F1,24=0.79,
P=0.38), consistently increased between days 4 and 16
(Table 1; Fig. 2b) and then remained stable afterward.
Albumin levels were indistinguishable from adult levels
on day 16 and thereafter (all P>0.50). Albumin levels
were not correlated to body-mass at any age-class (all
P>0.20). Albumin levels were not related to the
presence of siblings, brood reduction, fledging brood-
size (Table 1), or growth of A-chicks, as indexed by
logistic growth constant and asymptotic mass (all
P>0.19).

Catabolism of maternally derived IgG was evident
from the declining levels observed in A-chicks between
days 0 and 2 (Fig. 1c; F1,24=20.92, P=0.0001). Subse-
quently, IgG levels were low and marginally increased
between days 4 and 16 (P=0.058), then significantly
increased between days 16 and 24 (P<0.0001). IgG
levels on day 20 were indistinguishable from those in
adults (F1,85=1.91, P=0.17).

Table 1 General linear mixed model analysis of body-mass, albu-
min, and IgG levels in first-hatched (‘‘A’’) chicks. Age-class was
first analyzed as a linear (df=1) contrast to test for a monotonic
trend but was included in all subsequent models as a six-level
(df=5) covariate for testing interactions. Data are derived from 30

individuals, sampled on days 4, 8, 12, 16, 20, and 24; N refers to the
number of samples available for analysis. q is the intra-class cor-
relation coefficient and the estimates are significantly greater than
zero (all P<0.0001)

Body-mass Albumin IgG
N=174 N=161 N=159
q=0.523±0.063 q=0.497±0.072 R=0.790±0.043

df F P df F P df F P

Age-class 1,139 995.04 <0.0001 1,126 77.97 <0.0001 1,124 26.68 <0.0001
Sibling present 1,12 17.76 0.0012 1,11 1.71 0.22 1,11 13.03 0.0041
Age-class interaction 5,133 3.26 0.0082 5,119 1.77 0.13 5,117 1.56 0.18
Number of fledglings 1,28 9.74 0.0042 1,28 1.81 0.19 1,28 2.17 0.15
Age-class interaction 5,134 2.32 0.046 5,120 1.79 0.12 5,118 2.06 0.076
Brood reduction 1,22 0.43 0.52 1,22 1.00 0.32 1,22 1.16 0.29
Age-class interaction 5,105 0.66 0.65 5,93 1.52 0.19 5,91 0.33 0.89
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Controlling for differences among age-classes, IgG
levels were 0.96±0.26 g l�1 greater in A-chicks with
siblings present at the time of measurement compared to

those without (Table 1; Fig. 2c). This difference was
evident on day 4 (P=0.017) and was consistent across
all age-classes, as indicated by the nonsignificant age-
class · sib-present interaction (Table 1). The difference
remained significant when the single-hatchling nests
were omitted from the analysis (F1,10=9.29, P=0.012).
Post-hoc analysis indicated that IgG levels were not
significantly related to the presence of siblings on day 16
(P=0.46) and day 24 (P=0.91). IgG levels were mar-
ginally related to the age-class · fledgling-number
interaction (Table 1), with greater levels in A-chicks
from broods of two on day 20 but not on other days.
IgG levels were not related to brood reduction (Table 1).
After controlling for age-class, IgG levels were not re-
lated to logistic growth constant or asymptotic body-
mass (all P>0.52). IgG levels were not correlated to
body-mass or albumin levels at any age-class (all
P>0.33). In summary IgG, but not albumin, levels in A-
chicks were higher when siblings were present.

Parents: age

Although assortative mating by age was expected
(Bridge and Nisbet 2004), there was only marginal evi-
dence for it in this study (rs=0.583, df=10 pairs,
P=0.060, MSR=0.602). At a modest risk of pseu-
doreplication, the ages of parents were treated as sta-
tistically independent.

Parents: body-mass

Mean body-mass at the time of hatching did not differ
between sexes (F1,29=1.94, P=0.18, MDD=5.39).
Body-mass was lower in older birds (mean slope=
�0.22±0.12 g year�1, but this trend was only margin-
ally significant (Table 2). Body-masses of parents de-
clined by 5% between hatching and fledging of their
offspring (Table 3). There was no evidence for assorta-
tive mating by body-mass (r=�0.046, df=26, P=0.82,
MSR=0.388). Hence, body-masses of parents were
treated as statistically independent.

Parents: hematology

At the time of hatching, parents did not differ signifi-
cantly in albumin or IgG levels as a function of sex, age,
or the interaction (all P>0.20). There was no evidence
for assortative mating by albumin or IgG (all P>0.16).
Hence, hematological measurements of parents were
pooled across sexes and treated as statistically indepen-
dent (Table 2).

In parents, albumin levels were positively correlated
with IgG levels at both hatching and fledging (Table 2).
Between hatching and fledging, there were no significant
trends in albumin of IgG levels (Table 3). Parental body-
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Fig. 2 Characteristics of common tern A-chicks as a function of
offspring age-class (0–24 days old) and the presence (filled circle) or
absence (open circle) of siblings at the time of measurement for a
body-mass, b albumin levels, and c IgG levels (mean ± 1 SEM).
Adult values for a body-mass, b albumin, and c IgG are indicated
by horizontal lines [mean (straight line) ± 1 SEM (dashed line)].
Numbers refer to the sample size for nests with siblings absent (top)
or present (bottom) in a and c; numbers refer to the sample sizes of
all nests in b
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mass was not related to hematological variables at either
hatching or fledging (Table 2) nor was the decline in
body-mass between hatching and fledging related to
serum protein levels (all P>0.14).

Parents: reproductive performance

Parental age was not related to brood reduction or off-
spring growth, as assessed by logistic growth constants
or asymptotic body-masses of A-chicks (Table 4). Par-
ents that fledged two offspring were older by
3.39±1.72 years than those that fledged one, but the
significance was borderline (Table 4).

Body-mass of parents at the time of hatching was not
related to brood reduction, number of fledglings, nor
offspring growth rate (Table 4). The rate of body-mass
decline was greater for parents with two fledglings
compared to one, but with questionable significance
(F1,10=3.38, P=0.096). The rate of body-mass decline
was not related to the A-chick growth rate (F1,10=0.10,
P=0.76).

Parental IgG levels were positively correlated to lo-
gistic growth constants of their A-chicks (Table 4;
Fig. 3) and were lower by 1.54±0.50 g l�1 (34%) in
parents with brood reduction (Table 4). Albumin levels
were not related to either reproductive or growth vari-
ables (Tables 3 and 4).

Parent–offspring correlations

Using measurements of A-chicks at fledging (day 20),
body-mass, and albumin levels were not correlated

between parents and offspring (Table 5). IgG levels in
offspring were negatively correlated with those in their
mothers and with the mean levels of both parents (mid-
parent; Table 5).

Discussion

Although serum albumin and IgG in common tern
parents were highly correlated, only IgG levels were
associated with measures of reproductive performance.
IgG levels were positively related to offspring growth
rates and negatively related to brood reduction. To our
knowledge, this is the first report of a positive associa-
tion between reproductive performance and immune
function. Previous observational and experimental
studies in short-lived species have shown negative rela-
tionships between reproductive output and immune
function, interpreted as trade-offs between reproductive
effort and self-maintenance (Sheldon and Verhulst
1996).

This discrepancy is consistent with life-history theory.
Previous studies used avian models that are short-lived,
have high annual fecundity and show demographic
senescence. The common tern has a long reproductive
lifespan (3–25 years) and little evidence of physiological
or demographic senescence (Nisbet et al. 1999, 2002a;
Nisbet and Cam 2002). This life history is expected to
reflect selection for sustained self-maintenance
throughout the reproductive lifespan (Apanius and
Nisbet 2003) rather than allocation of resources to
maximize reproductive effort, as proposed in short-lived
taxa (Sheldon and Verhulst 1996). In long-lived sea-
birds, the trade-off between reproduction and self-

Table 2 Correlations between
parent age, body-mass, and
hematological variables in
parents at the time of hatching
(above diagonal) and fledging
(below). Parent age was rank-
transformed. Each entry is in
the form (r, P, N)

Parent age Body-mass Albumin IgG

Parent age – �0.301 �0.005 0.074
0.066 0.98 0.65

38 41 41
Body-mass �0.134 – 0.022 0.067

0.71 0.87 0.63
10 54 54

Albumin 0.001 -0.156 – 0.406
0.99 0.61 0.0016
10 13 58

IgG �0.044 0.100 0.848 –
0.90 0.75 0.0003
10 13 13

Table 3 Means, standard errors (SE), sample sizes (N), and coefficients of variation (CV) of body-mass and hematological parameters in
parents sampled at the time of hatching (left) and the trends for those sampled again at fledging (right)

Parameter Hatching Trend (hatching–fledging)

Mean ± SE N CV (%) Diff.±SE q±SE df F P MDD

Body-mass (g) 128±1.2 54 6.9 �6.8±1.8 0.580±0.200 1,11 14.41 0.0030 5.00
Albumin (g l�1) 15.3±0.39 58 20.0 �0.40±1.06 0.260±0.269 1,12 0.14 0.71 1.98
IgG (g l�1) 4.59±0.25 58 43.3 �1.23±0.75 0.226±0.274 1,12 2.64 0.13 1.36

Trend = (hatching measurement) - (fledging measurement). Only q for body-mass is significantly greater than zero. MDD minimum
detectable difference
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maintenance within individuals may be overridden by
variation in phenotypic quality among individuals
(Nisbet 2001). Among long-lived seabirds, consistent
differences in reproductive performance among individ-
uals have been reported in retrospective demographic
analyses (Coulson and Thomas 1985; Mills 1989), but
the physiological bases for differences in phenotypic
‘‘quality’’ are elusive. In accordance with a suggestion by
Moreno (2003), we propose that self-maintenance
through immunological mechanisms may be a key factor
indexing individual quality. Moreover, we believe that
the positive associations between reproductive success
and immune function that we observed here may be
common manifestations of the foraging efficiency of
individual parents. Any change (whether genotypic or
phenotypic) that increases the nutritional benefits per
unit of foraging effort will increase the resources that are
available for both reproduction and self-maintenance,
both of which contribute to fitness in long-lived verte-
brates.

The decrease in body-mass that we recorded in
common tern parents between hatching and fledging of
their chicks is similar to that reported by Wendeln and
Becker (1996) in common terns between the last week of
incubation and the first week of chick rearing. Although
Wendeln and Becker attributed this difference to the

stress of chick rearing, they gave no specific evidence for
this conclusion and aerodynamic, for example, wing-
loading, considerations may also be a plausible, and not
mutually exclusive, explanation. Our study showed no
relationship between the decrease in body-mass and
measures of reproductive effort, including brood reduc-
tion and chick growth rates. More importantly, there
was no hematological evidence that this decrease of
body-mass in common terns was associated with a
change in physiological condition. This contrasts with
decreases in c-globulin (cG) levels across the reproduc-
tive cycle in short-lived birds (cG levels are a less precise
measure of serum IgG; Kaneko 1997). In great tits
(Parus major), body-mass, packed cell volume, total
plasma protein, albumin, and cG were lower in parents
mid-way through the chick-rearing period compared to
the pre-breeding period (Hõrak et al. 1998). For exam-
ple, cG levels were 25 and 33% lower in females and
males, respectively (Hõrak et al. 1998). In barn swallows
(Hirundo rustica), cG levels peaked at egg-laying and
declined during incubation in females, but did not
change across the reproductive cycle in males (Saino
et al. 2001). For males, cG levels were lower in those that
bred later in the season; late-breeding males are believed
to be of lower parental quality (Saino et al. 2001a).
Higher cG levels were associated with greater overwinter
survival in breeding barn swallows (Saino et al. 1997)
and fledgling house martins (Delichon urbica; Christe
et al. 2001). For short-lived species, cG as well as other
hematological indicators point to a reduction in self-
maintenance as a function of reproductive effort, which
may negatively affect survival. Although our sample si-
zes (and statistical power) were limited, we could find no
evidence of decreased self-maintenance across the
reproductive cycle in common terns. Our preliminary
finding warrants additional field studies.

Age-related declines in reproductive output (Møller
and de Lope 1999), chick quality (Saino et al. 2003), and
chick immune function (Cichon et al. 2003; Saino et al.
2002) have been observed in short-lived passerine birds.
We found no evidence of age-related decline in repro-
ductive success (Nisbet et al. 2002a) or IgG levels (Ap-
anius and Nisbet 2003) among the oldest common terns,
which represent the oldest 7% of the breeding popula-
tion at this site (Nisbet 2002). Previous work has shown
that early nesting common terns are more successful
(Arnold et al. 2004; Tims et al. 2004) and are also older

Table 4 General linear model analysis of age, body-mass, albumin levels, and IgG levels of parents. MDD is the minimum detectable
difference between group means that could be detected with the sample sizes and estimated variances (a=0.05, b=0.2); MSR is the
minimum significant r (a=0.05)

Logistic growth constant Aymptotic body-mass Brood reduction Number of fledglings

N r P MSR N r P MSR df F P MDD df F P MDD

Parent age 41 0.009 0.96 0.308 41 �0.175 0.28 0.308 1,39 1.96 0.17 3.54 1,39 3.97 0.053 3.44
Body-mass 55 �0.010 0.47 0.266 55 0.016 0.91 0.266 1,56 0.14 0.71 6.68 1,57 1.17 0.28 6.68
Albumin 58 0.188 0.16 0.259 58 �0.069 0.61 0.259 1,57 0.80 0.38 2.28 1,57 0.29 0.60 2.25
IgG 58 0.397 0.0020 0.259 58 �0.042 0.75 0.259 1,57 10.06 0.0025 1.51 1,57 0.12 0.73 1.48
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Fig. 3 Correlation between IgG levels in parents at hatching and
the logistic growth rate constants, k of their A-chicks. Pearson
correlation coefficient r=0.397, N=59, P=0.002
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(Nisbet et al. 2002a; Tims et al. 2004). In this study, we
found that chick growth and survival did not differ
significantly between old and date-matched young par-
ents or, if they did differ, older parents were more suc-
cessful despite having lower body-masses. Our data
suggest that common terns that breed early, regardless
of age, are high-quality individuals that can maintain
high reproductive effort and self-maintenance, rather
than showing within-individual trade-offs between these
two functions. Since our sample over-represented high-
quality individuals, it remains to be seen whether our
conclusions apply to all individuals in the population.
Nonetheless, since ‘‘high quality’’ is operationally de-
fined here as ‘‘above average reproductive success,’’ we
believe that the physiological and life-history associa-
tions that we observed are driven by natural selection.

Previous work with this population has demonstrated
that early laying (or hatching) dates predict above-
average reproductive performance of the parents and
can serve as proxies for parental quality (Arnold et al.
2004). We now have candidate physiological markers for
investigating the mechanisms responsible for this phe-
nological effect. Our study design precluded analysis of
seasonal variation of the reproductive and physiological
variables. A direct comparison of phenological versus
physiological predictors of reproductive performance
would require either a multi-year study of the same
individual parents or experimental manipulation.

In common tern A-chicks, IgG levels did not show a
trade-off with morphological growth. Again, this con-
trasts with the results obtained from studies of short-
lived birds, in which reduced body growth is associated
with reduced expression of immune function. In barn
swallows, first-hatched chicks grew faster than later-
hatched siblings but had lower cG levels at day 12 (Saino
et al. 2001b). In sand martins (Riparia riparia), nestling
cG levels were negatively related to the number and size
of the offspring in the nest (Szep and Møller 1999).
These results were interpreted as showing that mor-
phological growth and immunological development
were competing for limiting nutrients in rapidly growing
nestlings.

The uncoupling of morphological growth from the
ontogeny of IgG levels in common tern chicks is even
more remarkable in the context of their rapid growth
and sibling competition. We found that the presence of a
sibling reduced the body-mass of A-chicks by 8–10%.
Repeated-measures analysis showed that the negative
effect of sibling competition was most apparent as chicks

approached their peak body-mass, that is, between days
12 and 20. This overlapped with the ages when IgG
levels were increasing at the greatest rate, for example,
between days 16 and 24. Yet, IgG levels were higher in
A-chicks with competing siblings, despite lower body-
mass, while albumin levels did not differ. Two explana-
tions are plausible. First, high-quality parents capable of
provisioning two chicks might also provide a higher
quality diet that allows greater expansion of the anti-
body repertoire and immunoglobulin production; how-
ever, this explanation is inconsistent with the observed
negative parent–offspring correlations. Second, two-
chick broods and sibling competition may be associated
with higher circulating levels of androgens in the off-
spring (Eising and Groothuis 2003), which in turn may
promote IgG production. This possibility is supported
by the observation that black-headed gull chicks (Larus
ridibundus) implanted with testosterone showed en-
hanced antibody responses (Ros et al. 1997). The widely
held notion that testosterone is invariably immunosup-
presive has been challenged recently (Hasselquist et al.
1999). Since one- and two-chick broods were inter-
spersed and chicks intermingled in the dense breeding
colony with considerable fecal contamination, it is un-
likely that differing antigenic pressure was responsible
for the difference in IgG levels.

The negative correlation between IgG levels in off-
spring and parents is puzzling. It may be due to differing
antigenic loads in the diet. In common terns, parents
feed mainly on small fish and crustaceans during the
breeding season, whereas they feed their chicks mainly
on larger fish (Nisbet 2002); exposures of parents and
chicks to contaminants are also dissimilar (Nisbet et al.
2002b). Dietary factors may play a role in the expression
of IgG levels. Lipopolysaccharides (LPS) from the gram-
negative bacteria in the vertebrate gut are believed to
stimulate B-lymphocyte proliferation and IgG produc-
tion in chickens (Kuhlmann-Rabens et al. 1987).

In a cross-fostering experiment with house martins,
cG levels were not related to brood of origin but to the
rearing environment, which varied in intensity of ecto-
parasite infestation (Christe et al. 2000). However,
experimentally increasing the number of nest ectopara-
sites (cimicid bugs) caused a reduction in nestling body-
mass and increased total plasma protein, but no change
in cG levels (de Lope et al. 1998), suggesting that ecto-
parasitism was not the causal mechanism. In our study,
there was no evidence to suggest that elevated IgG levels
indicated ectoparasitic or infectious disease based on

Table 5 Parent–offspring correlations for body-mass, albumin, and IgG. ‘‘Mid-parent’’ is the mean of values for both parents

Trait Mother–offspring Father–offspring Mid-parent–offspring

N r P MSR N r P MSR N r P MSR

Body-mass 16 0.056 0.84 0.497 15 �0.259 0.35 0.514 26 �0.123 0.55 0.388
Albumin 15 �0.050 0.86 0.514 16 0.197 0.46 0.497 28 0.062 0.76 0.374
IgG 15 �0.493 0.062 0.514 16 �0.202 0.45 0.497 28 �0.460 0.014 0.374
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(1) physical examination; (2) absence of a relationship
between IgG and body-mass growth; (3) absence of he-
matazoan parasites (unpub. obs.); and (4) no evidence of
elevated acute phase proteins, for example, transferrin,
a-2-macroglobulin, haptoglobin, based on qualitative
review of serum protein profiles (unpub. obs.). Since the
study nests were interspersed in a dense breeding colony
and ambulatory chicks intermingled with conspecifics
after day 5, we find it reasonable to assume that anti-
genic stimulation was relatively homogenous between
offspring. Switching eggs or hatchlings could potentially
resolve the factors related to the negative correlation
between parent and offspring IgG levels.

This negative correlation may be related to the
activity of maternally transferred IgG. Mothers with
higher levels of IgG would be expected to transfer a
greater quantity, and potential quality, of IgG to the
offspring (Kowalczyk et al. 1985). Maternally trans-
ferred antibodies were detectable in nestling blue and
gold macaws (Ara ararauna) up to 42 days after hatch-
ing, indicating that they persist beyond the initial decline
phase (Lung et al. 1996). Maternally derived antibody
may bind to and block recognition of antigens by the
offspring’s B-cells and thereby suppress the development
of those specific antibodies (Solomon 1971); the net ef-
fect could reduce offspring IgG levels. Alternatively,
maternally derived IgG could shape the developing
antibody repertoire and lead to a phenotype with high-
affinity antibodies (Lemke et al. 2004), but with lower
overall IgG levels for the same level of protection. Phage
display of the chicken antibody repertoire may be
profitably adapted for addressing these speculations in
the future (O’Brien and Aitken 2002).

A pertinent question is whether increased IgG levels
signify greater investment in protective immunoglobulin
production or a transient response to infection? Typi-
cally, IgG levels show long-term changes in response to
chronic antigen loading typically associated with unhy-
gienic diet and living conditions, which are especially
notable in developing human populations (Rowe et al.
1968). IgG levels typically do not show short-term
changes to acute opportunistic infections or single
experimental immunizations since they represent the
integration of innumerable antigen-specific responses
(Benner et al. 1982). As noted above, ectoparasite
manipulation induced pathological weight loss and in-
creased total plasma proteins, but did not change IgG
levels (de Lope et al. 1998). Injection of sheep red blood
cells did not alter cG levels in barn swallows (Saino and
Møller 1996) or IgG levels in prairie voles (Microtus
ochrogaster) or laboratory mice (Mus musculus, De Vries
et al. 1997). On the other hand, stress-induced increase
in corticosterone was associated with reduced IgG levels
(De Vries et al., 1997; Barnard et al. 1994) and pro-
longed glucocorticosteroid treatment severely decreased
serum IgG levels in mice (Sabbele et al. 1983). Elevated
corticosterone was found in seabird nestlings and par-
ents facing nutrient limitation (Kitaysky et al. 1999,
2001) and is consistent with our hypothesis that IgG

levels are physiologically linked to foraging efficiency of
the parents. Under the hypothesis that parents with
higher IgG levels were responding to chronic antigen
dosing from persistent infections, it would be predicted
that body-masses and albumin levels would be depressed
and acute phase proteins would be elevated, but this was
not observed. In fact, albumin and IgG levels were
positively correlated at hatching and fledging, suggesting
that parents with high IgG levels were on a superior
nutritional plane. The role of corticosterone in mediat-
ing the relationship between IgG levels and reproductive
performance warrants future investigation.

The central premise of the reproductive effort vs. self-
maintenance trade-off is that limited nutritional re-
sources are allocated into these mutually exclusive cat-
egories. In short-lived species, this assumption is
supported by the observed decline in IgG levels with the
reproductive cycle and negative relationship between
IgG levels and offspring growth conditions. Yet the daily
turnover of IgG in chickens is approximately
58 mg day�1 (Leslie and Clem 1970), while the mainte-
nance protein intake is roughly 4 g day�1 (Klasing 1998,
p. 142) so that IgG synthesis requires only about 1% of
the daily protein intake. In mammals, the IgG turnover
rate scales allometrically with body-mass with an expo-
nent of �0.20 (Waldmann et al. 1970), indicating that
smaller animals will have a more rapid turnover. At a
given body-mass, IgG turnover rate is positively related
to resting metabolic rate as well as serum concentration
(Sabiston and Ste Rose 1976; Waldmann et al. 1970).
The sum of these effects potentially increases the rate of
IgG production in small birds to, at most, 5% in total
protein intake. Either the cellular basis of immuno-
globulin production is extremely costly, also unlikely for
an adult, or some other explanation is required for
understanding the regulation of IgG levels in a life-his-
tory context.

Serum IgG is the collective response to a lifetime of
antigenic exposure (Lemke et al. 2004). Its value is ex-
pected to increase with reproductive lifespan as the
antibody repertoire it contains is tuned to the individ-
ual’s antigenic environment. A small but consistent
investment in IgG production and attendant memory
may be more economical for controlling opportunistic
environmental pathogens than intermittent up- and
down-regulation of phagocytes and acute phase proteins
(Lee and Klasing 2004). This also reduces the intra-
individual variation in health status and may act to
avoid vulnerable states when an individual expresses
interleukin-1 induced sickness behavior (Lee and Klas-
ing 2004). More importantly IgG increases the efficiency
of bacterial clearance leading to a reduced reliance on
free-radical mediated mechanisms used by granulocytes
for bacterial destruction (Dröge 2002). To the extent
that this form of free-radical damage is related to lon-
gevity, increased investment in and homeostasis of IgG
levels would be favored in long-lived vertebrates.

In conclusion, circulating serum IgG levels in com-
mon terns were positively associated with parental
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quality, as indicated by chick growth rates and the
occurrence of brood reduction. Thus, IgG-dependent
self-maintenance positively covaried with reproductive
performance in this long-lived species, as would be ex-
pected from a life-history-based theory of aging. The
development of IgG levels in A-chicks did not appear to
compete with morphological growth, as IgG levels were
higher in chicks with younger siblings (i.e. in chicks
raised by high-performing parents). There was little
evidence for a decline in parental body as a function of
parental effort. Our study is unique in using physiolog-
ical and immunological indicators to assess reproductive
performance and phenotypic quality of long-lived indi-
viduals.
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