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Abstract In vertebrates little is known about causes and
correlates of differences in individual body condition. This
is, however, essential if we are to gain an understanding of
environmental influences on wild populations. To track
changes in individual physiological state we analysed
blood metabolite concentrations in breeding common terns
Sterna hirundo. We selected birds to contrast sex, breeding
experience, sampling year and nutritional state and col-
lected repeated samples from individuals during incuba-
tion. Unlike cholesterol, triglyceride and uric acid levels
strongly correlated with nutritional state. While cholesterol
levels in males remained stable throughout incubation,
comparatively lower levels were measured in females
directly after egg-laying. In 2006, only highly experienced
females showed increased cholesterol concentrations by
mid-incubation, whereas less experienced females main-
tained reduced levels and were apparently unable to
recover. In 2007, all females showed an increase in cho-
lesterol by mid-incubation. Triglyceride levels did not
differ between sexes, but concentrations were significantly
higher in more experienced birds and were overall higher
in 2007 than in 2006. Uric acid concentrations did not
differ significantly. The variation in cholesterol and tri-
glyceride levels can be explained by differences in foraging
conditions, as food abundance, onset of breeding and mean
clutch size indicate 2007 to be the superior year. Thus,
environmental conditions and breeding experience play an
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important role for cholesterol and triglyceride levels as
well as the physiological state.
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Introduction

The period of reproduction requires high investments and
induces costs in many organisms, thus, influencing the
physiological state and determining reproductive success
and survival (Drent and Daan 1980; Partridge and Harvey
1985; Clutton-Brock 1991; Williams 2005; Harshman and
Zera 2007). Consequently, high variability in individual
quality leads to a significantly disproportional contribution
of offspring to a population (Wooller et al. 1992). How-
ever, knowledge of physiological processes that reflect
these individual differences is limited. Sometimes costs can
be masked by individual variation like body condition, age,
reproductive history and experience (Clutton-Brock et al.
1996; Hamel et al. 2009). Thus, some individuals might be
able to compensate the costs, e.g. by increasing food
intake, whereas others cannot. Alternatively, if individuals
with a tight resource budget are able to adapt to moderate
environmental changes only, costs of reproduction may
only become detectable under unfavourable environmental
conditions. In long-lived vertebrates reproductive perfor-
mance and output generally increase with age (Clutton-
Brock 1988; Forslund and Pirt 1995; Jones et al. 2008).
This increase in breeding performance might be due to a
gain in experience (e.g. improvement of foraging effi-
ciency) rather than to age per se (Saether 1990; Wooller
et al. 1992). Thus, individuals of different degrees of
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experience may suffer from unfavourable foraging condi-
tions to a different extent as can be expressed, e.g. in
arrival date (Ezard et al. 2007), onset of breeding and
reproductive output (Arnold et al. 2004) and body condi-
tion (Kitaysky et al. 1999; Wendeln and Becker 1996).

Analysis of blood metabolites, being a minor invasive
method, has found broad application in ecological research
and veterinary diagnosis, providing information on the
underlying physiological mechanisms that reflect physio-
logical state, body condition, performance (activity,
productivity and ability to cope with environmental con-
ditions), change of nutritional state and health status
(Brown 1996).

Plasma cholesterol level has been shown to be linked to
body condition in several studies. In black ducks Anas
rubripes chicks in poor condition had significantly lower
cholesterol levels (Rattner et al. 1987). A positive corre-
lation of cholesterol with body mass was found in white-
crowned sparrows Zonotrichia leucophrys gambelii (de
Graw et al. 1979), where cholesterol values paralleled
seasonal variation in body mass. However, this was not
found to be the case in black-headed gulls Larus ridibun-
dus (Cantos et al. 1994). Fasting experiments also resulted
in different findings: whereas Totzke et al. (1999) mea-
sured similar cholesterol levels in fasting and control her-
ring gulls Larus argentatus, remaining fairly constant
during the food-controlled experiment, Alonso-Alvarez
and Ferrer (2001) found a strong relationship between
cholesterol level in the plasma of yellow-legged gulls
Larus cachinnans and their body mass change. Compared
with several other blood parameters Alonso-Alvarez et al.
(2002a) identified cholesterol concentration as the best
indicator of individual body condition.

Triglyceride concentrations in the plasma increase dur-
ing resorption and are transported via the blood stream to
adipose tissues and energy consuming organs. The con-
centration of plasma triglycerides correlated positively
with the amount of body fat (Dabbert et al. 1997; Quillfeldt
et al. 2004) or increased with body mass gain in several
bird species (Jenni-Eiermann and Jenni 1994; Jenni and
Schwilch 2001) as well as in insectivorous bats (McGuire
et al. 2009). In contrast to cholesterol, triglyceride levels
were involved in the seasonal variation associated with
migration in black-headed gulls (Cantos et al. 1994).

In birds, being uricotelic animals, uric acid represents
the main end product of nitrogen excretion and has thus
been used as an index for protein catabolism. Concentra-
tions in the plasma can be elevated either during resorption,
indicating the breakdown of nutritional protein and
decrease post-feeding (Wilson and Miles 1988) or can be
increased during fasting due to the mobilisation of body
protein reserves, when animals reach the limit of their
fasting ability (Boismenu et al. 1992; Hollmén et al. 2001).
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Although several studies have used blood metabolites as
a measure of physiological condition, inconsistencies per-
sist. Effects of individual dissimilarity and environmental
influences remain poorly understood, especially in studies
on free-living animals. Most studies were restricted in age
range of sampled individuals (Alonso-Alvarez 2005), are
mainly based on cross-sectional analyses (Alonso-Alvarez
et al. 2002b; Hario et al. 1991) and/or considered 1 year
only (Alonso-Alvarez et al. 2002b; Alonso-Alvarez and
Velando 2003; Hario et al. 1991). Long-term data on
reproductive history to distinguish individual differences
and their influence on physiological state are scarce.

In this respect, our study population of common terns
Sterna hirundo, a long-lived seabird, under investigation
since 1984, is a promising model, providing detailed
individual-based longitudinal data. In common terns both
mates of a breeding pair incubate the clutch at similar
proportions (Wiggins and Morris 1987). Independent of
size, mass per se represents a measure of body condition
(Wendeln et al. 1997), which is directly affected by food
availability (Frank and Becker 1992). Body mass in
females decreases after egg-laying and in both sexes during
the chick rearing period (Wendeln and Becker 1996; see
also Limmer and Becker 2007). While body mass remains
constant during incubation in males, inconsistent patterns
are found in females: their body mass decreased signifi-
cantly in 1992 and 1993, but not in 1991, presumably
because of inter-year differences in foraging conditions.
Common terns with their expensive lifestyle have been
found to work near the limits of their capacity during
reproduction (Pearson 1968; Becker and Ludwigs 2004).

In this paper, we present data on cholesterol, triglyceride
and uric acid levels in the blood as indicators of the
physiological state of common terns during the incubation
period. Our results are based on a dataset of repeated
measurements of blood metabolite concentrations of
breeding common terns. In each case both mates of a pair
were sampled three times over the course of incubation in
2006 and 2007. In either year individuals were selected
with respect to their breeding experience to contrast birds
of low and high breeding experience. All individuals were
of known sex, and 68 of 78 birds were of known age, since
they were fitted with transponders before fledging, which
allows individual identification and recording of breeding
attempts during their entire life-time (Becker and Wendeln
1997; Ezard et al. 2007). Additionally, we analysed blood
metabolite levels with respect to their nutritional state
(hungry, satiated) in order to assess the direct influence of
food intake. Data characterising the breeding season, e.g.
arrival and egg-laying date, clutch size and body mass
change, from marked individuals of the entire colony were
considered to explore effects of inter-year differences in
environmental conditions.
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We address the following questions in this study: (1) Do
the sexes show differences in blood metabolite concentra-
tions during incubation owing to different roles of mates in
reproduction? (2) How do metabolite levels in the blood
change during incubation? We want to go into this question
in more detail, considering also environmental conditions
and breeding experience: (3) How does breeding experi-
ence interact with environmental conditions in determining
blood metabolite levels?

Materials and methods
Study site

Fieldwork was carried out at a common tern colony of
about 450 nesting pairs at Banter See, Wilhelmshaven,
Germany. Fledglings have been ringed at this colony
since 1984 and since 1992 additionally marked with
passive transponders of unlimited lifespan (TROVAN ID
100; Becker and Wendeln 1997). Furthermore, 101 adult
birds were caught and fitted with transponders between
1992 and 1995. The breeding site consists of 6 artificial
islands, surrounded by a low concrete wall where 44
elevated platforms were installed for common terns to
land and rest on. All resting places were equipped with
antennae, 16 of which additionally had integrated bal-
ances allowing remote and automatic recording and
weighing of transponder-marked individuals (Wendeln
and Becker 1996; Limmer and Becker 2007) with high
repetition and reliability. Arrival date of an individual was
defined as the first day of its registration at the colony site
(Ezard et al. 2007). For details about the evaluation of
mass data see Limmer and Becker (2007). To identify
breeding birds, an antenna was placed around each nest
for 1-2 days during incubation period. Reproductive
parameters, e.g. egg-laying date (laying date of first egg
of clutch), clutch size (no. of eggs per clutch), were
obtained from checks every 2 or 3 days and could be
assigned to individuals. On some nests where both part-
ners were fitted with transponders a balance combined
with an antenna was installed temporarily below the
clutch. Nest attendance together with mass recordings
allowed assigning the nutritional state of individuals as
hungry or satiated (Becker and Frank 1990).

Given a high return probability to the natal colony and
high site fidelity with an adult return rate of about 90%, the
electronic system together with manually collected data
provides information (e.g. breeding attempts) for every
breeding season over the life-time for marked birds of
known age in this colony (Becker et al. 2001). Birds were
sexed by observation of copulations and since 1998 using
standard molecular methods (Becker and Wink 2002).

Blood sampling

Blood samples were taken using Triatomine bugs
Dipetalogaster maximus (larvae stage 3; von Helversen
et al. 1986; Becker et al. 2006) according to the modi-
fied protocol of Arnold et al. (2008). Transponder
detections (every 5—10 s) by nest antennae and additional
supervision ensured that the target bird was incubating.
After about 30 min the bugs had usually successfully
completed their blood meal (about 300 pl) and were
taken out of the nest. The success rate for blood sam-
pling in 2006 and 2007 using this method was 86.1 and
82.2%, respectively. Within 30 min after the blood meal
we punctured the bug and drew the blood into a syringe,
which was placed on ice immediately. Our validation
experiments proved a strong correlation between cho-
lesterol values in the blood collected via bug and via
needle in common terns [R = 0.77, n = 9; paired ¢ test:
t = —3.495, P < 0.01; cholesterol levels in blood sam-
pled with the bug (190.9 & 7.2 mg dL™") were slightly
higher than in blood sampled with the needle
(171.9 £ 8.5 mg dL™")]. Further validations for choles-
terol as well as for triglyceride and uric acid concen-
trations were performed on captive herring gulls and
revealed no significant differences either (personal
unpublished data). In addition, the method has been
validated for the determination of corticosterone con-
centration in common terns (Arnold et al. 2008), hor-
mone concentrations (Voigt et al. 2004), doubly labelled
water experiments (Voigt et al. 2003, 2005) and anti-
bodies (Voigt et al. 2006) in mammals.

Sampling design

In 2006 and 2007 we took repeated blood samples during
the incubation period from 34 and 44 adult common terns,
respectively. Birds were sampled three times over the
course of incubation—early (day 3-5 after clutch com-
pletion), mid (day 9-14 after clutch completion) and late
(day O-1 after hatching of the first chick). All blood
samples were collected between 5 and 10 a.m. Central
European Summer Time, when motivation to incubate was
highest (unpublished data).

We always sampled both mates of a breeding pair. In
common terns, like in many other long-lived species,
reproductive output (Nisbet et al. 2002; Ezard et al. 2007)
and body condition (Limmer and Becker 2007) increase
with age and experience throughout the lifespan. To
compare blood metabolite levels between young, less
experienced, and old, highly experienced birds, we
selected breeding pairs with no or only little breeding
experience (0-3 breeding attempts, age 3—6 years; 2006:
8 pairs, 2007: 9 pairs; hereinafter referred to as
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inexperienced breeders) and experienced breeders (at least
7 breeding attempts, age 10-20 years; 2006: 9 pairs,
2007: 13 pairs). In consecutive years different individuals
were sampled. Common terns mate with high probability
assortatively with individuals of the same age as recruits
(Ludwigs and Becker 2005) as well as later in life
(Ludwig and Becker 2008) and demonstrate high mate
fidelity (Gonzalez-Solis et al. 1999). In our analyses we
therefore included samples of a few unknown pair part-
ners, which were with high probability of the same age as
their partner (2006: 4 males, 1 female; 2007: 3 males, 2
females) in addition to 29 (2006) and 39 (2007) tran-
sponder-marked birds.

Additional samples were taken in 2008 and 2009 to
investigate the direct influence of food intake, preferably
fish, on blood parameter concentration. We collected
samples of 28 and 19 individuals, respectively, in dif-
ferent nutritional state, satiated (immediately after a bird
returned with a high body mass from a foraging trip) and
hungry (after an incubation stint and drop in body mass).
A subsample of 16 and 14 individuals, respectively,
provided repeated samples of either nutritional state for
at least one parameter, other individuals were only
sampled once. Nest reliefs in incubating common tern
pairs occur every 1.6-2.7 h and the mass gain per for-
aging trip lies between 13.2 and 15.8 g (Frank and
Becker 1992). Thus, in our data set, individuals were
defined and sampled as “hungry” after a mean incuba-
tion stint of 1.7 £ 0.2 h (time between nest relief and
sampling; daytime stints only; » = 35) and a mean mass
loss of 14.4 g (paired ¢ test: t = —11.514, P < 0.001,
n = 39). Birds in this colony are used to manipulations
at the nest and thus always continued incubating
immediately after the interruption was over.

Serum chemistry analyses

Blood samples were placed on ice and centrifuged within
the next 7 h of sampling. The plasma was removed and
stored at —20°C. Cholesterol, triglyceride and uric acid
levels were determined using a dry-chemistry blood serum
analyser (EKTACHEM DT60, Kodak). It required an
amount of 10 pl sample (cholesterol 1:1, triglycerides 1:2,
uric acid 1:4, diluted with 0.9% NaCl) per measurement
(Calorimetric test slides, Vitros®, Ortho-Clinical Diag-
nostics, Johnson & Johnson Company). The validity of this
method for birds has been shown previously (Bairlein and
Totzke 1992; Totzke and Bairlein 1998). Samples were
assayed in one series per year. The serum analyser was
calibrated using a commercial calibrator kit and control
serum (DT Calibrator Kit and Kodatrol Control Serum,
Vitros®, Ortho-Clinical Diagnostics, Johnson & Johnson
Company).
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Statistical analyses
Blood metabolites, nutritional state and body mass

Pearson correlations were applied to test correlations
between blood metabolite concentrations as well as to
investigate relationships between blood parameter con-
centrations originating from birds in different nutritional
state (dataset 2008/2009). Triglyceride data were log-
transformed for normal distribution of data. We used
general linear model (GLM) statistics to explore the
influence of nutritional state on blood parameter concen-
trations. Body mass was included as a covariate.

Blood metabolites over the course of incubation

To investigate changes in blood metabolites over the
course of incubation we collected three repeated blood
samples from most individuals (dataset 2006/2007). From
some birds, however, we had no third sample (at hatching)
owing to clutch desertion (as it happens frequently in
young and less experienced breeding pairs), unfertilized
eggs or if the male did not brood its chicks long enough for
the bug to suck blood, but mainly fed them. In three cases
the first or second sample was missing as the bug did not
ingest enough blood. In order to include samples of birds
which we sampled only twice we selected the linear mixed
effects model (LME) with restricted maximum likelihood
estimation for unbalanced and repeated measures data. We
alternatively introduced cholesterol, triglyceride or uric
acid level as dependent variable with repeated measure-
ments, each sample taken early, mid and late during the
incubation period. Sampling year, sex and breeding expe-
rience were added as fixed factors and bird identity as
random factor. Uric acid level, which revealed a highly
significant correlation with nutritional state (in our dataset
2008/2009), was introduced as a covariate in the models
with cholesterol or triglycerides to control for the effect of
nutrition. A backward stepwise procedure was used to
select the respective minimal model of best fit. Residuals
were tested for normal distribution. To test for differences
in triglyceride level between individuals of different
degrees of breeding experience within years, we applied
the independent samples ¢ test. Differences in cholesterol
level between mates of a pair within a sampling period and
in females between incubation periods were compared
using the paired ¢ test.

Inter-year differences in reproductive performance
Data collected from all marked females of the study

colony, being present in 2006 and in 2007, or alterna-
tively, data from the subset of sampled females (dataset
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2006/2007) were included in the analysis of inter-year
differences in reproductive performance. For statistics on
the marked females of the study colony, except for tests
on body mass, repeated data of the same individuals in
2 years were used. Wilcoxon signed-rank test was
applied to test inter-annual differences in clutch size and
onset of egg-laying, respectively, paired ¢ test for time
interval from arrival to egg-laying date, ¢ test for inde-
pendent samples to compare body mass increase from
arrival to incubation. The subset of sampled birds com-
prised different individuals in consecutive years. Inter-
annual differences in onset of egg-laying and clutch
size, respectively, were tested using the Mann—Whitney
U test, the t test for independent samples to analyse
differences in time interval from arrival to egg-laying
date.

All statistics were calculated using SPSS® 17.0 and
values are presented as mean =+ standard error (SE). The
level of significance was set at P < 0.05.

Results
Blood metabolites, nutritional state and body mass

Cholesterol concentrations were neither correlated with
triglyceride (R = —0.142, P = 0.287, n = 58) nor with
uric acid concentrations (R = —0.185, P = 0.161,
n = 59). However, the values of triglycerides and uric acid
revealed a strongly positive correlation with each other
(R =0.674, P <0.001, n = 61). The latter were both
strongly influenced by nutritional state. Uric acid levels of
satiated birds were significantly increased (Ax = 24.7
mg dL™", 242.5%, n = 22, repeated samples) compared to
hungry birds, as indicated by body mass (Ax = 14.4 g,
11.8%, n = 39, repeated samples; GLM: nutritional state,
Fi164a = 36417, P <0.001; body mass, Fjes = 7.087,
P = 0.010). Triglyceride levels of satiated birds were also
significantly increased (A% = 91.6 mg dL™', 93.5%,
n = 22, repeated samples), unrelated to body mass, how-
ever (GLM: nutritional state, F ¢ = 20.219, P < 0.001;
body mass, Fg; = 0.011, P = 0.918). On the other hand,
individual cholesterol values remained comparatively
stable and independent of nutritional state and were not
significantly related to body mass (AX = —15.5 mg dL ™",
—7.2%, n = 22, repeated samples; GLM: nutritional state,
Fi64 =4.746, P = 0.033; body mass, Fjes = 3.082,
P = 0.084). Correlations between repeated samples of
different nutritional state revealed to be considerably
stronger for cholesterol (R = 0.762, P < 0.001, n = 22)
than for triglyceride (R = 0.446, P = 0.037, n = 22) and
uric acid levels (R = 0.475, P = 0.025, n = 22).

Blood metabolite levels over the course of incubation
Cholesterol

The application of a LME model revealed that choles-
terol levels were significantly influenced by a three-way
interaction of year, sex and breeding experience and a
two-way interaction of sex with incubation period
(Table 1). While cholesterol levels in males remained
fairly constant over the incubation period, females
showed low levels directly after egg-laying, being sig-
nificantly different between the sexes for experienced
breeders in both years, and for inexperienced breeders
only in 2006 (Fig. 1). In 2006, experienced females
reached cholesterol levels similar to males by mid-incu-
bation. The increase was significant between early- and
mid- as well as early- and late-incubation. In inexperi-
enced females, however, we measured constantly low
cholesterol values during incubation in 2006. Inexperi-
enced mates showed significantly different cholesterol
levels throughout incubation in 2006. In contrast, in 2007
inexperienced as well as experienced females reached
high cholesterol concentrations by the end of incubation.
Uric acid concentration was introduced into the model as
a covariate to account for the influence of nutritional
state on cholesterol level.

Table 1 Linear mixed effects model analysis to test the influence of
year, sex, breeding experience (BE), incubation period (IP) and
nutritional state, represented by uric acid concentration, on choles-
terol and triglyceride concentrations in common terns (dataset 2006/
2007; n = 78 individuals)

Independent Cholesterol Triglycerides
variables

F df P F df P
Year 0319 1,68 0.574 11.511 1,69 0.001
Sex 14.962 1,75 <0.001 - - -
BE 0.601 1,68 0.441 6360 1,69 0.014
Uric acid 10.302 1,178 0.002 127.634 1,204 <0.001
1P 4125 2,79 0.020 0320 2,95 0.727
Year x sex 1.782 1,68 0.186 - - -
IP x sex 6.532 2,79 0.002 - - -
BE x year 1.442 1,68 0.234 4133 1,69 0.046
BE x sex 0.000 1,68 0.984 - - -
BE x IP - - - 3.163 1,69 0.047
Year x sex x BE  6.005 1,68 0.017 - - -

Incubation period (early, mid, late) is included as repeated measure.
The final models were selected by using a step-down approach,
starting from the most global model. Significant effects are given bold

—, Factors or interactions are not included in the final model
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In contrast to cholesterol, triglyceride concentrations
showed no relationship with sex, which was therefore
excluded from the model (Table 1). However, as in choles-
terol levels, breeding experience was found to be a factor of
major influence. The interactions of experience with year as
well as experience with incubation period revealed signifi-
cant results. Over the course of incubation triglyceride levels
remained at a relatively low level in 2006 irrespective the
birds’ degree of breeding experience (Fig. 2). In 2007 we
measured significantly higher levels in experienced than in
inexperienced birds early during incubation. In experienced
birds, triglyceride levels decreased over the course of incu-
bation, whereas inexperienced birds showed a slight increase
towards the end of incubation, finally equalling the levels of
experienced birds.

Uric acid

We found no significant effects of year, sex, breeding
experience or incubation period on uric acid concentrations
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P = 0.330; breeding experience: F; 73 = 0.234, P = 0.630;
incubation period: F g9 = 0.223, P = 0.800). In 2007 mean
uric acid concentration was slightly higher than in 2006
(2006: 21.9 + 1.7 mg dL™'; 2007: 24.4 + 1.4 mg dL™").
This difference was based on low levels in 2006 of inexpe-
rienced breeders, but was not significant (2006, inexperi-
enced: 19.4 + 2.6 mg dL~%; 2007, inexperienced: 25.6 +
2.2 mg dL~Y 2006, experienced: 24.3 £ 2.1 mg dL_l;
2007, experienced: 23.6 + 1.9 mg dL™").

Inter-year differences in reproductive performance

Conditions during breeding seasons in 2006 and 2007 were
reflected by significant differences in several parameters of
reproduction in our study colony and in the subset of
sampled individuals (Table 2). Breeding season 2006 was
characterised by a delayed onset of egg-laying (egg-laying
date per se as well as a prolonged time period between
arrival and egg-laying date). Breeding birds showed a
lower increase in body mass from arrival to incubation in
2006 and clutch size was significantly reduced.
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Fig. 2 Triglyceride
concentrations (mean + SE) in
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Table 2 Inter-year comparison of several reproductive parameters in the study colony (repeated data from transponder-marked females) and the
subset of blood sampled females (different individuals in 2006 and in 2007)

Parameter Dataset

2006

2007

Test

Egg-laying date (day of year) Colony 1

Subsample 1

Time interval: days from arrival to egg-laying Colony
Subsample

Clutch size Colony
Subsample

Mass change: from arrival to incubation Colony

44.8 £ 0.8 (163)
434 £ 3.7 (17)
29.8 + 0.7 (153)
30.4 + 33 (14)
2.26 4 0.05 (163)
2.65 £ 0.12 (17)
14+ 1.1g33)

139.5 & 0.6 (163)
1413 £ 2.6 (22)
23.8 £ 0.5 (153)
220 £ 1.2 (15)
2.63 + 0.04 (163)
2.77 £ 0.09 (22)
6.1 £ 1.5¢(15)

Z = —6.939; P < 0.001°
Z = —0.156; P = 0.876"
t = 8.017; P < 0.001°

t=2420; P = 0.027¢

Z = —5.871; P < 0.001°
Z = —0.854; P = 0.393"
t=—2482; P =0.017°

Due to low sample size body mass data are independent data and not available for the subset

Mean =+ SE; n in parentheses
* Wilcoxon signed-rank test
® Mann-Whitney U test

¢ Paired samples ¢ test

d Independent samples 7 test
Discussion

Reproduction implicates sex specific consequences on
body resources. This applies to body mass (Wendeln and
Becker 1996; Moe et al. 2002) as well as underlying
physiological traits such as blood metabolites and energy
expenditure (Fairbrother et al. 1990; Hollmén et al. 2001;
Alonso-Alvarez et al. 2002b; Williams and Vézina 2001).

Do the sexes show differences in blood metabolite
concentration during incubation owing to different roles
of mates in reproduction?

We measured significantly lower cholesterol levels in
female than male common terns after egg-laying. Low
cholesterol concentrations could be a consequence of egg

production, which requires significant investment of body
reserves in birds (Gayathri et al. 2004; Nager et al. 2001).
Costs of egg production are particularly high among Lar-
idae and Sternidae, laying relatively large eggs for their
body size compared to other avian taxa (Moore et al. 2000).
A typical three-egg clutch represents about 50% of female
body mass in common terns, with a mean egg mass of
about 20 g (19.74 £ 0.02 g, n =983, eggs weighed
between 1993 and 2001 in our study colony; see also
Nisbet 1978).

Expenditures of egg production relate to cholesterol in
two ways, in terms of hormonal adaptations using choles-
terol as precursor of steroids, and with respect to lipid
investment in egg formation. In domestic chicken Gallus
gallus high cholesterol levels have been measured in the
plasma during the pre-breeding period when cholesterol is
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synthesized in the liver and transported via lipoprotein
complexes to the ovary, where oestrogen secretion is ele-
vated and lipids are deposited in follicles (Kern et al. 1972;
Christie and Moore 1972). Most, if not all of the choles-
terol in the egg yolk originates from the maternal blood
stream (Connor et al. 1965). Nisbet (1978) determined the
amount of lipids in the yolk of common tern eggs between
31 and 35%. This corresponds to the findings of Senser and
Scherz (1991) for chicken eggs with 32%. If we assume the
cholesterol/lipid ratio also to be the same in chicken
(3.95% according to Senser and Scherz 1991) and common
terns, one egg of the latter would contain about 74 mg
cholesterol. This corresponds to the considerable 2.8-fold
amount of cholesterol circulating in the blood of a female
common tern (estimation based on a body mass of 130 g
(Wendeln and Becker 1996), 10% blood (Bezzel and
Prinzinger 1990) and 200 mg dL™' cholesterol (see
“Results”)).

For methodological reasons, we sampled birds only
during the incubation period itself and not prior to egg-
laying. But the low levels shortly after egg-laying com-
pared to cholesterol levels of females at the end of incu-
bation and the relatively constant mean cholesterol level of
males during incubation suggest a recovery pattern to be a
plausible explanation. This is supported by results of
Gayathri and Hedge (1994), who found no significant dif-
ference in cholesterol levels between male and female
pigeons during non-breeding period. Furthermore Gayathri
et al. (2004) measured a drop in cholesterol levels fol-
lowing egg-laying in female pigeons. Our results are also in
line with the findings of Alonso-Alvarez et al. (2002b) in
yellow-legged gulls: female gulls and terns showed sig-
nificantly lower cholesterol concentrations than males
during the first 10 days of incubation. Furthermore, in this
study we could show on the individual level, that in female
common terns cholesterol levels were increasing again
during the further course of incubation and finally con-
forming with the levels of the male mates. This pattern was
found to be affected by complex interactions between the
foraging conditions of the year and the breeding experience
of females.

The inter-year difference could be caused by contrasting
foraging conditions in the 2 years of data collection, as
indicated by reduced food abundance in 2006 in their
foraging area “Jadebusen” in the German Wadden Sea
(Dénhardt and Becker, unpublished data). One conse-
quence of the poor food supplies during courtship feeding
in 2006 was a significantly later onset of egg-laying, due to
an increased time interval between arrival date and clutch
initiation, a lowered clutch size and body mass increase
from arrival to incubation in our study colony compared to
2007. The importance of food supply for timing of breed-
ing is supported by experimental studies, in which food
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supplementation resulted in a significantly advanced laying
date (reviewed in Williams 2005). In 2007 the mean clutch
size in the colony was significantly higher (see above) and
all the experienced breeders of our subsample had a clutch
of three eggs. Lower cholesterol concentrations in females
with larger clutches might be the result of a trade-off in
allocation of resources. Individuals that laid only two eggs
in 2007 despite favourable foraging conditions showed
higher cholesterol levels compared to 2006. The effect of
the interaction of year and clutch size with cholesterol
concentration during early incubation period was signifi-
cant (Fy35 = 7.032, P = 0.012, n = 39 females).

Triglycerides are the most abundant lipids found in the
egg yolk, but in contrast to cholesterol, we did not find
differences in concentrations between the sexes. This is in
accordance with results of Alonso-Alvarez et al. (2002b) in
yellow-legged gulls. Unlike cholesterol, triglyceride levels
during early-incubation did not reveal any significant
association with clutch size or year in common terns.
Differences in the effect on egg-laying females between
cholesterol and triglyceride concentrations might be
explained by the fact that cholesterol levels remained rel-
atively stable independent of nutritional state, due to cho-
lesterol possibly not being easily and abundantly available.
Triglyceride concentrations, in contrast, varied to a much
higher extent in the blood stream. Triglyceride and uric
acid concentrations were strongly and positively correlated
and were both increased in satiated birds. The similarity of
uric acid as well as triglyceride concentrations in both
sexes indicated males and females to be equally nourished.
This is consistent with the behaviour of shared incubation
by both partners in common terns (Frank and Becker
1992).

How do blood metabolite concentrations change
during incubation?

While the variation of cholesterol levels over the course of
incubation in females was dependent on year and breeding
experience, levels in males remained fairly constant
throughout incubation in both years. Thus, cholesterol
concentrations followed the same course during incubation
as body mass in male common terns (Wendeln and Becker
1996), kittiwakes Rissa tridactyla (Moe et al. 2002) and
yellow-legged gulls (Alonso-Alvarez et al. 2002b).
Triglyceride levels were positively correlated with
nutritional state. We measured comparatively low levels of
triglycerides throughout incubation in 2006. On average
concentrations were slightly higher in experienced birds,
especially during early-incubation. In 2007, highly expe-
rienced birds showed very high triglyceride concentrations
at the beginning, which decreased over the course of
incubation to levels confirming the ones of birds with low
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breeding experience. In a year of good feeding conditions,
highly experienced birds might profit from the first half of
incubation to maintain or regain a good physiological state.
The subsequent decrease in triglyceride concentrations
might be a result of decreasing foraging trip durations
towards hatching date of the chicks (unpublished data). At
the end of incubation, our last sampling period, the first
chick had already hatched and lower triglyceride levels
might thus reflect stress associated with parental care of
chicks. Levels were significantly lower during early-incu-
bation in inexperienced birds than in experienced ones, but
towards the end they reached comparable concentrations.

Uric acid concentrations did not reveal significant
changes during incubation in common terns. Alonso-
Alvarez et al. (2002b) measured an increase in uric acid in
both sexes during incubation. This might be explained by a
change in food availability, thus being an intra-seasonal
effect.

How does breeding experience interact
with environmental conditions in determining
blood metabolite levels?

In our study, we investigated for the first time individual
blood metabolite concentrations throughout incubation not
only in relation to sex, but considered breeding experience
and inter-annual variability of foraging conditions. In line
with the predictions, our results revealed a distinctive
course of cholesterol concentration during incubation per-
iod dependent on year and breeding experience. As
described by Alonso-Alvarez et al. (2002b) for yellow-
legged gulls and consistent with findings on other measures
of body condition (Hario et al. 1991; Moe et al. 2002), in
2007 we found an increase of cholesterol in the plasma in
females by mid-incubation towards a level comparable to
males, independent of the degree of experience. In 2006,
however, only experienced females reached high choles-
terol levels, whereas inexperienced females retained low
cholesterol concentrations throughout incubation. This
might reflect a better recovery process of females with high
breeding experience. The reason for this inter-year differ-
ence in cholesterol level patterns over the course of the
incubation period might be contrasting foraging conditions
in these 2 years interacting with the level of experience.
This explanation is supported by a prolonged time interval
between arrival and egg-laying date, differences in clutch
size and individual mass change from arrival to incubation
between the 2 years mentioned above. Small seabirds, such
as common terns, with a tight energy budget have been
shown to react very sensitively to changes in food abun-
dance and availability, which directly affect their condition
(Pearson 1968; Frank and Becker 1992) and also the cho-
lesterol level in females, constrained by egg production.

Our results show that experience becomes relevant as soon
as environmental conditions are suboptimal. Although we
did not measure cholesterol levels before egg-laying (see
above), the findings suggest a recovery in the physiological
state of females as revealed by increasing cholesterol
concentrations over the course of incubation.

In triglycerides experience also matters: concentrations
were significantly higher in experienced birds than in
inexperienced ones. Increased breeding experience can
involve a higher foraging efficiency and/or a better coop-
eration with the mate. Our results are in line with findings
of Ferrer and Dobado-Berrios (1998), who measured higher
triglyceride concentrations with increased age in Spanish
imperial eagles Aquila adalberti. In contrast to cholesterol,
the inter-experience differences became prominent in 2007,
a year of higher food availability.

Triglyceride concentration varied with nutritional state,
with birds showing increased levels after food intake. This
is supported by studies on garden warblers Sylvia borin
(Jenni-Eiermann and Jenni 1998) and insectivorous bats
(McGuire et al. 2009), who show that levels of triglycer-
ides are closely related to nutrition. Levels paralleled
seasonal variation in body mass in relation to migration
in several bird species (Cantos et al. 1994; Totzke and
Bairlein 1998). Triglyceride levels turning out to be sig-
nificantly higher in 2007 concurs with the hypothesis of
2007 being a year of superior food availability.

Uric acid concentrations revealed a close relationship to
nutritional state and correlated positively with body mass at
sampling. Although parameters like egg-laying date and
clutch size indicate 2007 to be a year of superior food
availability, uric acid concentrations measured were mar-
ginally, but not significantly higher.

Conclusion

Our results underline the importance of considering indi-
vidual quality, indicated by experience and age, to disen-
tangle the effects that cause variation in physiological
parameters during reproduction. Regarding nutritional
state, cholesterol levels remained relatively stable com-
pared to triglyceride and uric acid levels. Triglyceride
levels turned out to be a measure of nutritional index,
which is supported by findings of McGuire et al. (2009)
and were higher in a year of increased food availability.
Inter-individual differences in the cholesterol level in
females become apparent as soon as environmental con-
ditions are suboptimal. It would be of further interest to
measure cholesterol and triglyceride levels prior to and
after the incubation period. Moreover, investigating cho-
lesterol concentrations under different foraging conditions
could contribute to a more comprehensive understanding of
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the resource allocation trade-off in birds during egg pro-
duction and incubation.
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