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Abstract A central point in life history theory is that
parental investment in current reproduction should be
balanced by the costs in terms of residual reproductive
value. Long-lived seabirds are considered Wxed inves-
tors, that is, parents Wx a speciWc level of investment in
their current reproduction independent to the breeding
requirements. We tested this hypothesis analysing the
consequences of an experimental increase in Xying
costs on the foraging ecology, body condition and chick
condition in Cory’s shearwaters Calonectris diomedea.
We treated 28 pairs by reducing the wing surface in one
partner and compared them with 14 control pairs. We
monitored mass changes and incubation shifts and
tracked 19 foraging trips per group using geolocators.
Furthermore, we took blood samples at laying, hatch-
ing and chick-rearing to analyse the nutritional condi-
tion, haematology, muscle damage and stable isotopes.
Eighty-day-old chicks were measured, blood sampled
and challenged with PHA immune assay. In addition,
we analysed the eVects of handicap on the adults at the
subsequent breeding season. During incubation, handi-
capped birds showed a greater foraging eVort than con-
trol birds, as indicated by greater foraging distances
and longer periods of foraging, covering larger areas.
Eighty-day-old chicks reared by treated pairs were
smaller and lighter and showed a lower immunity than

those reared by control pairs. However, oxygen
demands, nutritional condition and stable isotopes did
not diVer between control and handicapped birds.
Although handicapped birds had to increase their for-
aging eVort, they maintained physical condition by
reducing parental investment and transferred the
experimentally increased costs to their partners and
the chick. This result supports the Wxed investment
hypothesis and is consistent with life history theory.

Keywords Body condition · Ecophysiology · 
Foraging ecology · Life history theory · Shearwaters

Introduction

A major argument of life history theory is that current
investment in breeding should be balanced against the
negative eVects on future reproductive output (Williams
1966; Stearns 1992). For many bird species, the incuba-
tion and nestling rearing phases are critical periods for
decisions inXuencing this balance (Drent and Daan 1980;
Croxall 1982). Two main mechanisms have been pro-
posed to explain how birds optimise this balance: (1) the
‘Wxed investment hypothesis’ posits that parents have a
Wxed level of investment in their current reproduction to
maximise their own survival, independently of breeding
requirements (Ricklefs 1987; Mauck and Grubb 1995);
and (2) the ‘Xexible investment hypothesis’ suggests that
parents can alter the level of investment in their current
reproduction depending on the breeding requirements
(Reid 1987; Johnsen et al. 1994; Weimerskirch et al.
1997). In short-lived passerines, the probability of sur-
vival to future reproduction is low, so if chick demands
increase we would expect a parallel increase of parental
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eVort at the expense of their survival (Linden and Møller
1989). In contrast, in long-lived species, parents should
be more restrictive in increasing eVort in current repro-
ductive investment in order to moderate the impact on
future reproduction attempts. Thus, seabirds are gener-
ally considered Wxed investors (Croxall 1982; Chaurand
and Weimerskirch 1994; Tveraa et al. 1997).

One possible approach to explore these hypotheses
is through an experimental manipulation of the repro-
ductive eVort (Partridge and Harvey 1988). An
increase in energetic costs may negatively aVect life
span or lifetime reproductive success, depending on
how birds balance the additional costs with the repro-
ductive investment. In seabirds, reproductive costs
have often been manipulated by reducing wing areas,
increasing wing loading or altering oVspring demands
(Table 1). To maintain their body condition seabirds
can change foraging eVort, principally adjusting the
duration of the foraging trips (Table 1). Handicapped
birds might Wnd more diYculties in recovering body
condition after an incubation bout, resulting in longer
foraging trips (Tveraa et al. 1997). Similarly, during the
chick rearing period, handicapped birds may increase
the number and length of foraging trips to maintain
their body condition (Weimerskirch et al. 1995, 1999;
Duriez et al. 2000). As a result, chicks reared by handi-
capped adults can show poor nutritional condition and
poor development (Mauck and Grubb 1995; Velando
2002). However, how these changes may aVect access
to food resources, body reserves, muscle condition and
oxygen carrying capacity of handicapped adults or
their chicks have not been so far addressed. DiYculties
in obtaining enough quantity or good quality of food
can deplete body reserves of handicapped birds as well
as the immune system of their chicks (Alonso-Álvarez
and Tella 2001; Silva et al. 2001; Forero et al. 2002).
Furthermore, the increment in Xight costs due to hand-
icapping may alter haematological constants and inXict
muscle damage. Haematocrit and haemoglobin levels
increase associated with breeding activity and Xight-
induced muscle damage is reXected by increased levels
of muscular enzymes (Davey et al. 2000; Guglielmo
et al. 2001). Recent developments on the study of for-
aging ecology, diet, nutritional condition and health
can elucidate life history trade-oVs faced by long-lived
species. We can currently investigate foraging strate-
gies by using devices to track movements of birds (e.g.
Birdlife International 2004). Changes in diet or forag-
ing area can be investigated through the analysis of sta-
ble isotopes of C and N in blood (Forero and Hobson
2003). Furthermore, with the advent of small and pow-
erful autoanalysers, ecophysiological studies are now
easier to conduct.

Procellariiformes are particularly appropriate for
manipulating breeding and foraging costs and investi-
gating life history trade oVs. All the species display
specialised life history characteristics: they are long-
lived and have delayed maturity, long incubation and
chick-rearing periods, one-egg clutches and slow post-
natal growth (Warham 1990). Moreover, the large size
of many Procellariiform species allows the use of
instruments (geolocators or platform terminal trans-
mitters) to track their foraging movements as well as
the extraction of enough blood to perform a wide vari-
ety of ecophysiological analyses. In the present study,
we manipulated Xight costs by reducing the wing area
of some Cory’s shearwaters (Calonectris diomedea), a
medium Procellariiform species. We tested the predic-
tion of the ‘Wxed investment hypothesis’ in relation to
the trade oVs between current and future reproduction
with an integrative approach by comparing control and
handicapped birds with regards to: (1) foraging strate-
gies; (2) nutritional condition; (3) food resources
exploitation; (4) haematology and muscular damage;
and (5) return rates and breeding phenology in the sub-
sequent breeding season. Moreover, we also compared
the nutritional condition between chicks reared by
treated pairs (one of the parents handicapped) and
those reared by a control pair (Table 2). The main nov-
elty of our study is the integration of ecological, eco-
physiological and reproductive aspects examined in
parents and in their chicks over the entire breeding
season, as well as on adults at the subsequent breeding
season. If the Wxed investment hypothesis is true, we
can expect a transfer of the breeding costs from the
handicapped bird to the partner and their chick. In this
case, parental investment of the partner should
increase and condition of their chick may deteriorate
(Table 2).

Materials and methods

Model species

Cory’s shearwater is a colonial pelagic Procellariiform
breeding on the northeast Atlantic and Mediterranean
islands. The species shows a high reproductive invest-
ment (8 months), long incubation (54 days) and chick-
rearing (90 days) periods and a life span of over
30 years. Birds nests in rock crevices and burrows
under rocks or soil. Incubation duties are shared by
both sexes and when one partner is incubating the
other one is foraging. Diet mainly comprises epipelagic
and epimesopelagic Wsh and squid (see Thibault et al.
1997 for more details).
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Manipulation of the Xying cost

We conducted the study in Gran Canaria (15°47�18�N;
27°50�41�E, Canary Islands, Spain), from April to
November 2004 and from May to June 2005 at a breed-
ing colony of about 150 pairs of Cory’s shearwaters. To
test the eVects of about 5% increase in Xying costs on
parental investment, we handicapped some birds by clip-
ping the tip of each primary feather, by 3 cm for males
and 2.5 cm for females. This threshold is expected to
minimise the damage caused by the cost increase while
still eliciting a measurable response (Velando 2002;
Velando and Alonso-Álvarez 2003). Clipping values for
each sex were calculated according to the body size and
the mean sexual size dimorphism for this species [body
mass (kg): males=0.810§0.07 (n=55), females=0.716§
0.05 (n=44), wingspan (m): males=1.26§0.03 (n=55),
females=1.23§0.02 (n=44); see Pennycuick 1989 for cal-
culations]. Only 2 of the initial 42 pairs abandoned the
nest presumably as a consequence of the treatment.

Experimental procedure

We randomly assigned 14 and 28 breeding pairs to the
control or the treated group, respectively. Pairs from
the treated group included one handicapped bird and
its unmanipulated partner. Birds were handicapped
according to the sex until reaching parity. Figure 1
shows the monitoring and the measures carried out
throughout the breeding season. We started the experi-
ment at the onset of the laying period. Burrows were
visited daily until an egg was laid and the Wrst incubat-
ing bird found at the burrow was ringed, weighed, mea-
sured and scored for the number of fault bars in all
primary and rectrice feathers and, Wnally, handicapped
if appropriate. Bill depth, bill depth at nostril, tarsus,
culmen and maximum head length were measured
using a digital calliper to the nearest §0.1 mm. Wing
length was measured using a ruler to the nearest
§1 mm. We determined the sex of adult birds using a
discriminant function based on morphological measures

Table 2 Predictions of the “Wxed” and the “Xexible investment hypothesis” in relation to an experimental increase of Xying costs

a Provided that manipulation is fully compensated by handicapped bird

Fixed hypothesis Flexible hypothesis Present study

Foraging eVort Moderate adjustment Dramatic adjustment Adjusted
Foraging area Increase Increase Increased
Trip length Increase Increase Increased
Trip duration Increase Increase Increased
Maximum distance Increase Increase Increased

Body condition Unchanged Deteriorate Unchanged
Haematology and muscular damage Unchanged Deteriorate Unchanged
Survival Unchanged Decreased Unchanged
Parental investment of the partner Moderated increase Unchangeda Increased
Chick condition Deteriorate Unchanged Deteriorated

Fig. 1 Breeding schedule of Cory’s shearwaters (Calonectris diomedea) at Canary Islands and sampling protocol throughout the exper-
imental period (thick line)

migration
return

blood of adults

 NovSep OctAug  Jul JunMay

blood of adultswing surface reduction,
blood of adults,

morphological measure

80 days since
hatching

-60 days since
hatching

50

egg hatchingegg laying

pre-laying
 exodus

- migrationincubation chick rearing

blood of chicks
immune response,

morphological measures

incubation shift, foraging trip,
body mass and geolocators.
123



154 Oecologia (2007) 151:150–160
of 154 birds measured in previous years and sexed with
molecular techniques at the same breeding colony
(unpublished data, 95% eVectiveness, D=1.044 £ bill
depth + 0.131 £ maximum head length ¡35.803, Wilks
Lambda 0.273, �2=158.535, P<0.001, positive is male).

Incubation shifts and foraging trips

During the incubation period, we studied the duration
of the incubation shifts and foraging trips as well as
changes in mass in all birds by daily visits to the nests.
One member of each pair was randomly marked with
picric acid on the head, allowing us to identify the incu-
bating bird from a distance and thus to infer the num-
ber of incubating days without disturbing the bird at
each visit. We measured changes in mass by weighing
the birds every 3 days until foraging trip departure as
well as at the arrival day (González-Solís et al. 2000).
Birds were weighed using Pesola spring balances to the
nearest §10 g. We deployed 10 g Geolocators (GLS
units) during the incubation phase on 19 control (8
males and 11 females) and 19 handicapped (7 males
and 12 females) shearwaters to study their foraging
trips. GLS units were equipped with an internal clock,
a battery, a photoelectric cell and a microchip, and
measured the light levels every 60 s, recording the max-
imum reading within each 10-min interval (full details
in Afanasyev 2004). From this information, 2 positions
per day (one corresponding to midday and the other to
midnight) can be inferred with an average accuracy of
186 km (Phillips et al. 2004). We tracked only one for-
aging trip per bird to ensure independence among
trips.

Haematology, plasma biochemistry and stable isotopes

Breeding adults were weighed and blood sampled
(1 ml) from the braquial vein at three stages (Fig. 1):
between 0 and 10 days after laying, between 0 and
3 days after hatching, and between 50 and 60 days after
hatching. Eighty-day-old chicks were also blood sam-
pled (1 ml) 24 h after PHA injection (see below). From
the total blood volume extracted, 0.9 ml was trans-
ferred to a vial with lithium heparin for chemical analy-
sis and 0.1 ml to a vial with 1 ml of absolute ethanol for
determining isotopic signatures of N and C.

Blood with lithium heparin was stored at 2–4°C
until haematological analyses within 5 h of extraction.
We determined haematocrit in a 70-�l capillary after
centrifugation for 8 min at 12,000 rpm. Haemoglobin
was measured photometrically (Clima 3.01; RAL,
Spain) after haemolysis in Drabkin’s solution (Drab-
kin and Austin 1936). The remaining blood (0.8 ml)

was centrifuged at 5,500 rpm for 10 min and the
plasma was frozen at –22°C up to 2–3 days until analy-
sed (see Bustamante and Travaini 1994). Plasma tri-
glyceride, cholesterol, total protein, urea and uric acid
(Jenni-Eiermann and Jenni 1998; Totzke et al. 1999;
Alonso-Álvarez et al. 2002) were determined using a
spectrophotometer and commercial kits (Clima 3.01).
We also analysed creatinine and alanin aminotransfer-
ase enzyme to detect possible muscular damage
(Rosskopt et al. 1982).

Blood with absolute ethanol was refrigerated until
analyses of stable isotope ratios of nitrogen (�15N) and
carbon (�13C) to study trophic level and inshore versus
oVshore foraging (see Forero and Hobson 2003) in the
month previous to sampling (Hobson 1993). Blood was
dried at 60°C for 24 h to remove ethanol and 0.4 mg of
homogenised blood was weighed to the nearest �g and
placed into a Sn capsule. The samples were oxidised
with CuO and CO3O4/Ag at about 900°C in a Flash EA
1112 Elemental Analyser coupled to a pirolizator TC-
EA and a breath bench, through an interface ConXo
III Finnigan MAT. NO2 was reduced with Cu at 680°C.
The combustion products N2 and CO2 were dried using
MgClO4 and transported to a Delta C Finnigan MAT
mass spectrometer (Isotopic ratio mass spectrometry;
Serveis CientíWco-Tècnics of University of Barcelona,
Spain) which applies international standards, generally
run for each of 12 samples; IAEA CH7 (87% of C),
IAEA CH6 (42% of C) and USGS 24 (100% of C) for
13C and IAEA N1 and IAEA N2 (with 21% of N) and
IAEA NO3 (13.8% of N) for 15N.

Chick condition

We sampled 28 80-day-old chicks; 10 reared by control
and 18 by treated pairs. Chicks were ringed, weighed,
measured and blood sampled as adults. In addition,
chicks were also tested for cell mediated immune
response (CMI) by the PHA assay. This test provides a
measure of the proliferative response of circulating T
lymphocytes to the injected mitogen phytoaemaggluti-
nin (PHA). After injection, a prominent perivascular
accumulation of T lymphocytes is followed by macro-
phage inWltration. CMI was measured as the amount of
swelling after a period of 24 h from the injection (Smits
et al. 1999). We measured CMI by injecting 0.05 ml of
2 mg/ml PHA (Sigma) in phosphate buVered saline
into a marked site on the right external foot web. The
thickness of the foot web was measured with a digital
micrometer (Mitutoyo, §0.001 mm) at the injection site
just prior to and 24 h after injection. Each measure was
repeated three times to reduce measurement error.
Since the repeatability of the three measurements was
123
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high (intra-class correlation coeYcient, r>0.9; Zar
1984), we calculated the PHA response as the mean
change in thickness between the day of injection and
the following day (Smits et al. 1999). PHA assay was
performed 24 h before blood sampling to avoid poten-
tial interference of blood extraction on CMI response.
Sex of the chicks was determined by molecular proce-
dures (Ellegren 1996).

EVect in the subsequent breeding season

Between 20 May and 15 June 2005, we visited the col-
ony daily and checked all burrows of the colony site to
record return rates of adults, whether they were nest-
ing or not, and their laying dates.

Variables deWnition and statistical analyses

To analyse the eVects of the increased cost on the incu-
bation routine, we compared the intra-pair incubation
diVerence between control and treated pairs, i.e. the
number of days incubated by the partner A (handi-
capped) minus partner B (unmanipulated). Intra-pair
diVerence of control pairs was calculated by randomly
assigning half of the males to be the partner A and the
other half to be the partner B.

We measured the foraging eYciency as the rate of
daily mass gain while foraging (foraging eYciency =
mass gain foraging / total foraging duration). The total
mass gain foraging is the sum of the mass gained in
each foraging trip (mass at return – mass at departure).
For those birds that we weighed 2 or 3 days before
departure, we estimated the mass at departure using
the last mass recorded and the proportional daily loss
of mass for the appropriate sex (mean daily mass loss:
males=15.38 g/day, females=14.25 g/day; calculated for
incubating birds that were weighed more than once).

Data on the positions of birds tracked by geoloca-
tors were obtained according to BirdLife Interna-
tional (2004) recommendations. Positions were
calculated using Multitrace-3/16 light (Jensen Soft-
ware Systems) by inspecting the integrity of the light
curve day-by-day and Wtting dawn and dusk times. To
Wlter unrealistic positions, we removed those posi-
tions with a velocity index (Vi) above 50 km/h, indi-
cating an unlikely movement out and back from the
normal track as deWned by the preceding and follow-
ing position. By this procedure we discarded 7% of
755 positions. The velocity index was calculated as the
root of the square velocity average of the segments
between the two preceding and the two following
positions (see McConnell et al. 1992). Mean velocity
for each trip was estimated by averaging the velocities

between validated positions. Total trip distance and
total trip duration was calculated as the sum of dis-
tances and durations between validated positions. We
deWned the main foraging area at three diVerent levels
as the areas encompassing 50, 75 and 95% of vali-
dated positions using the Kernel analysis (cylindrical-
equivalent projection, cell size of 5,000 m and
smoothing factor of 200 m).

To study the treatment eVect on nutritional condi-
tion, haematological parameters and muscular dam-
age, we calculated the percentage variation at the
end of incubation and chick-rearing with respect to
the onset incubation. We transformed logarithmi-
cally the biochemical, haematological and body mass
variables to normalise them. To determine the body
size of chicks we used a Principal Component Analy-
sis combining three linear measurements (culmen,
tarsus and wing length) and extracting the Wrst princi-
pal component (PC1). This accounted for 57.7% of
the variance. To evaluate the treatment eVect on
each variable we used the ANOVA test, including
sex and treatment (control or handicapped) as Wxed
factors. In the variables where sex did not show sig-
niWcant diVerences, we removed this factor and
repeated the analysis. DiVerences between sexes
were not signiWcant unless otherwise indicated. To
study potential eVects of the experiment on the
chicks, we included the treatment of the parents
(control or treated) and the sex of the chick as Wxed
factors. To study the eVect of the treatment on the
return rates and laying dates between control and
treated, we used the �2 test (Yates correction; Zar
1984). We used SPSS 11.0 (SPSS for Windows 1999)
and the Animal Movement Extension for ArcView
3.2 (Hooge and Eichenlaub 1997) to perform statisti-
cal and Kernel analyses, respectively. Results are
shown as means§standard deviation except when
otherwise indicated.

Results

Incubation routine and foraging eYciency

Intra-pair incubation in treated pairs diVerence was
lower than zero and diVered signiWcantly from control
pairs (control pairs=0.18§3.82 days, treated pairs=
¡3.71§5.28 days, F1,37=4.93, P=0.03), indicating that
handicapped birds incubated fewer and foraged more
days than their partners as well as than the control
birds.

Total mass gained while foraging over the entire incu-
bation did not diVer between control and handicapped
123
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animals (control birds=335.27§96.87 g, handicapped
birds=339.06§70.57 g, F1,46=0.03, P=0.87), and was sig-
niWcantly greater for females than for males (males =
308.72§83.39 g, females=366.12§71.80 g, F1,46 =7.18,
P=0.01). Foraging eYciency was 11.08% greater for
control than for handicapped birds, although values
did not diVer signiWcantly (control=14.73§3.54 g/day,
handicapped=13.26§3.32 g/day, F1,46=1.56, P=0.22).
The relationship between total mass gain while forag-
ing and total number of days foraging was larger in
control than in handicapped birds, although correla-
tion coeYcients did not diVer signiWcantly between
these two groups (Fig. 2; Z=2.11, df=2, P=0.13).

Foraging trips tracked by geolocators

All geolocator positions were located along the West-
ern Sahara coast of Africa (Fig. 3). Foraging areas
encompassing 50, 75 and 95% of locations (Fig. 4), trip
distance and trip duration were signiWcantly greater for
handicapped than for control birds (foraging area 50%,
F1,36=5.58, P=0.02; foraging area 75%, F1,36=4.56,
P=0.03; foraging area 95%, F1,36=4.78, P=0.03; Fig. 4;
trip distance (km): control=1,584§725, handicapped=
2,310§877, F1,36=7.72, P=0.009; trip duration (days):
control=7.11§2.86, handicapped=10.19§2.45, F1,36=
12.65, P=0.001). Mean velocity and maximum foraging
range did not diVer between control and handicapped
animals [mean velocity (km/h): control=9.41§2.82,
handicapped=9.92§4.61, F1,36=0.19, P=0.66; maximum
foraging range (km): control=787§202, handicapped
=858§302, F1,36=0.72, P=0.42]. None of the variables
derived from the tracked movements diVered between
males and females.

Nutritional condition, muscular damage and trophic 
ecology of adults

None of the mean increment values in blood biochemis-
try, haematological, body mass and muscular damage

Fig. 2 Mass gained while foraging in relation to the total foraging
duration during the entire incubation period for control (Wlled cir-
cle) and handicapped (open circle) shearwaters
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breeding site (Gran Canaria, Canary Island, Spain). Note that
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variables diVered signiWcantly between control and
handicapped adults throughout the experiment except
for the cholesterol increment during the chick-rearing
period, which was signiWcantly greater for handi-
capped than for control birds (Table 3). Isotopic signa-
tures of N and C did not diVer between both groups
(Table 3).

Between sexes, change in haematocrit, haemoglobin
and body mass during incubation were signiWcantly
greater for females than for males (haematocrit: males
=¡2.67§5.21%, females=6.36§10.33%, F1,46=15.65,
P<0.001; haemoglobin: males=¡9.03§9.01%, females=
8.48§13.01%, F1,46=30.35, P<0.001, body mass: males=
¡2.71§5.182%, females=8.54§8.02%, F1,46=15.77, P<
0.001). Creatinine increment during the incubation
period was signiWcantly greater for males than females
(males=63.04§41.10%, females=41.22§ 27.08%, F1,45=
4.48, P=0.04).

EVect on the chicks

Body size and mass were signiWcantly greater in chicks
reared by control than those by treated birds (Table 4)
and for male than for female chicks (body size: males=
0.63§0.79, females=¡0.54§0.83, F1,24=6.41, P=0.02;
body mass: males=929.60§137.07 g, females=761.00§
78.81 g, F1,24=11.40, P=0.002). Cell mediated immune
response, measured by the PHA assay, was signiW-
cantly greater in chicks reared by control than by

treated pairs (Table 4). Blood biochemistry, haematol-
ogy, muscular damage and stable isotope signatures
did not diVer between chicks (Table 4).

EVects in the subsequent breeding season

The frequency of pairs that returned and bred in the
subsequent season after the experiment and their lay-
ing dates did not diVer between control and treated
pairs (return rate: control pairs=75%, treated pairs =
71%, n=27, �2=2.20, df=1, P=0.12; increment in laying
dates between the two consecutive years: control
pairs=¡0.65§2.05%, treated pairs=¡1.65§2.7%, F1,27=
1.81, P=0.21).

Discussion

The results of this study clearly support the ‘Wxed
investment hypothesis’ as the main strategy in Cory’s
shearwaters to balance current and future reproduc-
tion, that is, parents invest a Wxed amount of eVort to a
certain reproduction regardless of the breeding
requirements of this event. Handicapped shearwaters
fulWlled all predictions of this hypothesis: in response
to the experimentally increased costs, handicapped
birds adjusted their foraging strategies to maintain
their body condition, physiological state and survival
prospects, and extra costs were partly shared with the

Table 3 Isotopic signatures of N (�15N) and C (�13C) and individual increment (% �) during the incubation and chick-rearing periods
for blood biochemistry, haematological, muscular damage, body size and body condition variables

Individual increment during incubation=100 £ [(value at the end – value at the onset of the incubation)/value at the onset of the
incubation]; chick-rearing=100 £ [(value 50–60 days after hatching – value at the onset of the incubation)/value at the onset of the incu-
bation]. Mean values§standard deviation

Incubation period Chick-rearing period

Control 
(n=22)

Handicapped 
(n=28)

F (df) P Control 
(n=9)

Handicapped 
(n=8)

F (df) P

Blood biochemistry (% �)
Total protein 14.1§17.4 14.9§17.5 0.02 (1,48) 0.88 0.1§26.2 25.5§34.2 3.01 (1,15) 0.10
Triglyceride 12.3§44.3 43.8§68.6 3.48 (1,48) 0.07 29.8§35.3 75§120.8 1.16 (1,15) 0.29
Cholesterol 20.7§26.5 23.7§31.9 0.13 (1,48) 0.72 20.1§18.8 52.8§27.8 8.22 (1,15) 0.01
Uric acid 40.4§136.5 24.0§106.1 0.23 (1,48) 0.63 289.8§171.2 251.7§279.9 0.12 (1,15) 0.74
Urea 109.1§305.4 133.0§385.1 0.05 (1,48) 0.82 ¡28.4§100.6 21.9§164.0 0.54 (1,15) 0.47

Body mass (% �) 2.4§8.7 1.4§9.4 0.17 (1,46) 0.67 ¡12.8§9.7 ¡6.6§9.3 1.76 (1,15) 0.20
Haematology (% �)
Haematocrit ¡0.1§9.9 3.2§8.3 2.07 (1,46) 0.16 0.8§9.4 8.7§10.3 2.79 (1,15) 0.12
Haemoglobin ¡0.1§14.1 ¡0.4§14.6 0.01 (1,46) 0.91 ¡4.0§12.6 ¡5.3§10.7 0.05 (1,15) 0.82

Muscular damage (% �)
Creatinine 52.4§33.1 52.1§39.1 0.01 (1,48) 0.97 62.5§46.2 52.9§38.6 0.21 (1,15) 0.65
Alanin aminotransferase 8.9§85.0 13.4§63.1 0.04 (1,45) 0.83 10.6§82.6 12.1§122.7 0.01 (1,15) 0.97

Trophic ecology (‰)
�15N 12.1§0.3 12.05§0.3 0.02 (1,48) 0.87 11.2§0.2 11.4§0.2 1.79 (1,15) 0.2
�13C ¡15.7§0.3 ¡15.6§0.4 0.21 (1,48) 0.65 ¡15.5§0.2 ¡15.5§0.3 0.22 (1,15) 0.64
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partner and mainly transferred to the chick (see
Table 2). Changes in foraging strategies of handi-
capped birds included an increase in foraging trip dura-
tion periods and a decrease in incubating time in
comparison to the control birds. Moreover, because
males and females share the incubation duties, the
experimental increase in Xight costs also resulted in a
compensation of the shorter incubation bouts by the
partner, who had to wait for the handicapped bird
before engaging in a new foraging trip. In addition,
resource predictability (Fig. 2), as indicated by the
strength in the relationship between the mass gain and
the number of days foraging, was lower in handicapped
than in control birds, suggesting a diVerence in the type
or catchability of the resources used. Similar adjust-
ments in foraging strategies were also detected in other
experimental studies in seabirds (see Table 1). In addi-
tion, we also detected changes in the foraging trips
tracked by light level geolocation (GLS). Handicapped
birds increased foraging eVort: they travelled more
days, longer distances and covered greater foraging
areas compared to control birds. This increase is pre-
sumably related to the need to gather more food for
covering the greater energy demands imposed by a
greater wing loading (Freed 1981). However, despite
the increase in foraging eVort and the lower resource
predictability of handicapped birds, GLS tracking and
stable isotope analyses most likely indicate that there
was no shift in their diet or in the location of their for-
aging areas. All instrumented shearwaters tracked by
GLS, control and handicapped, foraged on similar
feeding grounds, essentially located on the Western
Sahara coast (Fig. 3). This area is one of the main
upwelling zones of the Atlantic Ocean, with a high

biological productivity and high food availability for
seabirds (Barton et al. 1998; Davenport et al. 2002).
This result was further corroborated by the absence of
diVerences in �13C signatures, which are sensitive to
latitudinal changes in feeding areas or to changes in
oVshore-inshore feeding grounds (Forero and Hobson
2003). Moreover, handicapped and control birds did
not diVer in the �15N signatures, which are sensitive to
changes in diet composition, suggesting that both
groups fed on similar prey types (Forero and Hobson
2003). Thus, although handicapped shearwaters
increased their foraging eVort, all birds foraged on sim-
ilar areas and obtained similar prey. Probably, the high
food availability of the Western Sahara coast helped
handicapped birds to maintain body condition to the
same extent as control birds.

The maintenance of body condition is a common
feature of most experimental studies that manipulated
reproductive costs in long-lived bird species (see
Table 1). Similar to the results found in the present
study, in most cases handicapped birds maintained
their body mass during the incubation and during the
chick-rearing period (Mauck and Grubb 1995; Tveraa
et al. 1997; Weimerskirch et al. 1999; Duriez et al. 2000;
Nisbet et al. 2004; Ewing et al. 2005), and apparently
transferred the extra breeding cost to the partner or to
the chicks. Unlike previous studies, we assessed the
nutritional state of the birds through the analysis of
blood biochemical parameters related to the dynamics
of protein (total protein, uric acid and urea) and fat
stores (triglycerides) (Jenni-Eiermann and Jenni 1998;
Totzke et al. 1999; Alonso-Álvarez et al. 2002). Apart
from cholesterol, none of these diVered between control
and handicapped birds, conWrming that handicapped

Table 4. Mean values§stan-
dard deviation of blood bio-
chemistry, haematology, 
muscular damage, diet, body 
size and body condition of 80-
day-old chicks

Control pair Handicapped pair F (df) P

Blood biochemistry
Total protein (g/dl) 2.9§0.8 (9) 2.8§0.6 (18) 0.07 (1,25) 0.79
Triglyceride (mg/dl) 155.0§92.3 (7) 145.5§80.9 (18) 0.08 (1,23) 0.77
Cholesterol (mg/dl) 176.0§33.9 (9) 151.8§37.0 (18) 3.16 (1,25) 0.09
Uric acid (mg/dl) 3.4§2.9 (9) 4.0§2.7 (18) 0.57 (1,25) 0.46
Urea (mg/dl) 17.0§13.9 (8) 15.3§13.2 (18) 0.25 (1,24) 0.62

Haematology
Haematocrit (%) 32.9§3.1 (9) 33.6§4.0 (18) 0.19 (1,25) 0.66
Haemoglobin (g/dl) 9.7§1.8 (9) 9.5§1.4 (18) 0.13 (1,25) 0.79

Muscular damage
Creatinine (mg/dl) 0.5§0.1 (9) 0.6§0.1 (18) 0.02 (1,25) 0.89
ALT(U/l) 36.0§16.1 (8) 29.6§9.3 (18) 1.42 (1,24) 0.24

Trophic ecology (‰)
�15N 11.2§0.3 (10) 11.3§0.3 (18) 0.34 (1,26) 0.56
�13C ¡17.4§0.4 (10) ¡17.4§0.4 (18) 0.01 (1,26) 0.93

Body size
PC1 (tarsus, culmen, wing) 0.7§0.6 (10) ¡0.4§0.9 (18) 8.09 (1,24) 0.01
Body mass (g) 936.5§112.7 (10) 785.3§121.0 (18) 5.01 (1,24) 0.03

Cell mediated immunity 0.29§0.05 (10) 0.23§0.06 (18) 4.43 (1,24) 0.04
Sample size in parentheses
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birds were able to maintain their health state despite of
the imposed increase in Xying costs.

Cholesterol is a fat store and its increment during
chick-rearing phase was greater in handicapped than in
control adult birds (Table 3). Variation in this metabo-
lite is generally related to a diet change, body mass
change or to endocrino or renal damage (Duncan et al.
1994; Alonso-Álvarez et al. 2002). Causes of the diVer-
ence in our study are diYcult to envisage, since none of
the potential explanations agree with other aspects
examined in the present study. Body mass did not diVer
between control and handicapped birds along the breed-
ing season. Diet was also similar between groups accord-
ing to the analyses of stable isotopes. Finally, possible
endocrine or renal damage would be expressed in paral-
lel by an elevation of other metabolites such as alanin
aminotransferase or creatinine (Fudge 2000), but these
enzymes did not diVer between control and handicapped
birds. Perhaps cholesterol is more sensitive to subtle
changes in diet than stable isotopes, but further experi-
mental research is required to conWrm this suggestion.

The increase in foraging eVort of handicapped birds
may aVect oxygen demands and muscular condition.
Extra eVorts could lead to a decrease in the haemato-
crit and haemoglobin values as a consequence of an
increase in blood oxygen demand (Davey et al. 2000).
Besides, muscular damage could be reXected by an
increment in muscular enzymes (Rosskopt et al. 1982;
Guglielmo et al. 2001). However, none of the haemato-
logical parameters and muscular enzymes diVered
between control and handicapped animals, although
handicapped birds tended to increase hamatocrit,
which is probably related to the increase in foraging
eVort caused by the manipulation of Xight costs.

Besides the cost transferred to the incubating partner,
increased Xying costs in handicapped birds can also be
reXected in the condition of their chicks. Chicks reared
by treated pairs showed lower body size and mass to
chicks reared by control pairs. This is probably a conse-
quence of less food being contributed by the handi-
capped bird, which was not fully compensated by the
partner. This result agrees with previous experimental
studies on other Procellariiform species where Xight
costs were experimentally increased. Handicapped birds
reduced chick feeding frequency and the chicks of treat-
ment pairs grew less and were lighter than in control
pairs (Mauck and Grubb 1995; Weimerskirch et al.
1995). In addition, we found that immune response of
chicks reared by treated pairs was lower than those
reared by control pairs, suggesting that the development
of the immune system of the chicks was adversely
aVected by the lower food intake (Alonso-Álvarez and
Tella 2001). These results show that handicapped birds

did not increase the eVort to maintain the average level
of reproductive investment, but to maintain their body
condition at the expense of chick condition.

In conclusion, although handicapped birds had to
increase their foraging eVort, they maintained body
condition by reducing parental investment and trans-
ferring the experimentally increased costs to their part-
ners and the chick. Thus, the present study supports
the Wxed investment hypothesis for shearwaters and is
consistent with life history theory predictions.
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