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bstract

Large quantities of petroleum products are released into the marine environment as result of tanker wrecks. Such catastrophic events have a
ramatic impact on marine ecosystems, affecting a broad range of species. Seabirds are placed at the uppermost trophic level of the marine food
hain. Therefore, important toxic effects are expected in these organisms. The recent Prestige oil spill gave the opportunity to test this. A previous
tudy reported that yellow-legged gulls (Larus michahellis) breeding in the oiled area (17 months after the spill) showed differences both in plasma
iochemistry and in the total circulating levels of polycyclic aromatic hydrocarbons (TPAHs) in blood regard to gulls sampled in clean areas.
n the present study, wild yellow-legged gulls were fed with heavy fuel oil from the Prestige oil spill (P-gulls) and compared with control gulls
C-gulls) fed only with the vehicle (vegetable oil). Consistent with the cited previous findings, gulls fed with fuel oil showed reduced glucose
nd inorganic phosphorus levels in plasma, as well as a trend to significantly reduced creatinine values. In addition, glucose concentration was
egatively related to TPAH levels. Males but not females fed with fuel oil showed higher plasma activity of asparatate aminotransferase (AST)
han controls. With regard to plasma activity of gamma-glutamyl transferase (GGT), the results were opposite to the previous study. The GGT
ctivity increased in C-females, apparently to meet with increased liver metabolism due to egg laying demands, but not in P-females. Differences
o the previous study possibly reflect different adaptive responses of these enzymes to an acute short-term exposure to heavy fuel oil. Since the
ellow-legged gull belongs to a complex of species widely distributed throughout the Northern hemisphere, the results as a whole might provide

tool for future evaluations of short- and long-term effects of oil spills on seabirds. Decreased glucose and inorganic phosphorus levels in plasma
re expected in both short- and long-lasting exposures to fuel oil, whereas responses of AST and GGT enzymes would depend on both the sex of
ndividuals and the temporal pattern of exposure.

2007 Elsevier B.V. All rights reserved.

; Poly

2
t
t
a

eywords: Heavy fuel oil ingestion; Glucose; Larus michahellis; Liver damage

. Introduction

Different compounds present in petroleum products (such as
olycyclic aromatic hydrocarbons [PAHs]; i.e. list in Keith and

elliard, 1979) are able to induce carcinogenic and immuno-

oxic effects as well as endocrine disruption in vertebrates (e.g.
elboin and Ts’o, 1981; Nicolas, 1999; Reynaud and Deschaux,

Abbreviations: AST, asparatate aminotransferase; CV, coefficient of
ariability; df, degrees of freedom; GGT, gamma-glutamyl transferase; HPLC,
igh performance liquid chromatography; iP, inorganic phosphorus; TPAH, total
olycyclic aromatic hydrocarbons; SE, standard error
∗ Corresponding author. Tel.: +34 926295450; fax: +34 926295451.

E-mail address: carlos.alonso@uclm.es (C. Alonso-Alvarez).
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006). Large quantities of petroleum products are released into
he marine environment as result of tanker wrecks. Such catas-
rophic events have a dramatic impact on marine ecosystems,
ffecting a broad range of organisms, including seabirds (e.g.
eterson, 2001; Velando et al., 2005a,b). One of the last exam-
les of a large marine oil spill took place in November 2002
hen the supertanker Prestige sank in the Galician coast (NW
pain). The tanker spilled between 40,000 and 63,000 tonnes of
eavy fuel oil into the Atlantic Ocean (e.g. Marcos et al., 2004;
iez et al., 2007), causing pollution from Portugal to France.

he Prestige oil spill was the biggest catastrophe of its type in
urope and thousands of seabirds died in the following months

Camphuysen et al., 2002; Martı́nez-Abraı́n et al., 2006). More-
ver, toxic compounds present in the Prestige oil spill, such as

mailto:carlos.alonso@uclm.es
dx.doi.org/10.1016/j.aquatox.2007.06.004
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AHs, are currently being detected in the marine food chain (e.g.
ernandez et al., 2006a,b; Laffon et al., 2006; Morales-Caselles
t al., 2006; Ordas et al., 2007).

Seabirds are placed at the uppermost trophic level of the
arine food chain. Important toxic effects of the petroleum

roducts would be therefore expected in these organisms. In the
ast, many studies have reported damaging effects of exposure
o petroleum products in seabirds after oil spills (e.g. Newman
t al., 1999; Seiser et al., 2000; Golet et al., 2002; Balseiro
t al., 2005). However, as far as we know, only one study on
eabirds has determined the presence of PAHs in the organism,
xploring the relationship between the total blood circulating
evels of PAHs (TPAH) and the health status of individuals
Alonso-Alvarez et al., 2007). That study was carried out on
he most common seabird of Galician coasts, the yellow-legged
ull (Larus michahellis). The species was used to monitor the
mpact of the Prestige oil spill on the marine ecosystem. The pre-
ious knowledge on the plasma biochemistry of this particular
eabird (e.g. Alonso-Alvarez and Ferrer, 2001; Alonso-Alvarez
nd Velando, 2003; Alonso-Alvarez, 2005) allowed the inter-
retation of the results, which suggested different sub-lethal
ffects associated to a long-term exposure to fuel oil. Thus,
irds sampled in oiled areas showed reduced levels of glu-
ose, inorganic phosphorus (iP), total protein and creatinine
s well as higher levels of two aminotransferases, namely
amma-glutamyl transferase (GGT) and aspartate aminotrans-
erase (AST) (Alonso-Alvarez et al., 2007).

In birds, high GGT levels in blood are commonly used as
n index of liver disease, as well as damages in biliary ducts
nd renal epithelium (reviewed by Lewandowski et al., 1986;
ochleithner, 1994 and Harr, 2002). Meanwhile, high AST con-

entration in blood would be indicative of hepatocellular disease
n birds (Brugère-Picoux et al., 1987; Harr, 2002). Both GGT
nd AST enzymes are involved in the transamination of gluco-
enic amino acids (i.e. glutamate and aspartate, respectively;
tevens, 1996) in order to produce glucose (e.g. Stevens, 1996).
herefore, changes on these parameters would not only support

he idea of liver damages, but also explain the decrease in glu-
ose levels in the earlier study (i.e. Alonso-Alvarez et al., 2007).
oreover, the study reported positive correlations between the

otal blood concentrations of PAHs (TPAH) and a number of the
nalysed substances. Although such correlations do not imply
ausation, the results are suggestive of an effect of these partic-
lar compounds on seagull physiology. In summary, the results
s a whole suggested fuel-oil induced damages on vital organs
i.e. liver and kidney). However, an experimental demonstration
f these effects was still necessary.

Here, we have carried out such an experiment. Wild yellow-
egged gulls were experimentally fed with heavy fuel oil from the
restige oil spill and compared with control gulls fed only with
ehicle (i.e. vegetable oil). The study provided the opportunity
o compare the sub-lethal effects of a long-term exposure to toxic
ompounds in the oil spill (i.e. Alonso-Alvarez et al., 2007) with

he effects induced by a short-term acute exposure in a vertebrate
pecies. The same biochemical parameters were analysed as in
he earlier correlational study (Alonso-Alvarez et al., 2007). In
ddition, the total concentration of 15 PAHs found in the Prestige
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eavy fuel oil (Bosch, 2003; CSIC, 2003) was determined in the
ed cell fraction of blood.

. Materials and methods

.1. Experimental procedure

Thirty-one yellow-legged gull couples were randomly cho-
en at their breeding colony (Illas Cı́es, Galicia, NW Spain).
his population suffered the impact of the Prestige oil spill

n 2002 (Alonso-Alvarez et al., 2007). Twelve breeding pairs
hosen at random were daily fed with 0.04 ml of unweathered
eavy fuel oil from the Prestige oil spill (petrol-fed birds, “P-
irds”), kindly provided by Instituto Español de Oceanografı́a
nder the control of the Spanish Technical Bureau of Marine
pills (otvm.uvigo.es). In the heavy fuel oil provided to birds,

he concentration of the 15 PAHs (described below) was
7.75 �g/mL.

Ethical considerations were taken into account in the exper-
ment design to minimize the damage caused by fuel oil while
till eliciting a measurable response. To avoid provoking unnec-
ssary damage to the gulls and to keep the number of subjects
eeded as low as possible (Still, 1982), we chose an amount of
uel oil (0.3 ml in 7 days) well below the dosage used in previous
xperiments (e.g. Butler and Lukasiewicz, 1979; Leighton et al.,
985).

Fuel oil was mixed with vegetable oil and placed on a slice
f bread, which was hidden under vegetation and close to the
est (50 cm approximately) to avoid the risk of being eaten by
on-target birds. Yellow-legged gulls are territorial, defending
ggressively several meters around their nest site (Alonso-
lvarez, 2001; Alonso-Alvarez and Velando, 2001). Moreover,
previous experience providing food in the same way and reg-

stering behavior of gulls around the territory reported that no
ood item was stolen by other birds (Pérez et al., 2006). The
ther 19 pairs (control birds, “C-birds”) were fed in the same
ay, but the bread did not contain fuel oil, but only vegetable oil.
here were no differences in body size (i.e. tarsus length or head

ength) between gulls assigned to each group (p-values > 0.20).
ll gulls were fed from April 26 (just before the egg-laying
eriod in the population) to the time when the clutch was com-
leted (mean, range: 2.8, 1–3 eggs). Fuel oil diet was, however,
estricted to seven consecutive days (until May 3). From the end
f the 7-day period to the end of the egg-laying period all birds
eceived bread with only vegetable oil (mean ± SE: 9.2 ± 0.98
ays, range 1–21 days). There was no difference between treat-
ents in the number of days elapsed from the start of feeding

o the end of egg-laying (complete feeding period) (F1,29 = 0.29,
= 0.597; means ± S.E.: 9.84 ± 1.1 days and 8.75 ± 1.88 days

or C- and P-gulls, respectively).
One of the members of the couple was randomly captured at

heir nest site during incubation (10 C-females, 8 P-females, 9
-males and 4 P-males). A blood sample (about 1.5 mL) was
mmediately taken from the ulnar vein with a heparinized 25G
eedle. Blood was then transferred to plastic tubes and microcap-
llaries filled from them. Both tubes and filled microcapillaries
ere maintained cooled in ice boxes (4 ◦C), and centrifuged at
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he end of the day. Plasma and blood cells (pellet) were sepa-
ately frozen in liquid nitrogen (−196 ◦C). Hematocrit values
ere daily determined from centrifuged microcapillaries.
Several morphometric measures including the head and tar-

us length (to 1 mm) were measured on each bird. Body mass
as also determined (to 1 g). The tarsus length allowed sexing
irds by means of a discriminant function (Bosch, 1996). The
umber of days elapsed from the end of the laying to the cap-
ure date did not differ between groups (F1,29 = 1.02, p = 0.321;

eans ± S.E.: 8.68 ± 1.1 days and 10.8 ± 2.1 days for C- and
-gulls, respectively).

.2. TPAH levels

Fifteen of the most toxic polycyclic aromatic hydrocarbons
PAHs), according to U.S. Environmental Protection Agency
EPA) data (Keith and Telliard, 1979) and present in the
restige heavy fuel oil (CSIC, 2003), were measured in the

ed blood cell fraction (pellet). The PAHs analysed were
cenaphthene, anthracene, benz(a)anthracene, benzo(a)pyrene,
enzo(b + j)fluoranthene, benzo(g,h,i)perylene, benzo(k)fluo-
anthene, chrysene, dibenz(a,h)anthracene, fluorene, fluoran-
hene, indeno(1,2,3-c-d)pyrene, naphthalene, phenanthrene and
yrene. To estimate the individual degree of oil contamination,
he sum of concentrations from all these hydrocarbons was used
s a variable (TPAH level).

The concentrations of PAHs were determined by high per-
ormance liquid chromatography (HPLC). After microwave
xtraction with a mixture of acetone:hexane 1:1, the extract
as cleaned-up using a deactivated alumina column with hex-

ne as eluant. The PAHs were determined by HPLC coupled
o a wavelength programmable fluorescence detector (Viñas-

iéguez, 2002). The method used certified quality controls from

he National Institute of Standards and Technology (Gaithers-
urg, USA; references NIST SRM 1647d and 2977). Moreover,
he method was involved in the “Prestige, 2004 Intercalibra-

s
a
o
d

able 1
irculating levels of several biochemical parameters, the hematocrit value and the si

rom the Prestige oil spill or fed with vehicle only (controls)

arameter Control

Mean S.E.

lucose (mg/dL) 471.8 10.48
P (mg/dL) 2.99 0.22
reatinine (mg/dL) 0.79 0.02
a (mg/dL) 13.22 0.39
ric acid (mg/dL) 6.52 1.05
GT (U/L) 15.30 4.40
ST (U/L) 289 19.8
holesterol (mg/dL) 410.9 19.3
otal protein (g/dL) 52.76 3.03

ematocrit (%) 44.11 0.80

ale size-corrected body mass (residuals)b −0.15 0.33
emale size-corrected body mass (residuals)b 0.01 0.38

he effect of the treatment from ANCOVA models is also shown. Other significant fa
a One-tailed p-values established from a priori predictions (see Section 2).
b Size-corrected body masses were standardized residuals from the model includin
oxicology 84 (2007) 103–110 105

ion Trial” organized by the Instituto Español de Oceanografı́a
www.ieo.es).

.3. Biochemical measurements from plasma

The measurements were carried out using a spectrophotome-
er (A-25, Biosystems SA, Barcelona), and commercial kits and
ertified controls from Biosystems (Biosystems SA, Barcelona).
he analyzed parameters were (method in parenthesis): AST
ctivity (NADH-method), calcium concentration (arsenaze III),
holesterol concentration (cholesterol oxidase), creatinine con-
entration (alkaline picrate), GGT activity (carboxy substrate),
lucose concentration (glucose oxidase), inorganic phosphorus
oncentration (phospho-molybdate reaction), total protein con-
entration (biuret reaction) and uric acid concentration (uricase
ethod). The within-assay coefficient of variation (CV) for all

hese parameters ranged between 0.4% and 2.9%. The analyses
ere carried out in the same assay session. The experimental
roups were alternated in the reader plate. There was not enough
ample volume for all tests in all the samples, and thus degrees
f freedom showed in results (Table 1) could vary.

.4. Breeding output

Reproduction was monitored by regular visits to the colony.
gg width and length were measured with a caliper to the
earest 0.01 mm. We calculated egg volume using the function
.51 × length × (width)2, proposed by Hoyt (1979).

.5. Statistical analyses

We tested differences between P- and C-birds by running

everal ANCOVA models including the experimental treatment
nd the sex as fixed factors, testing its interaction. Additionally,
ther potentially confounding factors and covariates were intro-
uced in the models in order to control for individual variability.

ze-corrected body mass from adult yellow-legged gulls fed with heavy fuel oil

Petrol-fed Treatment effect

Mean S.E. F d.f. p

441.7 20.96 6.02 1.25 0.010a

2.45 0.36 6.51 1.25 0.009a

0.56 0.05 2.49 1.28 0.063a

12.46 0.59 3.88 1.26 0.274
4.67 0.47 1.87 1.28 0.183
5.87 3.92 1.80 1.24 0.192

310.8 27.3 1.74 1.24 0.200
420.8 16.99 0.13 1.28 0.722
51.5 2.01 0.37 1.28 0.547

43.67 1.24 0.10 1.29 0.751

0.18 0.14 0.70 1.9 0.426
−0.01 0.66 0.48 1.14 0.499

ctors and covariates are described in results.

g tarsus and head length as covariates (always p < 0.05).

http://www.ieo.es/
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e always started from the saturated model with all factors and
ovariates, removing non-significant terms by a backward step-
ise procedure. Covariates were: body mass and body size of
ulls, total egg volume of the clutch and the number of days
lapsed from the beginning of the treatment to the end of egg-
aying (complete feeding period). In addition, the influence of
lutch size was tested as a fixed factor with three levels (1–3
ggs).

The tarsus and head length of adults were also added
s covariates when analysing size-corrected body mass (e.g.
arcı́a-Berthou, 2001; Stevenson and Woods, 2006). Since

dult body mass follows a bimodal distribution (i.e. yellow-
egged gulls are sexually dimorphic in size; Bosch, 1996), the
nalyses on this variable were performed separately for each
ex.

The interaction between circulating levels of TPAH and the
xperimental treatment was also tested in order to know if the
AHs acquired from the experimental diet or from the environ-
ent correlated with different responses.
In order to avoid type II errors due to the reduced sample

ize (see ethical considerations above), we used one-tailed p-
alues in those analyses where an a priori prediction was clear,
s recommended in studies which involve manipulations that
re potentially detrimental to the animals (Still, 1982). Thus,
e predict that P-birds would show a higher TPAH level in
lood than controls (above). Moreover, we predicted some dif-
erences between treatments following results in the previous
tudy on the impact of the Prestige oil spill on yellow-legged
ulls (Alonso-Alvarez et al., 2007). In this way, we predicted
ower glucose, total protein, creatinine and phosphorus levels
nd higher AST activities in P-birds. Similarly, we predicted
igher GGT activities in P-females (i.e. Alonso-Alvarez et al.,
007). Calcium concentrations and AST activities were log-
ransformed whereas creatinine concentrations were square root
ransformed to meet the normality requirements for paramet-
ic analyses. SAS statistical software was used (version 8.2;
AS Institute, 2001). DMS tests were used for pairwise post
oc comparisons. Results are given as means ± S.E.

. Results

.1. TPAH in blood

As expected, TPAH values of P-gulls were higher than TPAH
alues of C-gulls (75.79 ± 9.13 and 56.42 ± 5.38 ng/g, respec-
ively; F1,29 = 3.80, p = 0.031). Neither the sex of the bird nor
he treatment × sex interaction showed significant effects (both
’s > 0.75).

.2. Breeding output, body mass and hematocrit variability

The date of laying of the first egg did not differ between treat-
ents (F1,29 = 0.14, p = 0.716; Julian calendar: 127.8 ± 1.1 and
27 ± 1.9 days, for C- and P-gulls, respectively). Neither clutch
or the total volume of eggs (F1,29 = 0.23, p = 0.634; 212 ± 8.5
nd 205 ± 15.8 cm3, for C- and P-gulls, respectively) differed
etween experimental groups. Neither the size-corrected body

I
g
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r

oxicology 84 (2007) 103–110

ass (both sexes) nor the hematocrit value showed differences
etween the treatments (Table 1).

.3. Effects on plasma parameters

Gulls experimentally fed with heavy fuel oil showed sig-
ificantly lower plasma concentrations of glucose and iP than
ontrols (Table 1 and Fig. 1). Creatinine concentrations also
ended to be lower in fuel oil supplemented gulls, but the dif-
erence was not significant (Table 1 and Fig. 1; sex × treatment
nteraction was not significant: p > 0.20). In the case of plasma
lucose levels, the interaction between experimental group
nd the concentration of circulating PAHs was significant
F1,25 = 6.64, p = 0.016). Thus, whereas TPAH did not corre-
ate with glucose levels in controls (r = +0.16, p = 0.531), a
lear negative relationship was present in P-gulls (r = −0.66,
= 0.019; Fig. 2). Meanwhile, when the clutch size was retained

n the model testing variability in iP levels (F1,25 = 8.39,
= 0.002), phosphorus values decreased with increasing clutch

ize (5.78 ± 0.01, 2.69 ± 0.42 and 2.65 ± 0.19 mg/dL, for 1-, 2-
nd 3-egg clutches).

In the model on plasma calcium levels, the treatment × sex
nteraction was close to significance (F1,24 = 3.67, p = 0.068;
ig. 1). Thus the effect of fuel-oil supplementation was evident

n females but not in males. P-females showed lower cal-
ium levels than C-females (11.8 ± 0.73 and 13.6 ± 0.45 mg/dL,
espectively; p = 0.034), whereas males did not show any effect
13.6 ± 0.81 and 12.8 ± 0.56 mg/dL for P- and C-males, respec-
ively; p = 0.490).

With regard to the enzymes, the effect of the experiment
n AST activities was evident in males but not in females
sex × treatment, F1,24 = 4.58, p = 0.043; Fig. 1). Thus, males
ed with petrol showed higher AST activities than controls
p = 0.041). However, P-male activities did not differ from those
ound in females (p > 0.37). The number of days from the
eginning of the experimental feeding to the end of the egg lay-
ng (complete feeding period) correlated positively with AST
ctivities (r = +0.38, p = 0.044) and was retained in the model
n AST variability (F1,24 = 7.16, p = 0.013). Meanwhile, GGT
ctivity was significantly affected by the interaction between
reatment and sex (F1,24 = 5.12, p = 0.033), but in the oppo-
ite direction from that previously predicted (Fig. 1). Thus,
-females clearly showed higher GGT activities than P-females

p = 0.009), whereas males from both groups did not differ
p = 0.558).

. Discussion

Here we experimentally demonstrate that yellow-legged gulls
xposed to the Prestige heavy fuel oil (in feed) showed reduced
evels of glucose and inorganic phosphorus. Thus, the present
ndings agree with previous correlational results from yellow-

egged gulls captured several months after the Prestige oil spill.

n that time, gulls captured in oiled areas also showed lower
lucose and inorganic phosphorus levels than gulls from unoiled
reas (Alonso-Alvarez et al., 2007). Interestingly, the results also
evealed sex-specific differences in sensitivity to heavy fuel oil
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Fig. 1. Plasma levels of several biochemical parameters from yellow-legged gulls fed with vehicle (vegetable oil) or fed with vehicle plus heavy fuel oil from the
Prestige oil spill (white and dark bars, respectively). Creatinine and AST values were transformed to meet with the normality assumption (Section 2). Data are
s treatm
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eparately presented for male and female individuals. The main effect of the
omparisons is only represented for models showing a significant treatment ×
eans ± S.E.

n other parameters (i.e. aminotransferase activities and calcium
evels). Moreover, the findings highlight the differences of acute
nd long-term exposure to fuel oil on aminotransferase enzymes.

Low glucose levels as a result of ingestion of petroleum
roducts have been also reported in American coots (Fulica
mericana) exposed to plumage oiling and crude oil intake after
he Unocal-Metrolink spill (Newman et al., 2000). Thus, our
esults support the conclusion that petroleum products spilled on
he marine environment are able to induce a decrease in circulat-
ng glucose levels in seabirds, not only after long-term exposures
i.e. 17 months; Alonso-Alvarez et al., 2007), but also after short
pisodes of ingestion. Nonetheless, Golet et al. (2002) reported
igher glucose levels in blood from pigeon guillemots (Cep-

hus columbia) sampled in areas affected by the Exxon-Valdez
il spill. These authors suggested that the effect was due to an
ncreased adrenal response because corticosterone, the hormone
esponsible of the physiological stress response, also showed

P
C
i
c

ent is nonetheless described in Table 1. Significance of within-sex post hoc
teraction (see Section 3; *p < 0.05; **p < 0.010; n.s.: non significant). Bars are

igh levels in these birds. However, contrary to this conclu-
ion, other authors reported decreased adrenocortical response
n oiled seabirds (i.e. Gorsline and Holmes, 1982).

Our results also suggest that PAHs could be the specific com-
ounds responsible for such a decrease in glucose levels. Thus,
PAH values were negatively correlated to glucose concentra-

ion in P-gulls. Those birds supporting higher blood levels of
AHs also showed lower levels of glucose in plasma. Nonethe-
ess, we must also consider that other toxic compounds present
n the Prestige fuel oil could have contributed to the observed
ffects. This seems to be particularly probable when the oil is
eathered (see e.g. Barron et al., 1999; Booth et al., 2007).
From a mechanistic perspective, the lower glucose levels in
-birds may suggest, at a first glance, a decrease in food intake.
irculating glucose concentration is tightly regulated because

t is used as energy source for most tissues and cells (e.g. the
entral nervous system; Castellini and Rea, 1992). Here, the
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Fig. 2. The relationship between plasma glucose and total polycyclic aromatic
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but not male, yellow-legged gulls from oiled areas after the
ydrocarbon (TPAH) levels in the blood of yellow-legged gulls fed with heavy
uel oil from the Prestige oil spill.

lucose values of gulls from both experimental groups were
igher than those reported in captive yellow-legged gulls fed
d libitum (Alonso-Alvarez and Ferrer, 2001) and than levels
resent in wild gulls sampled in the previous year (Alonso-
lvarez et al., 2007). Moreover, P-birds did not show lower
ody masses, which would have indicated reduced food intake.
n the same way, they did not show lower hematocrit values, and
ence, anaemia (e.g. Newman et al., 1999; Balseiro et al., 2005).
he results agree with our previous study (Alonso-Alvarez et
l., 2007) where gulls sampled in oiled areas showed reduced
evels of glucose, but no effect on nutritional condition was
etected. Thus, overall the results strongly suggest that glucose
ifferences are not caused by reduced feeding. Instead, reduced
lucose levels are probably due to the impact of TPAH or other
oxic compounds present in fuel oil on glycogenic tissues. The
iver is the main detoxification organ, but has also a pivotal role
n glycogenesis (e.g. Stevens, 1996; Whittow, 2000). Hence, its
alfunction could have led to reduced glucose synthesis and

hen reduced circulating glucose.
Liver malfunction could also explain differences in inorganic

hosphorus concentrations. Avian embryos exposed to fluoran-
hene and benz(k)fluoranthene, that is, two of the PAHs detected
n our birds, showed liver necrosis and a decrease of alkaline
hosphatase (ALP) activity (Kertesz and Hlubik, 2002). ALP is
nvolved in phosphorus metabolism (Whittow, 2000). Since ALP
s produced by liver, kidney, intestines and bones (Lewandowski
t al., 1986; Hochleithner, 1994), any toxin acting on any of these
issues could potentially affect its activity, and consequently,
P levels. Studies analysing both acute and chronic exposures
f seabirds to crude or fuel oil reported decreased iP concen-

rations. Thus, reduced iP levels have been reported in female

allards (Anas platyrhynchos) experimentally fed with crude
il (Stubblefield et al., 1995) and on pigeon guillemots sam-

P
w
r
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led in the Exxon-Valdez oiled sites seven years after the spill
Golet et al., 2002). Meanwhile, the apparent impact of fuel
il on female calcium levels could be associated to the effort
f eggshell production. Accordingly, Stubblefield et al. (1995)
etected decreased levels of plasma calcium in female but not
ale mallards fed with crude oil, as well as reduced eggshell

hickness.
Moreover, gulls fed with fuel oil also showed a trend to sig-

ificantly lower creatinine levels. A significant difference in the
ame direction was observed between gulls sampled in oiled
nd unoiled sites (Alonso-Alvarez et al., 2007). Creatinine is
roduced in phosphocreatine catabolism, which is induced by
reatine kinase to produce energy for the muscle activity (Wyss
nd Kaddurah-Daouk, 2000). Captive yellow-legged gulls main-
ained in a reduced space had lower values than those observed in
he present study (Alonso-Alvarez and Ferrer, 2001). Thus, low
reatinine levels could indicate decreased muscular metabolism.
therwise, reduced creatinine levels could be associated with a

educed rate of glomerular filtration in kidneys, as deducted from
ibliography in humans (e.g. Herget-Rosenthal et al., 2007).
owever, the absence of differences in uric acid values would
ot support this idea (i.e. high uric acid levels are often indicative
f kidney failure in birds; Hochleithner, 1994).

Males fed on fuel oil showed higher AST activities than
ontrol males. Several studies on seabirds suffering from long-
erm exposures to oil spills show an increase of AST activities.
hus, pigeon guillemots captured in areas affected by the Exxon-
aldez oil spill seven years earlier showed higher AST activities
han birds from non-affected areas (Seiser et al., 2000; Golet
t al., 2002). Similarly, yellow-legged gulls from oiled areas
howed higher AST activities 17 months after the spill, AST
eing also positively correlated to TPAH levels in blood (Alonso-
lvarez et al., 2007). However, avian studies on the effects of

n acute exposure to oil spills on AST activities are not so con-
istent. Thus, whereas pigeon guillemots fed with crude oil did
ot show significant changes on AST activities (Prichard et al.,
997), in American coots AST activities decreased after the birds
ad suffered plumage oiling and ingested large amount of crude
il (Newman et al., 2000). Therefore, acute and chronic long-
erm exposures could result in different responses. Interestingly,
emales did not show significant differences in AST levels. Both
roups showed high AST activities similar to those of P-males,
uggesting that control females display higher hepatic damages
han males from chronic oil exposure. In that scenario, the exper-
mental increase of toxic compounds present in fuel oil over that
hreshold would have not been able to raise the AST production
n females. On the other hand, females, but not males, showed a
ositive correlation between AST activities and the days feeding
females: r = +0.52, p = 0.040; males: r = 0.06, p = 0.85). Since
uel oil was only restricted to the first seven days, this result can
e associated to a stronger sensitivity of females than males to
eeding on vegetable oil.

We have previously reported higher GGT activities in female,
restige oil spill (Alonso-Alvarez et al., 2007). Here, females
ere again the affected sex. Interestingly, the pattern was now

eversed. Control females showed higher GGT activities than
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-females. Although a decrease in GGT activity after fuel oil
xposure seems contraintuitive, decreased GGT levels after
cute exposure to some toxic compounds (i.e. PCBs) has been
eported in mice (Hori et al., 1997). Moreover, a decrease in
GT activity has been also described in mussels (Mytilus edulis)

xperimentally exposed to PAHs (Krishnakumar et al., 1997).
n alternative interpretation would be that P-females would have
ot been able to increase GGT activity in response to some phys-
ological requirement such as C-females did. In female mallards,
erum GGT activity increased 20-fold during the egg-laying
eriod (Fairbrother et al., 1990). Interestingly, the time elapsed
rom the date of clutch end to the blood sampling was inversely
elated to GGT values in females (r = −0.55, p = 0.029), but not
n males (r = 0.37, p = 0.244). This suggests that healthy females
ere able to increase GGT activity as a response to the physio-

ogical requirements of egg-laying (e.g. Christians and Williams,
999; Barboza and Jorde, 2002). Overall, the results indicate a
ex-related sensitivity of GGT and AST enzymes to acute oil
xposures.

Sex-specific effects of oil contamination on seabirds have
een rarely explored, and their demographic consequences are
ommonly ignored. A recent study indicated that when female-
kewed mortality occurs, a large decrease in breeding numbers is
xpected, because unmated males can defer breeding (Martı́nez-
braı́n et al., 2006), and this may in part explain the considerable
ecline observed in oiled colonies after oil spills (Velando et
l., 2005b). Sex-related sensitivity to fuel oil, such as reported
n this study, could be affecting the population dynamics and
onstrains the recovery of gulls in oil-affected colonies. Unfor-
unately, the lack of an appropriate monitoring of yellow-legged
ull populations (especially before the Prestige event) has pre-
ented to obtain definitive conclusions at least to the present
ime. Gulls are long-lived birds (e.g. Annett and Pierotti, 1999)
nd hence delayed effects such as reduced lifespan or reduced
ffspring fecundity could arise in future years. Nonetheless, the
tudy of another seabird sharing the same colonies as gulls (the
uropean shag; Phalacrocorax aristotelis) has reported a clear
egative impact in terms of population growth rate and breed-
ng success (Velando et al., 2005a). Thus, further investigation
s still necessary to disentangle the long-term effects of the oil
pill on the gull population.

In summary, several findings of the present experiment cor-
oborate the correlational results of a previous study, which
uggested sub-lethal effects derived from long-term exposures
o fuel oil in the same seabird species (Alonso-Alvarez et al.,
007). Meanwhile, the study also revealed different patterns in
minotransferases, probably an adaptive response to endure the
cute short-term exposure to fuel oil. Since the yellow-legged
ull belongs to a complex of species widely distributed through-
ut the Northern hemisphere (e.g. Liebers et al., 2001, 2004), the
esults as a whole might provide a tool for future evaluations of
hort- and long-term effects of oil spills in seabirds. Decreased
lucose and inorganic phosphorus levels in plasma are expected

n both short- and long-lasting exposures to fuel oil, whereas
ifferent responses of AST and GGT are expected depending
n both the sex of the individuals and the temporal pattern of
xposure.
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