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Summary 

 
Pathogens represent a major selective force for animal populations. Wildlife infectious 
diseases also have enormous implications for the conservation status of many species. 
Indeed, one main question in conservation physiology addresses the proximate and ultimate 
factors that underlie the appearance of clinical signs of a disease in free-living animals. In 
this thesis we have used correlative and experimental approaches to investigate the causes 
and the consequences of an outbreak of a viral disease in a population of Magnificent 
frigatebird Fregata magnificens (hereafter frigatebirds). 

The first goal of the work has been to determine the extent to which herpesvirus 
infections are linked to changes in organisms’ oxidative status. To this end, we have reviewed 
all available literature and used meta-analytical techniques to quantify the size of the effect 
of herpesvirus infection on oxidative stress and the potential protective role of antioxidants 
against herpesviruses.  

We have then investigated the link between herpesvirus infection and oxidative status in 
frigatebird chicks in Grand Connétable island, the study area located in French Guiana. Given 
that other important endogenous pathways might be affected by the disease, we have also 
assessed the differences between healthy and sick chicks in stress hormones 
(corticosterone), inflammation, immunity, and telomere length.  

We then aimed to experimentally manipulate the diet of frigatebird chicks. 
Administration of specific dietary molecules proved fundamental in animals exposed to viral 
diseases, but results of previous work arise from a limited number of domestic and 
laboratory species, while this topic remains poorly covered in free-living animals. We have 
therefore carried out two different experiments to increase: i) the intake of a specific 
antioxidant (i.e. resveratrol) with antiviral proprieties; ii) and food intake. 

Exposure to environmental stressors may play an important negative role on the 
physiology of wild birds. These negative effects, however, are reliant on the duration of the 
exposure and the trophic level of the considered species. Therefore, we have investigated 
the exposure to both organic and inorganic pollutants and the stable isotope signature 
(which indicates the trophic level) of the six seabird species breeding in Grand Connétable 
island. The objective of this final part of the thesis was to identify pollutants that exceed the 
threshold for safety and essential trace elements that might be deficient in the chicks’ diet 
and thus play a role in the appearance of clinical signs in our population. 

The results of this thesis point to oxidative stress as one of the main mechanisms that 
underlie viral activity and impact on health. Implicit in our discovery is the central role that 
dietary molecules may have in reducing the impact of a viral disease on the survival 
perspectives of free-living animals. As an example, sick chicks showed significantly higher 
levels of oxidative damage to lipids than healthy chicks, and the administration of resveratrol 
was able to buffer the deleterious effects that this viral infection has on the oxidative status 
of nestlings.  
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Our results from the food supplementation experiment also indicated that frigatebird 
chicks may be undergoing nutritional stress. Furthermore, although the levels of persistent 
organic pollutants occur at a low level in the seabirds breeding in the study area, we found 
mercury concentrations of concern. 

Our results point to exposure to mercury and food shortage as the environmental 
stressors that might underlie the appearance of clinical signs in our population (e.g. through 
an impairment of their immune and oxidative statuses, which in turn facilitates herpes 
infections), although a causal link has not been proved.  

Our work demonstrates that outbreaks of infectious diseases likely favoured by 
environmental changes can have devastating effects on free-living animal populations. Our 
work also provides the first evidence in a wild vertebrate that a shortage of antioxidants 
and/or food in the diet reduces the capacity of the organism to cope with a viral disease. 
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Samenvatting 

 
Pathogenen oefenen een grote selectiedruk uit op dierpopulaties, en ook infectieziekten 
kunnen een grote impact hebben op het overleven van vele diersoorten. Een belangrijke 
uitdaging in de conservatiefysiologie is het acherhalen van de proximale en ultimate factoren 
die ten grondslag liggen aan de klinische verschijnselen van ziektes bij dieren die in de vrije 
natuur leven. In deze thesis hebben we correlatieve en experimentele benaderingen 
gebruikt om te onderzoeken wat de oorzaken en gevolgen zijn van een virale ziekte in een 
populatie van de Amerikaanse fregatvogel Fregata magnificens (hierna fregatvogel). 

Het eerste doel van het onderzoek was het nagaan van de mate waarin infecties met het 
herpesvirus zijn gelinkt aan veranderingen in de oxidatieve status van organismen. We 
hebben dit gedaan door alle beschikbare literatuur over dit onderwerp te bestuderen en hier 
een meta-analyse op uit te voeren. Met deze meta-analyse hebben we het effect van 
herpesvirusinfectie op oxidatieve stress gekwantificeerd en gekeken naar de eventuele 
beschermende rol van antioxidanten tegen herpesvirussen. 

Vervolgens hebben we de link tussen herpesvirusinfecties en de oxidatieve status van 
fregatvogelkuikens bestudeerd in Grand Connétable Island (Frans Guiana). Ook andere 
endogene routes zouden beïnvloed kunnen worden door de ziekte, en daarom hebben we 
ook stresshormonen (corticosteron), inflammatie, immuniteit, en telomeerlengte 
vergeleken tussen gezonde en zieke kuikens. 

Vervolgens hebben we op een experimentele manier het dieet van de fregatvogelkuikens 
gemanipuleerd. Onderzoek heeft uitgewezen dat de toediening van bepaalde 
voedingsstoffen een fundamentele rol zou kunnen spelen bij dieren die aan virale ziektes zijn 
blootgesteld. Dit is echter alleen bij een beperkt aantal gedomesticeerde en 
laboratoriumsoorten aangetoond, en is vrijwel nog niet in het wild bestudeerd. Daarom 
hebben we twee verschillende experimenten uitgevoerd waarin we ten eerste de inname 
van een specifieke antioxidant (resveratrol) met antivirale eigenschappen verhoogden, en 
ten tweede het voedselaanbod verhoogden. 

Blootstelling aan omgevingsstressoren speelt mogelijk een belangrijke negatieve rol op 
de fysiologie van wilde vogels. Deze negatieve effecten zijn echter afhankelijk van de 
blootstellingsduur en het trofische niveau van de diersoort. We hebben daarom de 
blootstelling aan organische en anorganische verontreinigende stoffen, en de stabiele 
isotopen (die een indicatie geven van het trofische niveau) bestudeerd in zes verschillende 
soorten zeevogels die op Grand Connétable Island broeden. Het doel van dit laatste 
onderdeel van de thesis was om te identificeren welke verontreinigende stoffen boven en 
gestelde veiligheidslimiet gaan, en welke essentiële spoorelementen ontbreken in het dieet 
van de kuikens. Die zouden dan een rol kunnen spelen bij de klinische verschijnselen in onze 
studiepopulatie. 

De resultaten van deze thesis wijzen naar oxidatieve stress als één van de 
hoofdmechanismen die ten grondslag ligt aan virale activiteit en de impact op de 
gezondheid. Daarnaast staan voedingsstoffen centraal in onze bevindingen, omdat deze een 
grote rol zouden kunnen spelen bij het verlagen van de impact van een virale ziekte op de 
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overlevingskans van vrijlevende dieren. Een voorbeeld hiervan is dat zieke kuikens een 
significant hoger niveau van oxidatieve schade aan vetten hadden dan gezonde kuikens. Een 
ander voorbeeld hiervan is de toediening van resveratrol die de schadelijke effecten van de 
virale infectie op de oxidatieve status in kuikens kon bufferen. 

Het voedselsupplementatie experiment toonde aan dat fregatvogelkuikens wellicht 
onderhevig zijn aan nutritionele stress. Daar waar we lage concentraties van persistente 
organische verontreinigende stoffen hebben gevonden in onze modelsoort, waren de 
concentraties van kwik zorgwekkend. 

Onze resultaten lijken sterk te suggereren dat een hoge blootstelling aan kwik en 
voedseltekorten omgevingsstressoren zijn die van belang zijn bij de klinische verschijnselen 
in onze populatie (bijvoorbeeld door een degradatie van de immuun en oxidatieve status, 
die daardoor herpesinfecties faciliteren). Een causale link is echter nog niet bewezen. 

Ons onderzoek toont aan dat uitbraken van infectieziektes, mogelijks begunstigd door 
veranderingen in de omgeving, desastreuze effecten kunnen hebben op wilde 
dierpopulaties. Daarnaast geven wij als eerste bewijs dat bij een vrijlevende vertebraat met 
een tekort aan antioxidanten en/of voedsel in het dieet, de capaciteit waarmee een 
organisme kan omgaan met een virale ziekte gereduceerd wordt.  
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Entry, replication cycle, and virions’ exocytosis of a generic herpesvirus 
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Our ecosystems rely on a fragile equilibrium that has been shaped by years and years of 
evolution between the species they include and the environment that surrounds tem. This 
equilibrium is, however, under the constant threat of anthropogenic activities, which are 
therefore frequently ascribed as the main causes of the planet biodiversity decline. Human 
exploitation of natural resources, land-use alteration and habitat loss, global changes, the 
introduction of invasive species and the accumulation of environmental pollutants are 
amongst the main factors contributing to population decline (Bender et al., 1998; Pardo et 
al., 2017; Urban, 2015). In contrast, the role of infectious diseases (BOX 1) as drivers of 
population endangerment and species extinction has been underestimated in the past 
decades. Until a few years ago, the appearance of wildlife diseases was only detected when 
it resulted in massive mortality of either large or well-monitored animals. Furthermore, mass 
mortality events of wildlife due to infection diseases have often been related to other factors 
(Cunningham et al., 2017). To date, there is growing evidence that wildlife disease 
occurrence is increasing at an unprecedented rate (Cunningham et al., 2017). One of the 
most dramatic recent examples of wildlife diseases in birds is the West Nile virus (WNV). The 
virus, introduced in 1999 in the United States, has spread rapidly across several domestic 
species, wildlife animals, and humans (McLean, 2006). In a few years after its first 
appearance, the disease has caused the death of approximately 48,000 birds, while more 
than 200 species have tested positive for the virus (McLean, 2006). As birds are suspected to 
be the most amplifying hosts of WNV (Kramer and Bernard, 2001), outbreaks of diseases 
continue to occur and to cause adverse effects on a number of different bird species (George 
et al., 2015). Similarly, avian influenza virus (AIV) has caused worldwide severe outbreaks in 
poultry, wild birds, and humans (Chatziprodromidou et al., 2018).  

 
BOX 1: TYPES OF INFECTIOUS DISEASES 
An infectious disease results from the presence of a pathogen that can spread into the host organism and be 
transmitted to another host 

Introduced diseases A newly appeared disease transported to a new population or 
geographical region (exotic disease) 

Emerging diseases Either an already known disease that is rapidly increasing in its 
incidence or an only recently recognized disease 

Re-emerging diseases An already known disease from the past that has recently raised 
concerns 

Continuous diseases A disease that is occurring for several years, thus persistent and long-
lasting in its effects 

 
The current situation might be aggravated by the effect of climate change (Altizer et al., 

2013) and environmental pollutant emission (Hodges and Tomcej, 2016), posing a serious 
threat to wildlife animal populations. Hence, it is necessary to improve our knowledge on 
host-pathogen dynamics and to identify the underlying mechanisms that lead to the 
appearance of outbreaks of diseases. It is of fundamental importance to understand what 
makes individuals more susceptible, where the disease comes from and whether there are 
reservoir hosts in the environment. This will enable us to prevent future outbreaks and to 
limit both the short- and long-term consequences of infectious diseases on animal 
populations.  

Glucocorticoids, oxidative stress, and the immune response 

The immune system provides protection against viruses, bacteria, and tumor cells. The 
innate immune system represents the first line of protection against a diverse array of 
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pathogens. This rapid but non-specific response is made up by natural antibodies, 
leucocytes, and signaling molecules that regulate inflammation processes (Janeway and 
Medzhitov, 2002). It is also responsible for the activation of the adaptive immunity, a slower 
but more efficient response that eliminates pathogens through the action of highly 
specialized cells and biological mechanisms (Janeway et al., 2001). However, neither the 
strongest immune response nor the lowest parasite densities necessarily maximize host 
fitness because of a number of proximate constraints (Graham et al., 2010). Exposure to 
environmental stressors may also play a fundamental role in shaping the host-parasite 
dynamics (Hawley and Altizer, 2011; Schulenburg et al., 2009). In birds, exposure to an 
environmental stressor (e.g., food shortage, abrupt changes in abiotic factors) stimulates the 
hypothalamic-pituitary-adrenal (HPA) axis (Rich and Romero, 2005) which causes the release 
of the stress hormone corticosterone (CORT), the avian glucocorticoid (Romero, 2004; 
Sapolsky et al., 2000). Given that variation in baseline CORT is linked to environmental 
changes (Madliger and Love, 2013) the assessment of circulating levels of CORT has been 
used in birds as a proxy of their exposure to environmental stressors (Romero, 2004) and of 
individual condition (Angelier et al., 2010). 

The effect of CORT on the organism is, however, dependent on the duration of the stress 
exposure. A brief exposure to stress causes a series of physiological changes (e.g. 
mobilization of stored energy, enhanced cardiovascular tone) and stimulates the immune 
system (Sapolsky et al., 2000), thus may help the animal to survive to the stressful episode. 
However, a prolonged elevation of CORT may compromise immunocompetence (Dhabhar, 
2009; Dhabhar and McEwen, 1997) through deleterious effect on immune cells as T 
lymphocyte apoptosis and suppression of cytokines (Chrousos, 1995; Tuckermann et al., 
2005). Stress-induced immunosuppression is of fundamental importance during infection 
because it can alter viral pathogenesis and disease pathophysiology (McCabe et al., 2000). 
As a result, a number of studies have suggested that exposure to stress promotes viral 
reactivation from latency and lytic replication (Jones, 2014; Yang et al., 2010), and 
suppresses subsequent viral immunity (Elftman et al., 2010).  

 Glucocorticoids are also responsible for an elevation of the metabolic rate (Sapolsky et 
al., 2000) mainly driven by the ability of glucocorticoids to increase circulating levels of 
glucose (Sapolsky et al., 2000). Because a higher metabolic rate can result in a higher 
production of free radicals and reduction of antioxidants (Sapolsky et al., 2000), the 
stimulatory effect on metabolism that glucocorticoids can have may result in oxidative stress 
(Costantini et al., 2011; Lin et al., 2004). Oxidative stress is a complex multifaceted 
biochemical condition of cells, which occurs when there is an increase in oxidative damage 
to biomolecules and oxidation of non-protein and protein thiols that regulate the cell 
oxidative balance (Halliwell and Gutteridge, 2007). It has also been defined as “the rate at 
which oxidative damage is generated” because oxidative stress is a continuous variable that 
is unlikely to ever be exactly zero since pro-oxidants are continually produced and some 
oxidative damage is always generated (Costantini and Verhulst, 2009). Free radicals are 
molecules characterized by the presence of one or more unpaired electrons, thus they can 
rapidly react with and cause damage to lipids (i.e. lipid peroxidation; Lin et al., 2004), 
proteins (i.e. protein carbonyls; Suzuki et al., 2010), DNA (Jena, 2012), and with the 
component of the cellular barrier, modifying their functionalities and proprieties (Pamplona, 
2008; Stark, 2005). Free radicals are not only produced following chronic exposure to 
glucocorticoids, but are also the byproducts of immune cell activity (Beaulieu and Costantini, 
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2014). For instance, during an immune response, phagocytes increase their uptake of oxygen 
that will be used to produce highly reactive oxygen and nitrogen species (ROS and RNS, 
repectively) to defeat pathogens (Swindle and Metcalfe, 2007). However, because of their 
non-specificity against pathogens (Sorci and Faivre, 2009), the release of these molecules 
following an immune stimulation can also lead to oxidative stress in host tissues (Costantini 
and Møller, 2009). The generation of ROS and RNS is of particular relevance for viral 
infections, that can be facilitated by a cell state of oxidative stress (Chen et al., 2016; Ivanov 
et al., 2017). Specifically to herpesvirus infections, previous work has found that oxidative 
stress is associated with viral reactivation and lytic gene expression (Costantini et al., 2018b; 
Li et al., 2011). Oxidative stress is indeed suspected to activate nuclear factors involved in 
the herpesvirus replication cycle (Kumar et al., 2012) or simply to increase cells 
permissiveness to herpesvirus infection (Kavouras et al., 2007). To date, there is growing 
evidence that a series of exogenous and endogenous antioxidants inhibit viral replication 
(Chen et al., 2012; Civitelli et al., 2014; Docherty et al., 1999; Docherty et al., 2006; Palamara 
et al., 1995). However, these studies have been often performed in in vitro experiments or 
laboratory animals (Docherty et al., 2004; Palamara et al., 1995; Xu et al., 2013) while to the 
best of our knowledge, this topic has been poorly covered in free-living animals. At present, 
very little efforts have been made towards the clarification of the mechanisms underlying 
outbreaks of viral infections in wild animal populations. Previous work showed that the 
assessment of biomarkers of physiological traits (e.g. immune traits) prove useful for 
diagnostic purposes and might explain the differential disease outcomes in frogs infected 
with the pathogenic fungus Batrachochytrium dendrobatidis (Savage et al., 2016). This 
approach deserves further investigations because it can potentially enable us to identify 
biomarkers that can predict the occurrence of clinical signs and the progress of the disease 
also in other species. 

Our model system 

Grand Connétable is a small rocky island located a few kilometers off the coasts of French 
Guiana that hosts approximately 1,300 reproductive pairs (see general discussion section) of 
Magnificent frigatebirds Fregata magnificens (BOX 2) and five other seabird species: 
Laughing gull Leucophaeus atricilla; Cayenne tern Thalasseus sandwicensis; Royal tern 
Thalasseus maximus; Brown noddy Anous stolidus; and Sooty tern Onychoprion fuscatus. 
From 1884 to 1915 the island has been intensively exploited for guano.  

The use of dynamite for the extraction of rocks completely modified the island, producing 
a circular plateau dominated in its center by a rocky peak of about 50 meters. After the 
mining activities stopped in 1970s, the plateau and the top of the island began to be used by 
the birds as nestling sites. Since 1992, the island is a Natural Reserve and is managed by the 
GEPOG (Groupe d’Étude et de Protection des Oiseaux en Guyane). All species breeding on 
the island were in good health status until 2005. However, since then, there have been 
repeated episodes of disease outbreaks (de Thoisy et al., 2009), that have recently turned 
into massive mortality of chicks (85-95% of individuals, personal observation and GEPOG 
monitoring programs) that occur annually. The disease is likely caused by a herpesvirus (de 
Thoisy et al., 2009) and it is characterized by the occurrence of visible clinical signs (small 
crusts) on the neck. After a few days, crusts become thicker and rapidly spread all over the 
chick’s body including the eyes (causing hyperkeratosis and the consequent thickening of the 
cornea), eventually leading to death in most cases.                Aaaaaaaaaaaaaaaa 
aaaaaaaaaaaaaa                                                                        
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BOX 2: The family Fregatidae 

Classification 
The Genus Fregata is included within the family Fregatidae and is represented by five species of frigatebirds: 
Ascension frigatebird Fregata aquila; Christmas frigatebird Fregata andrewsi; Lesser frigatebird Fregata ariel; 
Great frigatebird Fregata minor; and the Magnificent frigatebird. F. minor and F. ariel have a wide distribution 
in tropical and sub-tropical latitudes of Indian and Pacific Oceans. Fregata magnificens is found from Brazil to 
Florida including many Caribbean Islands and from Ecuador to Mexico, and a small residual population also 
occur in Cape Verde. The other two species show a very limited distribution. F. andrewsi is found only on 
Christmas island in the Indian Ocean while F. aquila only on Ascension Island in the South Atlantic Ocean. The 
family has been considered for a long time in the order of Pelicaniformes, but the recent evolution of molecular 
techniques using DNA has provided evidences for a more genetic similarity to Suliformes (Kennedy and Spencer, 
2004). 
 
Morphology and feeding ecology 
The five species of frigatebirds have a large wingspan (190-240 cm) and light skeleton which confers them the 
highest wingspan/body mass ratio of any birds. This particular aspect of their morphology provides them a high 
maneuverability in flights and enables them to economize energy. They are able to exploit ascension currents 
of warm and light air (i.e. thermals) to reach heights of over 4,000 meters to then descend by gliding, thus 
covering very considerable distances without ever flapping their wings (Weimerskirch et al., 2016; 
Weimerskirch et al., 2003). Unlike the other members of the order, their plumage is not waterproof thus they 
can only catch prey from the surface of the sea using their hooked beak. Furthermore, frigatebirds practice 
opportunistic feeding; therefore, they are strongly associated with shrimp fishery trawlers due to the high 
bycatch they produce. Because of their high maneuverability in flight they are able to steal food from other 
birds. Their low energy expenditure in flight (Weimerskirch et al., 2016), enables them to chase and harass 
other bird species by pulling their tail until they regurgitate the prey, a feeding technique known as 
kleptoparasitism, which is used when food resources are scarce.  
All species show sexual dimorphism:  

Depending on the 
species, males can be 
up to 20% smaller 
than females 
(Nelson, 1975). They 
are all black with a 
scarlet gular pouch 
that is inflated during 
the breeding season 
(left picture, taken by 
Manrico Sebastiano) 

to attract the female. Females (right picture, taken by Manrico Sebastiano) are all black with a brown band on 
the wings and white underparts (with the exception of F. aquila, whose plumage is fully black). 
 
Breeding biology 
The courtship period, including male display, nest building, and copulation, lasts about two weeks in all species 
(Osorno, 1996). All frigatebirds lay one egg per clutch and incubation in F. magnificens takes approximately 56 
days (Osorno, 1996). The newly born chicks are extremely altricial and parents remain constantly at the nest 
for the first 6-8 weeks, after which parents may leave the nest unattended for a few hours. Depending on the 
species, chicks are only fed once every 2-3 days (Coello et al., 1977; Nelson, 1975). Due to the slow development 
of chicks until fledging (26 weeks) and the post-fledging dependence of chicks for other four to nine months 
(Osorno, 1996), frigatebirds show the longest period of parental care of any bird. Because breeding takes more 
than a year in all five species, it has been suggested that frigatebirds may only reproduce biennially. This is, 
however, not always the case for F. magnificens. Although both parents share incubation, male contribution to 
chick rearing is highly variable. Males may desert chicks feeding at variable times of chicks’ age, ranging from 
18 to 161 days (Osorno, 1996), leaving the female to feed the chick alone until fledging (Osorno, 1996). 

 
 Because mortality of chicks due to the disease only occurs in this population of F. 
magnificens, we hypothesized that the occurrence of clinical signs may be related to 
exposure to local environmental stressors. Since emission of environmental pollutants is 
mostly carried out in industrialized areas, very little effort has been made to assess the level 
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of contaminants in tropical regions. However, contaminants may be transported and they 
can accumulate far from their emission sites (Gabrielsen and Henriksen, 2001). Local 
emission in tropical regions may also occur. For instance, French Guiana is one of the regions 
that it is experiencing a dramatic increase of mercury contamination due to artisanal gold-
mining (Legg et al., 2015). Previous work showed that exposure to mercury (Whitney and 
Cristol, 2018a) and persistent organic pollutants (Goutte et al., 2015) affects many aspects 
of avian reproduction. Within the actual context of rapid alteration of ecological processes 
that can modify emission of contaminants and health outcome (Eagles-Smith et al., 2018), 
the relationship between exposure to environmental pollutants and pathological statuses 
clearly deserves further investigations. 

Exposure to environmental pollutants is not the only environmental stressor to which 
frigatebird breeding in French Guiana may be undergoing. In French Guiana, the first 
outbreaks of disease overlapped with a strong decline in the fishery activity. Before the 
development of the fishery activity and the associated discards, which are used by 
frigatebirds as a food source, the population of frigatebird was stable at about 180 pairs 
(Martinet and Blanchard, 2009). For a few years after the decline in fishery activities that 
begun in 1991 (Sanz et al., 2017), the decrease in fishery discards had no impact on the 
frigatebird population (Martinet and Blanchard, 2009) and the population has rapidly 
increased reaching 1296 pairs in 2016 (GEPOG long-term monitoring programs, unpublished 
results). In 2007, however, some of the 639 surveyed pairs were struggling to feed their 
chicks (Martinet and Blanchard, 2009). Nutritional stress compromises immune function in 
birds (Gasparini et al., 2006). Furthermore, food shortage during development has been 
identified as one of the main causes of chicks’ mortality (Velando et al., 1999). Hence, one 
of the suggested hypotheses behind the appearance of these clinical signs in frigatebirds is 
food-limitation (Martinet and Blanchard, 2009), although direct evidences are so far lacking.  

Aims of the study 

Here, we used correlative and experimental approaches to examine the relationship 
between stress and appearance of clinical signs of a disease in frigatebird chicks by 
investigating part of the physiological mechanisms that might be related to virus outbreaks 
(Figure 1).  

The annual appearance of viral outbreaks makes this population a highly relevant 
biological model exploiting an unprecedented opportunity to study this relationship during 
the development of wild birds. Because the disease is likely caused by a herpesvirus, our first 
objective was to identify the link between oxidative stress and herpes infection in 
vertebrates. In Chapter II we used meta-analytical techniques to test whether herpes virus 
infections cause oxidative stress, a condition which has been previously associated with the 
reactivation of herpes viruses (Li et al., 2011). We collected studies which had tested the 
effect of herpesvirus infection on a series of oxidative stress biomarkers such as antioxidant 
enzyme activity, non-enzymatic antioxidant levels, and reactive oxygen species. We were 
also interested in the effect that antioxidants have on herpesvirus yield in in vitro studies, 
and on clinical signs caused by herpesvirus diseases in in vivo studies. We therefore also 
collected studies that assessed the effects of antioxidants on experimentally induced herpes 
virus infections. Both meta-analytical approaches pointed to oxidative stress as one of the 
major mechanisms that promote viral activation. 
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Figure 1: Schematic overview of the physiological and behavioural mechanisms that might be involved in the 
appearance of clinical signs in our model species. The arrows represent the direction of the effect and the symbols 
+ and – represent whether the effect is an increase or decrease of the considered trait. Exposure to environmental 
contaminants and nutritional stress are the main candidate factors responsible for the increased susceptibility of 
chicks to the viral disease. 

In Chapter III, we therefore assessed the differences in oxidative damage, and enzymatic 
and non-enzymatic antioxidant capacity between frigatebird chicks either showing or not 
showing visible clinical signs during the progress of the disease. This enabled us to highlight 
which are the biomarkers of oxidative stress associated with pathological statuses and short-
term probability of survival. Furthermore, since viral infections are also known to affect the 
immune system and to cause inflammation (Chew et al., 2009; Eckersall and Bell, 2010; 
White et al., 2012), we assessed whether chicks with or without visible clinical signs of the 
disease differ in immune and inflammation profiles (Chapter IV). As discussed earlier, 
environmental stressors might impair immunocompetence through the chronic production 
of glucocorticoids. Glucocorticoids, and especially CORT, are also known to affect telomere 
dynamics in humans (von Zglinicki, 2002), animals (Kotrschal et al., 2007), and birds 
(Haussmann et al., 2012). Therefore, in Chapter IV we additionally assessed CORT levels and 
telomere length in chicks over the course of the experiment, including chicks that were 
healthy at the first measurement and showed the appearance of clinical signs over the 
course of the experiment. 

 Based on the results of Chapter II to IV, and given the possible role of the local decline in 
food availability, we carried out experiments to assess whether a higher intake of 
antioxidants and/or food would prove beneficial both at a physiological level and against the 
occurrence of clinical signs of the disease. In our first experiment (Chapter V), chicks with 
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and without clinical signs were experimentally supplemented with the polyphenol 
resveratrol, an antioxidant abundant in peanuts and grape. Given its strong antiviral activity 
against human and animal viruses (Abba et al., 2015) including herpesviruses (Docherty et 
al., 1999; Faith et al., 2006; Xu et al., 2013), we expected that resveratrol would protect 
healthy chicks from the appearance of clinical signs and would improve clinical signs of sick 
chicks due to its direct action against the virus. This experiment, however, could not give us 
any indication of the environmental factors that are hypothesized to be responsible for the 
outbreaks of disease in this population. In our second experiment (Chapter VI), we therefore 
supplemented frigatebird chicks with fish to test the role of nutritional stress due to the 
decline in fishery activities. 

Despite the achieved results, we were not yet able to identify which are the 
environmental factors that might cause stress and might be implicated in the outbreaks of 
disease. Given that the population of frigatebirds breeding in French Guiana was the only 
one experiencing outbreaks of disease, we hypothesized that the appearance of clinical signs 
would be the result of local sources of stress (e.g. environmental pollutants). We thus 
investigated the presence of trace elements and persistent organic pollutants in both adults 
and chicks of the six species breeding on grand Connétable island (Chapter VII-VIII). This 
enabled us to assess which contaminants exceed concentrations considered to be below the 
risk threshold for individual health. We also utilized stable carbon and nitrogen isotope 
measurements to highlight whether the accumulation of pollutants was related to the 
trophodynamics of frigatebirds (Chapter VII), and whether the differences among the six 
species breeding in Grand Connétable island were explained by the diverse feeding 
strategies they adopt (Chapter VIII).  

Finally, in Chapter IX we summarize and discuss all the obtained results, we further 
discuss their implications in conservation physiology and biology, and we suggest future 
research directions towards the unanswered questions that this study has raised. 
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Ethics and precautions taken in the field 

All activities were performed in accordance with the relevant guidelines and regulations and 
all the experimental protocols were approved by the Ethical Committee of the University of 
Antwerp (23-09-2014, dossier 2014-48), and by the Préfet de la Région Guyane (Direction de 
l’Environnement, de l’Aménagement et du Logement - Service Milieux Naturels, Biodiversité, 
Sites et Paysages). 

 Safety measures were always taken while carrying out the field work to avoid 
contamination of samples and spread of the disease. Disposable material (gloves, syringes, 
tubes, plastic bags) were changed at each sampling event. All other non-disposable material 
(e.g. caliper) has been sterilized carefully after every utilization. 
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Abstract 

Herpes viruses are responsible for a variety of pathological effects in humans and in both 
wild and domestic animals. One mechanism that has been proposed to facilitate replication 
and activity of herpes viruses is oxidative stress (OS). We used meta-analytical techniques to 
test the hypotheses that 1) herpes virus infection causes OS and 2) supplementation of 
antioxidants reduces virus load, indicating that replication is favoured by a state of OS. 
Results based on studies on mammals, including humans, and birds show that 1) OS is indeed 
increased by herpes virus infection across multiple tissues and species, 2) biomarkers of OS 
may change differently between tissues, and 3) the effect size does not differ among 
different virus strains. In addition, the increase of oxidative damage in blood (tissue 
commonly available in ecological studies) was similar to that in the tissues most sensitive to 
the herpes virus. Our results also show that administration of antioxidants reduces virus 
yield, indicating that a condition of OS is favorable for the viral replication. In addition, some 
antioxidants may be more efficient than others in reducing herpes virus yield. Our results 
point to a potential mechanism linking herpes virus infection to individual health status. 
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Introduction 

An organism’s physiological equilibrium is critically reliant on its immune system, which 
provides protection against parasites, pathogens, tumor cells, and allows recovery from 
injuries (Aparicio-Burgos et al., 2015; Staley and Bonneaud, 2015). There are, however, 
circumstances under which the immune system is suppressed, making the organism 
particularly sensitive to infections. For example, host exposure to environmental stressors, 
such as limited food supply, increased ambient temperature, or exposure to contaminants, 
can facilitate the spread, persistence, or emergence of infectious and parasitic diseases 
(Apanius, 1998; Martin et al., 2010; Rohr et al., 2008). Understanding the patho-physiological 
mechanisms associated with pathogens and the response to them is therefore of central 
importance because it enables us to characterize the mode of action of the pathogen, to 
infer on the way an individual responds to the pathogen and to develop strategies to mitigate 
the activity of the pathogen in the organism. 

Herpes viruses are one of the most common infectious diseases in humans and in both 
wild and domestic animals. Latent, nonproductive, herpes virus infections occur for 
prolonged times in many species (Kaleta, 1990). Activation to persistent, productive 
infection, and to disease generally includes depression of normal activity, respiratory 
distress, extremity paralysis, head-shaking, hemorrhagic lesions, twisting of the neck, and 
sudden mortality (Kaleta, 1990). The appearance of clinical symptoms likely indicates that 
individuals have been exposed to a chronic stressor. Vertebrates translate stressful stimuli 
into secretions of hormones (glucocorticoids), which activate the physiological stress 
response (Romero, 2004; Sapolsky et al., 2000). The action of glucocorticoids involves a high 
diversity of physiological and behavioral effects, including immunosuppression (Bailey et al., 
2003; Padgett and Glaser, 2003; Scheinman et al., 1995; Webster et al., 2002). Antiviral T-
cell immune responses are, for example, compromised by glucocorticoids that are either 
stress induced or pharmacologically administered (Elftman et al., 2010; Hunzeker et al., 
2011). Chronic exposure of vertebrates to glucocorticoids is also known to induce oxidative 
stress (OS) through the increase in production of free radicals and oxidative damage 
(Costantini et al., 2011). OS is a complex multifaceted biochemical condition of cells, which 
occurs when there is an increase in oxidative damage to biomolecules and oxidation of non-
protein and protein thiols that regulate the cell oxidative balance (Halliwell and Gutteridge, 
2007). It has been shown that herpes virus infection may be facilitated by a cell state of OS, 
while increased intake of antioxidants might prevent replication of the virus (Kavouras et al., 
2007; Nucci et al., 2000; Palamara et al., 2004; Valyi-Nagy et al., 2000). For instance, reactive 
oxygen species (ROS) inhibit NF-kB (Nuclear Factor kappa-light-chain-enhancer of activated 
B cells), whose function is to avoid Kaposi’s sarcoma-associated herpesvirus (KSHV) 
reactivation and lytic gene expression (Li et al., 2011). However, it is unclear whether OS is a 
patho-physiological mechanism promoting herpes virus infection. 

The main goal of this study was to assess the role of OS as a mechanism underlying herpes 
virus infection. To this end, we used meta-analytic techniques to address the following two 
hypotheses: 1) herpes virus infection causes OS and 2) supplementation of antioxidants 
reduces virus infection, indicating that infection is favored by a state of OS. To test the first 
hypothesis, a meta-analysis was carried out using experimental infectious studies and looked 
at the effects on reactive species production, oxidative damage, and both non-enzymatic 
and enzymatic antioxidants. To test the second hypothesis, a meta-analysis was carried out 
including studies that assessed the effects of antioxidants on experimental herpes virus 
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infections. Both meta-analyses were performed while taking into account some moderators 
(e.g., which biomarkers were measured, in which tissue and at which stage of infection; 
vertebrate species; virus strain), which might help to explain the diverse results obtained in 
previous studies. For instance, it has been shown that enzymatic activity during herpes virus 
infections may differ consistently among different cells (Gargouri et al., 2009), and that 
oxidative damage (MDA, malondialdehyde) can either slightly increase or decrease among 
different tissues (Lassoued et al., 2008).  

Material and Methods 

Article collection 

The articles included in both meta-analyses (MAs) are the result of an extensive research on 
the Web of Knowledge and on PubMed, in all databases for all years. The key words 
“herpesvirus” or “herpes virus” were combined with “antioxidant”, “lipid peroxidation”, 
“oxidative damage”, or “reactive oxygen species”. Articles were then searched on the 
specific journal website or online libraries. When articles were not available, authors were 
contacted by e-mail. This search resulted in the screening of more than 2,000 articles. 
Additional studies were identified by screening references quoted in the selected articles. 

Article selection and eligibility criteria 

Articles were included in one or both MAs when they tested 1) the effect of herpes virus 
infection on OS metrics or 2) the effects of antioxidants on the infection. Studies were 
excluded if they met the following criteria: i) they did not provide baseline values of metrics 
of oxidative damage or antioxidant status (i.e., before herpes virus infection); ii) they 
combined administration of antioxidants with other compounds, which makes impossible to 
discriminate among the effects of different compounds on the virus yield; iii) it was 
impossible to extrapolate data from graphs; and iv) they did not provide standard error nor 
standard deviation. We have included both experimental studies and clinical trials, for a total 
of 26 articles. The scheme illustrating the steps of article search and selection according to 
PRISMA guidelines (Liberati et al., 2009), is shown in the supplementary information 
(Supplementary Figure S1). 

Since there was variation among studies in experimental settings (e.g., OS measured as 
oxidative damage or antioxidant defenses); evaluation performed during an acute (e.g., few 
hours) or chronic (e.g., days) infection, we also collected data on study species, biomarker, 
tissue, herpes virus strain, and time elapsed from the detection of the basal level until the 
subsequent measurements (during the viral infection). These data were used as moderators 
in MAs. Most of the articles unfortunately lacked information about gender and age, and 
hence, these factors could not be included in the statistical analyses. 

Data collection  

From each article, we collected statistical outcomes of 1) effects of herpes virus infection on 
OS metrics and 2) effects of antioxidants on infection. These outcomes were used to 
calculate the effect size (Supplementary Table S1). When statistical outcomes were not 
available, data (mean, standard error, or standard deviation) were collected from graphs and 
these were used to calculate the effect size. A detailed explanation of the effect size 
calculation is given in the following section.  
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For meta-analysis testing hypothesis 1 (OS-MA), data were collected for the following 
metrics of OS: 

- Oxidative damage to DNA (comet assay), to protein (protein carbonyls), to lipids 
(lipid peroxidation, specifically hydroxynonenal HNE and hydroxyguanosine OHG, 
malondialdehyde MDA, F2 and F4 isoprostanes, thiobarbituric acid reactive 
substances—TBARS).  

- Nonenzymatic antioxidant levels (GSH, S-GSH, Thiols, GSSG, GSH:GSSG ratio), 
including nonenzymatic antioxidant capacity (TAS assays).  

- Antioxidant enzyme activity (catalase, superoxide dismutase, glutathione 
peroxidase)  

- Reactive oxygen species (ROS), reactive nitrogen species (NOS), reactive species 
synthase enzymes, oxidative stress index (OSI), and total oxidant status (TOS).  

For meta-analysis testing hypothesis 2 (ANTIOX-MA), data were collected for the following 
variables:  

- Virus yield before and after inoculation of antioxidants (from which we calculated 
the percentage of change in virus yield).  

We further divided the data between in vivo and in vitro experiments (30 and 61, 
respectively, Supplementary Table S2 and S3). In vivo experiments included a large 
heterogeneity in the way of administering antioxidants, so we could not include these data 
in the analyses. In contrast, for all in vitro experiments (61), we could calculate the 
percentage of the virus yield change. 

Effect size calculation  

For both MAs, according to previous work (Gontard-Danek and Møller, 1999; Nakagawa and 
Cuthill, 2007; Simons et al., 2012), Cohen’s d effect size was calculated and was subsequently 
transformed to Fisher’s z using des function in Compute.es package in R (Del Re, 2013). 
According to the significance of their associated r-values (Bartz, 1999), effect size z can be 
considered strong when the range is between 0.69 and 1.07, and very high when it exceeds 
1.10. Overall, we had 198 estimates of effect size for OS-MA (Supplementary Table S1) and 
61 estimates of virus change for ANTIOX-MA from in vitro studies, respectively. The sign of 
effect sizes for OS-MA, according to previous MAs (Costantini et al., 2011; Costantini and 
Møller, 2009), was considered to be positive when oxidative damage and reactive species 
were increased, and when enzymatic and non-enzymatic antioxidants were decreased, 
respectively. On the other hand, the effect size was considered to be negative when 
oxidative damage and reactive species were decreased and when enzymatic and non-
enzymatic antioxidants were increased, respectively (Costantini et al., 2011; Costantini and 
Møller, 2009). When there was no difference between pre- and post-infection values, effect 
size was considered to be 0.  

Effect size estimates were not weighted for sample size (Rosenthal, 1991, pp. 27-28) 
because some of the articles included in the first MA did not provide the sample size. 
However, a comparison of unweighted z-values with the mean weighted z was not significant 
(Wilcoxon: W=72, P=1), indicating that in our case the sample size did not affect the effect 
size estimates.  
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Meta-analytic technique  

Preliminary tests (e.g., Funnel test) showed that there was no publication bias; for further 
information we refer to the Supplementary Material and Supplementary Figure S2.  

OS-MA  

To assess how moderators affected the effect size, we performed a linear mixed model 
including biomarker, tissue, virus strain, and time of measurement as fixed effects, and 
species and study as random effects. Each single mixed model was repeated twice, having 
the time of measurement as a fixed covariate or as a fixed factor, respectively. In order to 
include it in the models as a fixed factor, we distinguished between short term 
(measurements taken within 4 days from the measurement of the basal level of OS 
biomarkers) and long term (measurements taken after 4 days from the measurement of the 
basal level of OS biomarkers). This distinction between short- and long-term was done to 
test whether the effect of the virus on OS changed after the activation of the specific immune 
response, which, at least in humans, is known to occur after around 4 days from the 
detection of pathogens and viruses (Murphy, 2012). Outcomes of models having time as a 
fixed factor or covariate were similar, hence we presented only outcomes of models with 
time as a covariate. In each model, we also included the interaction between tissue and 
biomarker; further interactions among the other main factors could not be included because 
no data were available for some combinations of the factors. Other factors (e.g. differences 
among taxa) could not be included because most data (approximately 85%) were from 
studies performed on humans and laboratory mice. Post-hoc analyses were performed using 
lmerTest package in R (Kuznetsova et al., 2013). 

ANTIOX-MA  

To assess how moderators affected the percentage of virus change after administration of 
antioxidants, we performed a linear mixed model including concentration and type of 
antioxidant administered, virus strain, tissue (cellular line), and time elapsed since the 
emergence of the infection as fixed factors, while study was included as a random factor. 
Unfortunately, we could not include two antioxidant types in the analysis (extract of 
rosemary and extract of Zatria multiflora), since it was impossible to express concentrations 
in mmol in order to make them comparable to those of other antioxidants. Post-hoc analyses 
were carried out using lmerTest package in R (Kuznetsova et al., 2013) to compare 
antioxidant treatments and to evaluate which antioxidant was the most efficient in reducing 
herpes virus yield according to its concentration. Finally, since the administration of ebselen, 
vaticaffinol, and piperitenone oxide was tested in one study only, we focused on the 
comparison among antioxidants measured in more than one study, in order to increase the 
statistical power of this comparison, and to test the efficiency of glutathione as compared to 
other antioxidants, since glutathione is one of the most important cell antioxidants (Halliwell 
and Gutteridge, 2007). 

Results  

OS-MA  

The best-fit linear mixed model showed a significant interaction between biomarker and 
tissue (F=2.16, df=8, P<0.04; Table 1).  
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Table 1: Full model and best fit model for OS-MA. Significant p-values are shown in bold. 
 

Full model for OS-MA     

 Sum of squares Mean of squares F value p-value 

Biomarker 2.79 0.93 0.99 0.42 
Time 1.06 1.06 1.12 0.29 
Strain 0.38 0.38 0.41 0.53 
Tissue 27.90 5.58 5.93 <0.01 
Biomarker × Tissue 13.19 2.64 2.80 0.02 

 
Best fit model for OS-MA 

    

 Sum of squares Mean of squares F value p-value 

Biomarker 0.59 0.20 0.22 0.88 
Tissue 33.72 5.62 6.20 < 0.01 
Biomarker × Tissue 15.72 1.96 2.17 <0.04 

 
 
Post-hoc analyses showed that there was a significant increase of 1) oxidative damage in 
blood, kidney, and lung, 2) of ROS production in dermal tissue, and 3) of non-enzymatic 
antioxidants in dermal tissue and kidney (Figure 1).  

 

  
Figure 1. Effect of herpes virus infection on each single biomarker of OS for each tissue. Data are shown as mean ± 
SE. Asterisk indicates a P<0.05. 

 
A further comparison of effect size among tissue for each single biomarker showed that the 
production of ROS and the reduction of non-enzymatic antioxidants were similar between 
tissues, while oxidative damage and enzymatic antioxidants changed differently between 
tissues (Table 2). 
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Table 2: Significant post-hoc comparisons showed that oxidative damage and enzymatic antioxidants changed 
differently among tissues. 
 

Biomarker Tissues Estimate (SE) t-value p-value 

Oxidative damage Blood – Kidney -1.4 (0.36)  -3.82 <0.01 

Oxidative damage Blood – Liver 0.80 (0.38) 2.21 0.03 

Oxidative damage Blood - Tumoral tissue 2.40 (0.65) 3.74 <0.01 

Oxidative damage Brain – Kidney -1.70 (0.73) -2.35 <0.05 

Oxidative damage Brain - Tumoral tissue 2.10 (0.92) 2.29 0.03 

Oxidative damage Kidney – Liver 2.20 (0.44) 5.11 <0.01 

Oxidative damage Kidney - Tumoral tissue 3.80 (0.74) 5.17 <0.01 

Oxidative damage Liver - Lung -1.70 (0.75) -2.2 0.03 

Oxidative damage Liver - Tumoral tissue 1.60 (0.75) 2.12 0.04 

Oxidative damage Lung - Tumoral tissue 3.20 (0.77) 4.22 <0.01 

Enzymatic Antioxidants Blood – Liver 1.20 (0.60) 2.01 <0.05 

Enzymatic Antioxidants Kidney – Liver 2.30 (0.72) 3.17 <0.01 

Enzymatic Antioxidants Liver - Tumoral tissue -1.80 (0.66) -2.68 <0.01 

 
 
The effect size of herpes virus was already high a few hours after the measurement of the 
basal levels of a given OS biomarker and did not show any significant decrease over time 
(Table 1, Figure 2).  
 

 
Figure 2. Effect size of herpes virus infection on oxidative stress in relation to the time elapsed from the detection 
of the basal levels up to 250 days, and within four days from the detection of the basal level (smaller figure in the 
bottom right). Trends are shown as red lines. 
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ANTIOX-MA  
The best-fit linear mixed model showed that the concentration and the kind of antioxidant 
influenced significantly the change in virus yield (Table 3).  

 
Table 3: Full model and best fit model for ANTIOX-MA. Significant differences are shown in bold. 
 

Full model for ANTIOX-MA 

 Sum of squares Mean Sq. F value p-value 

Concentration 26077 26076 14.09 <0.01 
Strain 26 13 0.01 0.99 
Treatment 36371 7274 3.93 <0.01 
Cellular line 2902 967 0.52 0.67 
Detection after 2040 510 0.27 0.89 

 
Best fit model for ANTIOX-MA 

 Sum of squares Mean Sq. F value p-value 

Concentration 28751 28751 17.89 <0.01 
Treatment 67049 11175 6.95 <0.01 

 
 

There was a significant reduction of herpes virus for most of the treatments, with the 
exception of the administration of N-butanoyl glutathione (GSH-C4), and S-acetylglutathione 
(S-GSH), and glutathione (GSH), respectively (Table 4).  

Piperitenone oxide caused the highest reduction relatively to the concentration 
administered, followed by vaticaffinol, resveratrol, and ebselen. The comparison among 
these antioxidants revealed non-significant differences in reducing herpes virus yield (Table 
4). Finally, the comparison between resveratrol and glutathione revealed that resveratrol 
had a stronger effect than glutathione (Table 4). In fact, with an average administration dose 
of 0.1445 mM, resveratrol caused an average reduction of 89.32% on the virus yield, while 
an average administration dose of 8.92 mM of GSH was needed to cause a reduction of 
78.93% (Figure 3). 

 

Table 4: Percentage of virus yield reduction after administration of antioxidants. Significant p-values are shown in 
bold. Antioxidants who share the same letter in the “Comparison” column showed non-significant differences.  
 

 Treatment Estimate (SE) t-value p-value Comparison 

Ebselen 95.80 (23.84) 4.02 <0.01 a, b 
GSH 29.29 (16.16) 1.81 0.08 c 
GSH-C4 -23.19 (18.47) -1.26 0.22 d 
Piperitenone oxide 120.63 (23.79) 5.07 <0.01 a 
Resveratrol 112.37 (9.69) 11.59 <0.01 a 
S-GSH 20.48 (29.72) 0.69 0.49 b, c, d 
Vaticaffinol 115.85 (20.84) 5.56 <0.01 a 
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Figure 3. Relationship between concentration of antioxidants administered and percentage of virus reduction. Y 
axis represent the average percentage of virus reduction while the x asis represent the average concentration of a 
given compound expressed as mM. Please note rescaling on the x axis. 

 
Discussion  

The results from our first MA support our first hypothesis that herpes virus infection caused 
increased OS in diverse tissues of different vertebrate species (of which approximately 85% 
of data are from humans and mice), but this effect was contingent on the tissue and 
biomarker of OS. Our second MA supports our second hypothesis that an increased intake 
of antioxidants reduced the virus load, indicating that the viral replication may be favored 
by a status of OS. The positive effects of antioxidant administration were dependent on the 
concentration and the kind of antioxidant. Herpes virus infection resulted in OS in most 
tissues analyzed, with the exception of brain, liver, and tumoral tissue. Our results show that 
kidney and dermal tissue were the most affected tissues, with a significant decrease in non-
enzymatic antioxidants in both tissues, and a significant increase in oxidative damage in 
kidney and ROS level in dermal tissue, respectively. OS can affect some key regulators of 
kidney homeostasis and controls a number of signaling pathways that are relevant to kidney 
disease (Yang et al., 2014). The oxidative balance of dermal tissue was also significantly 
affected by the infection. We found a significant increase in ROS production and a significant 
decrease of non-enzymatic antioxidants, respectively. This is not surprising since the dermal 
tissue is one of the major candidates of OS because it is rich in potential biological targets 
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for such reactions, especially lipids (Kohen and Gati, 2000). Moreover, the fact that herpes 
virus reactivation is associated with skin lesions (Blauvelt, 2001; de Thoisy et al., 2009), 
suggests that skin is particularly sensitive to the virus spread. On the other hand, it was, 
however, surprising to see that the oxidative balance of brain tissue was not affected by the 
infection. Brain cells have high metabolic intensities, low antioxidant defenses, and high 
contents of polyunsaturated fatty acids, which make them an important target of OS (Barja, 
2004). These results are interesting especially if we consider that brain is the primary target 
of encephalitis caused by different strains of herpes viruses. However, the effect size in brain 
tissue was still very high, and further studies will be needed to clarify why the effects of 
herpes virus on the oxidative balance differ between other tissues and brain tissue and to 
clarify if OS biomarkers predict clinical signs. Tumoral tissue is characterized by an 
acceleration of the cell cycle, increased cell mobility, metabolic rate, and production of ROS 
(Baba and Catoi, 2007), and a decreased activity of antioxidant enzymes (Gargouri et al., 
2009). For this reason, we decided to include this tissue to be able to assess the effect of 
herpes virus on OS in a highly proliferative tissue, but we found no effect. 

The liver was the least affected tissue. Although earlier studies have shown that the 
administration of glucocorticoids and other chemicals can strongly increase OS in liver (Buha 
et al., 2015; Costantini et al., 2011; Zlatkovic et al., 2014), the high regenerative capacity and 
molecular turnover that occur in this particular tissue might make its oxidative balance 
weakly sensitive to herpes infection (Fausto et al., 2006; Michalopoulos and DeFrances, 
1997; Michalopoulos and Khan, 2005; Taub, 2004). Finally, we found that lung and blood 
showed a significant increase in the effect size of oxidative damage, but not in the effect size 
of other OS biomarkers. Interestingly, the change in OS was similar between blood and other 
tissues. This is indeed important because this result suggests that blood levels of OS reflect 
the general oxidative status of the whole organism during a viral infection. However, since 
herpes viruses are highly host and tissue specific, our results should be taken carefully. 
Indeed, given the high tissue tropism of some viruses, it might be possible that a specific 
herpes virus strain causes OS in a specific cell, while it does not cause any patho-physiological 
changes in the oxidative status of other cell lines in the same tissue. It is therefore important 
to consider that even if our study underlined a significant increase of OS at a tissue level, it 
is not certain that this effect can be generalized to all the cell lines in a same tissue. The 
effect size of herpes virus infection on tissue oxidative balance was also significantly 
dependent on the biomarker of OS. Our first MA clearly shows that the effect of infection on 
oxidative damage and enzymatic antioxidants differed among tissues, while there was a 
similar decrease of non-enzymatic antioxidants and increase in ROS production across all 
tissues. For instance, as compared to brain, liver, and tumor tissue, we found a higher 
increase in oxidative damage in blood, kidney, and lung. These results suggest that blood, 
kidney, and lung may be considered the most sensitive tissues in terms of capacity of 
detecting oxidative damage induced by herpes virus infection. It would also be interesting in 
future studies to assess whether among tissue differences in OS may also be related to cycle 
of the virus, i.e., replication stage and site, and excretion from cells. The effects of virus 
infection were not dependent on the time elapsed since the measurement of the basal levels 
of a given OS biomarker. A visual examination of Figure 2 suggests that OS is rapidly increased 
in the first hours following the measurement of the basal levels (bottom right of Figure 2), 
but then the effect size decreases slightly, but not significantly, with time. The effect size was 
actually still high at over 200 days post-infection, indicating that herpes virus may alter the 
baseline oxidative status in the long term. These results suggest that long-term alterations 
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of the oxidative status may be responsible for the immunoscenescence and telomere 
shrinking that have been attributed to chronic herpes virus infection (Effros, 2011). However, 
since there was heterogeneity on the time at which measurement of the basal levels of a 
given OS biomarker was performed (e.g., some studies started to count time after the 
inoculation of the virus, while some others calculated the time from the induction of the lytic 
cycle), caution must be used to interpret the results of how OS changes over time.  

Our second MA (ANTIOX-MA) supports our hypothesis that administration of different 
antioxidants, especially piperitenone oxide, vaticaffinol, ebselen, and resveratrol, may 
reduce infection. This suggests that herpes viruses are favoured by oxidative conditions, and 
that a disruption of these conditions can reduce herpes infection, as suggested by previous 
studies (Docherty et al., 2005; Kavouras et al., 2007; Palamara et al., 1995; Vogel et al., 2005). 
In this line of thoughts, it would be interesting to examine whether individuals with higher 
level of pre-existing oxidative damage are more susceptible to herpes virus than individuals 
with lower levels of oxidative damage. Although our results showed that the effect of a given 
type of antioxidant was dependent on its concentration, the best-fitted model showed that 
the type of antioxidant was much more significant than its concentration. As a result, the 
non-significant effect of glutathione in reducing herpes virus yield is probably due to its 
concentration, which had to be much higher than the other antioxidants to cause the same 
reduction. This result indicates that some antioxidants may be more efficient than others in 
reducing infection. However, this does not seem to explain why the concentration of 
glutathione needed to reduce virus yield was around 70 times higher than that of resveratrol. 
This is surprising because glutathione is one of the most important cell antioxidants (Halliwell 
and Gutteridge, 2007) that was found to inhibit 1) the replication of HSV-1 by interfering 
with very late stages of the virus life cycle, and 2) HSV-1 glycoprotein B expression, which is 
considered essential for the production of enveloped infectious virus particles (Palamara et 
al., 1995). One reason might lie with glutathione having a short life in blood, making it 
necessary to administer it in large amounts (Fraternale et al., 2009). Moreover, glutathione 
cannot cross the cell membrane, but it needs to be broken down into amino acids and then 
resynthesized in the cell by the consecutive actions of c-glutamylcysteine and GSH 
synthetases (Fraternale et al., 2009). The strongest effect of resveratrol administration on 
virus yield may also be due to its indirect effects on other antioxidants, hence indirectly 
helping the cell to maintain a balanced oxidative status. For example, resveratrol can 
increase synthesis of glutathione (Kode et al., 2008) and induce upregulation of the 
antioxidant enzymes catalase and glutathione peroxidase (Sadi et al., 2014). Moreover, 
resveratrol appears to negatively alter a host factor, NF-kB, resulting in inhibition of virus 
replication (Faith et al., 2006). There was, however, heterogeneity in the experimental 
settings of studies that tested the effects of glutathione or resveratrol on herpes virus 
infection. It would therefore be of great importance to test the effects of both these 
antioxidants under similar experimental conditions. Regarding the in vivo experiments, we 
could not compare results from different studies because there was high variation in the 
experimental conditions (administration of antioxidants or dermal application of cream-
based antioxidants; days of administration and number of administrations per day; results 
showed as number of survivals or percentage of virus reduction). Despite this strong 
heterogeneity between experiments, these studies suggest that administration of 
antioxidants may also reduce the virus yield in the whole organism (Docherty et al., 1999; 
Nucci et al., 2000; Vogel et al., 2005) indicating that availability of antioxidants may constrain 
individual’s capability of controlling viral infection. In conclusion, our MAs showed that 
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herpes virus infection 1) increases OS; 2) causes different levels of OS among tissues, with 
kidney and dermal tissue being the most susceptible tissues to OS; and 3) decreases after 
the administration of antioxidants, whose effect is type and concentration dependent. 
Moreover, the increase of oxidative damage in blood (tissue commonly available in studies 
on free-ranging organisms) was similar to that in the tissues most sensitive to herpes virus. 

All these evidences support the hypothesis that a condition of OS promotes the activity 
of the herpes virus. The significant levels of residual heterogeneity in OS-MA suggest there 
might be other factors affecting the variation in effect sizes, for example sex or age (excluded 
since the majority of studies did not provide data on both these factors), which require 
investigation in future studies. Such heterogeneity does not appear to depend on the virus 
strain because effect size was similar across different herpes virus strains. The effect size was 
also similar across species. However, our sample includes a limited number of species, 
mostly rodents and humans tested under controlled conditions, indicating the need of 
replication of similar studies in wild vertebrates. Our results provide novel insight into how 
OS may be a mechanism implicated as a pathogenic factor in herpes virus infections. 
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Supplementary information 

Assessment of publication bias 

An estimate of heterogeneity in effect sizes among samples was calculated according to 
Rosenthal (Rosenthal, 1991). Moreover, the fail-safe number for the average of studies 
needed to nullify an effect was calculated according to Rosenthal (Rosenthal, 1991). 
Publication bias was further assessed by examining funnel plots of effect size against the 
sample size (Jennions and Moller, 2002). The plot should be in the shape of a ‘funnel’ with 
larger variance in effect sizes at small sample sizes and a decreasing variance with increasing 
sample size. If only significant findings were published, one might expect there to be a ‘gap’ 
in the lower left of the graph, where for small samples effect sizes must be relatively large 
to be statistically significant.   

Additional results 

For OS-MA, there was a significant heterogeneity among signed effect sizes (χ2=778.99, 
df=143, P<0.01). The fail-safe number was 1,106. The funnel plots in the present study 
indicate there was no publication bias (Figure S2).  
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Figure S1. Scheme illustrating the steps of article search and selection. 
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Figure S2. Funnel Plot: effect size (z) in relation to sample size. The mean effect size is shown as a red horizontal 
line. Variance in effect size decreased with increasing sample size. 
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Abstract 

Infectious diseases are one of the most common threats for both domestic and wild animals, 
but little is known about the effects on the physiological condition and survival of wild 
animals. Here, we have tested for the first time in a wild vertebrate facing a viral disease 
possibly due to herpesvirus i) whether nestlings with either low levels of oxidative damage 
or high levels of antioxidant protection are less susceptible to develop visible clinical signs, 
ii) whether the disease is associated with the nestlings’ oxidative status, iii) whether the 
association between the disease and oxidative status is similar between males and females, 
and iv) whether cloacal and tracheal swabs might be used to detect herpesvirus. To address 
our questions, we took advantage of a population of Magnificent frigatebirds (Fregata 
magnificens) whose nestlings have experienced high mortality rates in recent times. Our 
work shows that i) blood lipid oxidative damage is associated with observable clinical signs 
and survival probabilities of nestling frigatebirds, ii) high glutathione levels in red blood cells 
are associated with the emergence of visible clinical signs of the disease; iii) there are no 
differences between sexes; and iv) swabs can detect herpesvirus. Our work provides 
evidence that differences in the oxidative status of nestlings might underlie individual health 
and survival. 
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Introduction 

Wildlife infectious diseases have enormous ecological and public health impacts (Jones et 
al., 2008). Notorious examples of infectious diseases that are dramatically causing massive 
population declines are the fungus Batrachochytrium dendrobatidis that is affecting frogs 
worldwide (Lips et al., 2006) or a novel infectious cancer that is jeopardizing the future of 
the Tasmanian devil Sarcophilus harrisii (McCallum et al., 2009). Viruses also represent a 
serious threat for viability of wild animal populations (Daszak et al., 2000; Lips et al., 2006; 
McCallum et al., 2009). Among them, herpesviruses are widespread throughout the 
biosphere and are one of the most common viral agents in wild and domestic animals 
(Wozniakowski and Samorek-Salamonowicz, 2015), with various clinical manifestations in 
several avian species throughout the world (Kaleta, 1990), and been found in many animal 
species (Goedert, 2000). Herpesviruses are generally only recognized when they cause 
visible clinical signs, such as skin crusts (Grinde, 2013). In addition, papilloma viruses are also 
only recognized when they cause the appearance of clinical signs, as the cutaneous lesions, 
as those recently described in the Cape mountain zebra Equus zebra zebra, the giraffe Giraffa 
camelopardalis, the sable antelope Hippotragus niger, and the African buffalo Syncerus 
caffer in South Africa (van Dyk et al., 2011; Williams et al., 2011). It is therefore likely that an 
individual might be carrying the pathogen without any visible manifestation of the disease, 
until exposure to an environmental stressor can trigger activation of viral replication (Kaleta, 
1990). Although many studies have assessed the impact of viruses and parasites on 
physiology and mortality of domestic animals (Durgut et al., 2013; Keles et al., 2010; 
Milatovic et al., 2002; Pizzatto et al., 2010; Savage et al., 2016), data are scarce for wild 
animals facing viral diseases (Abdelgawad et al., 2015; Barnard, 1997; Hopkins et al., 2016; 
Staley and Bonneaud, 2015; Zachariah et al., 2013).  

Exposure to sources of environmental stress (e.g., food shortage) can decrease individual 
immunocompetence, facilitating viral activation and occurrence of clinical signs of viral 
diseases (Coskun et al., 2010; Padgett et al., 1998). For instance, it has been previously 
shown that the exposure to contaminants increases the susceptibility of mice to Leishmania 
parasites (Bagenstose et al., 2001). At a molecular level, some clinical studies have suggested 
that oxidative stress (OS), which is defined as “the rate at which oxidative damage is 
generated” (Costantini and Verhulst, 2009), might be the physiological mechanism that 
promotes virus activation (Baruchel and Wainberg, 1992; Legrand-Poels et al., 1990; Li et al., 
2011), thus linking environmental stress to the occurrence of the disease. Furthermore, over 
the last decade there has been an increasing interest in OS as one mechanism mediating life 
history trade-offs (Costantini, 2014; Speakman et al., 2015). The cell oxidative status 
represents a complex balance between pro-oxidant and antioxidant molecules (Costantini, 
2014). When organisms are exposed to a source of stress, increased generation of reactive 
oxygen species (ROS) may lead to an unbalanced oxidative status in favour of oxidant 
molecules, resulting in increased production of molecular oxidative damage (Halliwell and 
Gutteridge, 2007). As with viral diseases, OS may make cells more susceptible to viral 
activation and replication (Schwarz, 1996). This potential association between OS and viral 
activation is further supported by several studies, which have found that administration of 
antioxidants may reduce the oxidative damage and the viral burden (Docherty et al., 1999; 
Palamara et al., 2004). Specifically, a recent meta-analysis across many different domestic 
and laboratory species has provided support for the hypothesis that OS is likely to be one 
molecular mechanism responsible of pathological effects of herpesvirus infection 
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(Sebastiano et al., 2016b). This meta-analysis showed that herpesvirus infection decreases 
the level of non-enzymatic antioxidants, increases the generation of reactive oxygen species 
(ROS) and causes oxidative damage to biomolecules (Sebastiano et al., 2016b). It is thus 
possible that herpesviruses modify the oxidative status of the host promoting its replication. 
For instance, oxidative damage to cells may facilitate herpesvirus permissiveness in the 
nervous system (Kavouras et al., 2007), and OS is known to activate the nuclear factor-kappa 
B (NF-kB), which participates in the regulation of the herpesvirus replication cycle (Kumar et 
al., 2012). Furthermore, since NF-kB seems to be a key factor associated with viral infections 
(Hiscott et al., 2001), the role of oxidative stress as a regulator of the viral activation and as 
a pathogenic factor associated with infections has been recently investigated (Chen et al., 
2016; Ivanov et al., 2017). 

Although some studies have found OS to be associated with infectious diseases and 
possibly to be one mechanism responsible for the patho-physiological consequences of 
several viral infections (De Marco, 2013; Li et al., 2011; Sebastiano et al., 2016b), i) most of 
the work has been done on humans and laboratory or domestic animals; and ii) the role of 
oxidative stress in determining health and survival perspectives is complex and results have 
often been contradictory (Costantini, 2014; Speakman et al., 2015). These seemingly 
contradictory results can also be found in studies on viral diseases, possibly because of the 
trade-off between the costs and benefits associated with the increase in oxidative stress 
during infections (Beaulieu and Costantini, 2014). For example, the organism may first 
respond to an infection by increasing the production of ROS from immune cells (the so-called 
oxidative burst) in order to eliminate the infectious agent (Beaulieu and Costantini, 2014), 
but these non-specific compounds are also harmful to the host’s tissues (Sorci and Faivre, 
2009). Hence, it is essential to assess whether the individual oxidative status is associated 
with the occurrence of clinical signs and how this status is modified during the progress of 
the infection. To this end, we carried out a study on oxidative stress, clinical signs, and 
survival probabilities in nestlings of a tropical seabird, the Magnificent frigatebird (Fregata 
magnificens, Mathews 1914, hereafter frigatebirds) facing a severe infectious disease. A 
previous study carried out on this population breeding on Grand Connétable island, in French 
Guiana, excluded the possibility of a bacterial infection and the presence of ectoparasites 
after bacterial cultures and microscopic evaluation of skin samples (de Thoisy et al., 2009). 
Bird samples were further tested and gave negative results for avian poxvirus DNA but were 
positive to herpesvirus DNA (de Thoisy et al., 2009), which therefore seems the possible 
causal agent responsible for the appearance of clinical signs as illustrated in Fig. 1, which are 
only noticeable in nestlings. Visible clinical signs of the disease occur in most nestling during 
their development, and their chances of survival are extremely low (5 to 15% accordingly to 
field observations). 

Given that the observed clinical signs are likely related to an infectious disease, this 
frigatebird population is a relevant biological model for investigating the relationships 
among oxidative stress, clinical signs of the disease and survival probabilities. In addition, 
since previous studies showed a sex-related response to oxidative stress (Brunelli et al., 
2014; Costantini, 2010), we have also evaluated sex differences in OS biomarkers. 
Specifically, the aims of this study were to investigate i) whether nestlings with either low 
levels of oxidative damage or high levels of antioxidant protection are less susceptible to 
develop visible clinical signs, ii) whether the disease is associated with the nestlings oxidative 
status, iii) whether the impact of the disease on oxidative status and survival is similar 
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between males and females iv), and whether the use of cloacal and tracheal swabs might be 
used as a non-invasive tool to detect the presence of the infectious agent in individuals 
without clinical signs. Our study is also relevant for conservation because it may provide 
conservation practitioners with tools to predict the impact of a pathogen on fitness traits. 

Materials and Methods 

Ethics statement 

All activities were performed in accordance with the relevant guidelines and regulation and 
all experimental protocols were approved by the Préfet de la Région Guyane (Direction de 
l’Environnement, de l’Aménagement et du Logement - Service Milieux Naturels, Biodiversité, 
Sites et Paysages - Permit number 2015131-0022). 

Sample collection 

The fieldwork was carried out in 2015 on Grand Connétable island, a protected area located 
off the Northern Atlantic coast of South America (French Guiana, 4°49′30N; 51°56′00W). This 
small island hosts a unique colony of Magnificent frigatebirds that is one of the most 
important in South America, and represents the only breeding site for frigatebirds in French 
Guiana (Dujardin and Tostain, 1990). A total of 44 four-months old nestlings including 22 
nestlings without clinical signs and 22 sick nestlings showing severe clinical signs were 
randomly chosen at different sites of the island. The selection of individuals was simplified 
by the absence or presence of visible clinical signs (Fig. 1), and healthy nestlings were 
carefully checked for detectable clinical signs of the disease (e.g., little crusts hidden under 
their plumage). All individuals were captured by hand on June 5th-7th. On June 19th-21st, the 
same birds were captured and sampled again, in order to be able to evaluate whether the 
physiological status of nestlings changed during the progression of the disease. A period of 
about two weeks of delay from the first to the second sampling period has been chosen given 
that field observations suggested that this is the timeframe required to cause observable 
clinical signs of the disease. In the second sampling period, of the nestlings that were 
previously blood-sampled nine were found dead from the disease (one healthy and eight 
sick nestlings), and four were not found (of which all of them were healthy). Thus, six new 
nestlings were sampled to increase the number of individuals at the second sampling period 
in order to perform statistical comparisons among groups. Out of the 22 healthy individuals 
sampled during the first period, six nestlings showed the occurrence of clinical signs in the 
second period (body and head crusts, hyperkeratosis on eyes with consequent thickening of 
the cornea). Despite frigatebird nests occur at a high density on this island, a previous 
experiment on pigeons has shown how horizontal transmission of herpesvirus (from one bird 
to another) is a rare event, while it seems more likely that herpesvirus is transmitted 
vertically, from parents to offspring (Kaleta, 1990). 

Within 3 minutes after capture, two ml of blood were collected from the brachial vein 
using a heparinized syringe and a 25G needle. Samples were immediately kept cold and 
centrifuged in the field within less than one hour to separate plasma and red blood cells 
(used for oxidative stress biomarkers). Both samples of plasma and red blood cells were then 
kept in dry ice until the end of the fieldwork and, when back to the laboratory, were kept in 
a -80 °C freezer until laboratory analyses. An aliquot of blood was also used for sex 
determination of nestlings according to a previous protocol with minor modifications 
(Griffiths et al., 1998). 
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In addition to blood samples, cloacal and tracheal cotton swabs were collected from 20 
nestlings during the first sampling period (10 nestlings with clinical signs and 10 looking-
healthy nestlings), and 21 nestlings during the second sampling period (11 nestlings with 
clinical signs and 10 looking-healthy nestlings), respectively. Since previous laboratory 
analysis suggested that clinical signs were likely to be related to a herpesvirus infection (de 
Thoisy et al., 2009), swab samples were taken to test whether herpesvirus is also detectable 
in tracheal and cloacal cavities of healthy individuals. Indeed, a previous study showed that 
healthy individuals of different bird species might excrete virus particles in the faeces and 
might show persistency of herpesvirus in the pharynx, even when the virus is latent (Kaleta, 
1990). Both swab and blood samples were stored at -80 °C until laboratory analyses. 

 
Figure 1. A healthy nestling (on the left) does not show clinical signs (hyperkeratosis, body and head crusts) in 
comparison to a sick individual (on the right). 

 
Analyses of metrics of oxidative stress 

All analyses were done using established protocols for vertebrates. High performance liquid 
chromatography (HPLC) with electrochemical detection was applied for determination of the 
non-enzymatic antioxidant capacity using reduced (GSH) and oxidized (GSSG) glutathione in 
red blood cells by Reversed-Phase HPLC of Shimadzu (Hai Zhonglu, Shanghai) according to a 
previous protocol (Sinha et al., 2014). Concentrations were expressed as μmol/g of fresh 
weight. The GSH/GSSG ratio was also calculated and used as a metric of oxidative balance 
(Jones, 2006). The enzymatic antioxidant capacity was measured using three different 
biomarkers. Superoxide dismutase (SOD) activity was determined in red blood cells by 
measuring the inhibition of nitroblue tetrazolium reduction at 560 nm and was expressed as 
U/mg protein per minute (Dhindsa et al., 1981). Catalase activity (CAT) was assayed in red 
blood cells by monitoring the rate of decomposition of H2O2 at 240nm and was expressed as 
μmol H2O2/mg protein per minute (Aebi, 1984). Glutathione peroxidase (GPX) activity was 
measured in red blood cells by a spectrophotometric method and was expressed as μmol 
NADPH/mg protein per minute (Drotar et al., 1985). The non-enzymatic antioxidant capacity 
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of plasma was quantified using the OXY absorbent test (Diacron International, Grosseto, 
Italy) and was expressed as mM HOCl neutralized (Costantini et al., 2006). Plasma lipid 
peroxidation was quantified using the Thiobarbituric Acid Reactive Substances (TBARS) 
assay; values were expressed as nmol of Malondialdeyde (MDA) equivalents/mL of plasma 
(Hodges et al., 1999). Oxidative protein damage was determined by measuring protein 
carbonyls in red blood cells; values were expressed as nmol/mg protein (Levine et al., 1994). 
Detailed protocols can be found in the supplementary material. 

Assessment of the presence of the virus in swabs and crusts 

Swabs and crusts were suspended in separate tubes in 600 µL of Dulbecco's Modified Eagle 
Medium (DMEM) for 30 minutes, then vortexed and centrifuged for a few seconds. Total 
DNA was extracted using the NucliSENS easyMAG bio-robot (bioMérieux, Marcy l’Etoile, 
France). Molecular screening targeted a fragment of the DNA polymerase gene previously 
described in Frigatebirds (de Thoisy et al., 2009), with a semi-nesting PCR approach. The first 
PCR was done with primers F1S (5′-TGCTGAGCGTTTTGTTGC-3′) and FAS (5′-
TGTTCCTTCCTATGGTCGTTAC-3′) and the following amplification conditions: 10min at 94 °C, 
followed by 35 cycles of 30 sec at 94 °C, 30 sec at 57 °C, 30 sec at 72 °C, and a final extension 
of 10 min at 72 °C. The PCR product (expected size 212 bp) was then used as template for a 
semi-nested PCR with primers F2S (5′-GCGGTTTTGCTGGACAAG-3′) and FAS, and the 
following amplification profile: 10min at 94 °C, followed by 35 cycles of 30 sec at 94 °C, 30 
sec at 60 °C, 30 sec at 72 °C, and a final extension of 10min at 72 °C. The PCR product was 
132bp, samples were deposed and revealed on an agarose gel. Quantitative real-time 
polymerase chain reaction detection of Frigatebird herpesvirus was performed on tracheal 
and cloacal swabs collected at the first sampling period (n=20) by using a TaqMan technique 
from 100ng DNA extracted from cloacal and tracheal cotton swabs. The primers and probe 
set were designed in the DNA polymerase gene fragment (FregF1: 5′-
GCACGTTAGGGAGAGCTTGCT-3′; FregR1: 5′-GCGCATCGCCAACCA-3′; Freg-MGB probe: 5′-
AGCGTTTTGTTGCGCG-3′) (Eurogentec, Belgium).  

Quantitative real-time PCR assay was performed on a StepOne Plus apparatus (Applied 
Biosystems) using components supplied in the TaqMan universal master mix II (Thermo 
Fischer Scientific) in a reaction volume of 25μL. Thermal cycling was initiated with 2min of 
incubation at 50 °C, followed by 10min of denaturation at 95 °C, and then 40 cycles of 95 °C 
for 15sec and 60 °C for 1min. A standard curve was based on PCRs performed twice in 
duplicate by using DNA copy numbers ranging from 2 to 2×107 copies calculated from a 
relevant cloned plasmid containing the same Frigatebird herpesvirus DNA polymerase gene 
sequence. The cycle threshold values were plotted against given copy numbers and show a 
linear amplification between 2×102 and 2×107 copies. 

Sex determination 

DNA samples were used to determine the sex of individuals by polymerase chain reaction 
amplification as previously detailed with minor modifications (Griffiths et al., 1998). Sex 
identification was carried out using the P8 (5′-CTCCCAAGGATGAGRAAYTG-3′) and P2 (5′-
TCTGCATCGCTAAATCCTTT-3′) primers. An initial denaturing step at 94 °C for 2min was 
followed by 40 cycles of 94 °C for 30 s, 48 °C for 30 s, and 72 °C for 1min. A final run of 94 °C 
for 30 s, 50 °C for 1min, and 5min at 72 °C completed the program. 
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Statistical analyses 

All statistical analyses were performed using R (v. 3.1.2). Linear mixed models were used to 
assess whether the biomarkers of oxidative status differed among groups and changed with 
sampling period. In each model, a given biomarker was included as dependent variable; the 
variables “group” and “sampling period” were included as fixed factors and the factor 
“individual” was included as a random effect because we had repeated measurements. 
Outcomes of all models were unchanged if the sampling time (calculated as minutes elapsed 
since midnight) was included. Thus, we presented outcomes of models that do not take into 
account sampling time. In each model, we also included the interaction between the group 
and the sampling period. All individuals for which we had repeated measurements (data 
from both the first and the second period) were included (for a total of 31 individuals). These 
31 individuals were in three different groups prior to statistical analysis. A first group 
included nestlings that did not show any visible sign of the disease in both sampling periods 
(hereafter called “HH”, n=11). A second group included nestlings that manifested clinical 
signs only in the second sampling period (hereafter called “HS”, n=6). A third group included 
nestlings that already showed clinical signs during the first sampling period (hereafter as 
“SS”, n=14). This approach has been chosen in order to account for differences among groups 
during the first sampling, as well as to determine the “change” (a significant decrease or 
increase in the specific biomarker) of each group from the first to the second period. 
Furthermore, an additional model including the same factors as those of the previous one 
was carried out including only the individuals sampled at the first period. This has been done 
to avoid the possibility of a bias in the model due to the selective disappearance of the dead 
nestlings (that were therefore not included in the model with repeated measurements), as 
8 out of the 9 birds that died were from the sick group. In this model, in addition to the HH 
group (which now includes the individual who died and four that were not found at the 
second period, n=16), HS group (n=6), SS group (n=14), an additional group was therefore 
included (hereafter “SD”, n=8). From each model, we first removed the interaction term 
when it was not significant and then the non-significant fixed factors, in order to attain the 
best-fit model. Finally, we applied a post-hoc comparison based on the difference of least 
square means. 

In order to evaluate sex differences, the whole dataset has been divided in two different 
datasets: one for the first sampling period (n=44; 22 nestlings without clinical signs and 22 
with clinical signs) and one for the second sampling period in order to include individuals 
that have been sampled only in one period (n=37; 31 re-captured plus six new individuals). 
Then, we have also included the interaction between sex and group in the model to be able 
to detect sex differences within the sick and the healthy groups. Dependent variables were 
tested for normality with a Shapiro-Wilk test and were log-transformed when necessary 
(with the exception of TBARS that showed a deep difference among groups and for which a 
normalization was not possible). Models were also tested for heteroscedasticity and residual 
normality. For each model we removed the non-significant interaction first, and then each 
non-significant factor in order to get to the best fit model. Finally, we performed multiple 
comparisons with the glht function in R (post-hoc analysis: “multcomp” package). 

A generalized linear model using a logit link function and a binomial error variance was 
used to assess if any metric of oxidative status was associated with either the occurrence of 
clinical signs or the mortality of nestlings. The prediction of viral activation was estimated 
from each oxidative stress biomarker in the 22 healthy individuals in the first period. The 
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survival perspectives within our study period were estimated using two different models: 
one on the 22 sick individuals sampled during the first period and the other one on the 44 
individuals sampled during the first period. In these models, an estimation of overdispersion 
has been performed to minimize the risk of Type I error (Hilbe, 2011). 

Finally, Principal Component Analysis on a correlation matrix among the different 
markers of oxidative status was done to reduce the number of variables. Generalized linear 
models were then used to test whether these new variables were associated with either the 
occurrence of clinical signs or mortality of nestlings. This approach enabled us to assess 
whether, as compared to single markers, variables integrating information from multiple 
markers are better to describe the progress of the disease. Any violations of model 
assumptions, and transformation of data are reported when needed. 

Results 

Analyses of viral DNA 

Herpesviral DNA was detected in the tracheal and cloacal swabs of seven out of ten healthy-
looking individuals sampled during the first period, compared to nine out of ten individuals 
showing clinical signs at the first sampling period. In the second sampling period, all the 
healthy-looking nestlings (ten) were positive, and six out of eleven nestlings with clinical 
signs were positive to at least one swab. The three healthy individuals that did not reveal 
presence of the virus in swabs during the first sampling period showed clinical signs of 
infection in the second sampling period, i.e. two weeks later. 

The use of the qPCR identified the presence of viral DNA from low copies up to 106 to 107 
copies in tracheal swabs of six out of ten sick individuals at the first sampling period, which 
were either found dead (three) or in a critical health state (three) in the second sampling 
period. Viral DNA was also detected in tracheal swabs of five out of ten healthy individuals 
sampled during the first sampling period. In those five individuals, viral copies were found at 
lower levels (from a low number of copies up to 104 to 105 copies), than in sick nestlings, 
equivalent to a difference of millions of viral copies. In the second sampling period, among 
them, two were not found and two nestlings showed the occurrence of clinical signs of the 
disease. Finally, the virus was undetectable by qPCR on DNA extracted from cloacal swabs in 
most tested individuals (60%). For the only few individuals for which the virus was present 
(40%), there were far less copy numbers (<300 copies) in comparison to tracheal swabs. 
Detailed results of the two PCR approaches can be found in Supplementary Table S1 
(https://static-content.springer.com/esm/art%3A10.1038%2Fs41598-017-01417-
9/MediaObjects/41598_2017_1417_MOESM1_ESM.doc). 

Non-enzymatic antioxidants 

The model for GSH showed a significant interaction between group and sampling period 
(F=19.02, P<0.01). In the first period, the HS group had higher GSH levels than both the 
HH group (t=-2.25, P=0.03) and the SS group (t=2.66, P=0.01), while in the second period 
the SS group had higher GSH levels than both the HH group (t=-4.95, P<0.01) and the HS 
group (t=-3.84, P<0.01). The SS group had a strong increase in GSH levels from the first to 
the second period (t=-8.22, P<0.01; Fig. 2a, Table 1). 

The model for GSSG showed a significant interaction between group and sampling 
period (F=3.57, P=0.04). In the first period, the SS group had more GSSG than the HS 
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group (t=-2.47, P=0.02), while there were no differences between groups in the second 
period. GSSG significantly increased from the first to the second period in the HS 
(t=−2.07, P=0.05) and in the HH group (t=-3.42, P<0.01; Fig. 2b, Table 1).  

The model for log-transformed GSH/GSSG ratio showed a significant interaction 
between group and sampling period (F=12.06, P<0.01). In the first period, the HS group 
had higher values of GSH/GSSG ratio than both the HH group (t=-2.23, P=0.03) and the SS 
group (t=3.90, P<0.01), while in the second period the GSH/GSSG ratio was higher in the 
SS group than in the HH group (t=-3.06, P<0.01). The GSH/GSSG ratio decreased from the 
first period to the second period in the HH group (t=2.75, P=0.01) and in the HS group 
(t=3.13, P<0.01), while it increased in the SS group (t=-2.83, P<0.01; Fig. 2c, Table 1).  

The non-enzymatic antioxidant capacity of the plasma (OXY test) did not differ among 
groups, nor did it show any significant changes over time (F<2.73, P>0.08; Fig. 2d, Table 
1). 

Enzymatic antioxidant activity 

SOD showed a significant interaction between group and sampling period 
(F=5.91, P<0.01). In the first period there were non-significant differences between 
groups. SOD activity showed a significant increase in the HS group over time (t=-
3.01, P<0.01), so that the SOD activity in the HS group became higher than both the HH 
group (t=-2.26, P=0.03) and the SS group (t=2.42, P=0.02) (Fig. 2e Table 1). GPX and CAT 
activities did not differ among groups, nor did they change significantly over time 
(F<0.92, P>0.41 and F<1.07, P>0.31, respectively; Fig. 2f and 2g, Table 1). 

Oxidative damage 

The model for log-transformed protein carbonyls showed a significant interaction 
between group and sampling period (F=5.63, P<0.01). In the first period, the HH group 
had less carbonyls than the SS group (t=-3.02, P<0.01), while there were no differences 
between groups in the second period. Carbonyls significantly increased in the HH group 
(t=-3.87, P<0.01) and in the HS group (t=-2.08, P=0.04) from the first to the second period 
(Fig. 2h, Table 1). 

The model for TBARS showed significant differences among groups (F=200.49, P<0.01) 
and between periods (F=14.10, P<0.01) but the interaction between group and sampling 
period was not significant (F=0.75, P=0.48). The SS group had higher levels of TBARS than 
both the HH group (t=-18.39, P<0.01) and the HS group (t=-14.06, P<0.01), while there 
were no significant differences between the HH group and the HS group. Finally, TBARS 
generally increased over time (t=-3.59, P<0.01) (Fig. 2i, Table 1). 

Sex differences in oxidative status 

In the first sampling period, males and females had similar values for all the analyzed 
biomarkers (LM: F<2.3, P>0.13), with the exception of the OXY values (F=5.95, P=0.02). 
Females had higher OXY values than males (t=-2.50, P<0.02). In the second sampling 
period, males and females did not differ in any of the measured biomarkers 
(F<2.00, P>0.17). 
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Differences at the first sampling period 

No differences were found among the HH, HS, SS and SD groups in the models on GSH, 
OXY, SOD, GPX and CAT (Figure S1). 

The model for log-transformed GSSG values showed significant differences among 
groups (F=4.81, P<0.01, Figure S1b), with the SS group showing higher values than the HS 
group (t=3.19, P=0.01). 

The model on log-transformed GSH/GSSG ratio showed significant differences among 
groups (F=6.31, P<0.01, Figure S1c). The HS group showed higher GSH/GSSG ratio than 
both the SS group (t=-3.93, P<0.01) and the SD group (t=-3.17, P=0.02), while the HH 
group had higher values than the SS group (t=-2.70, P<0.05). 

Protein carbonyls also differed among groups (F=2.87, P<0.05, Figure S1h), with the 
SS group having higher content of protein carbonyls than the HH group (t=2.87, P=0.03).  

 
Table 1: Full and best fit linear mixed models of nine biomarkers of non-enzymatic antioxidants, enzymatic 
antioxidant activity, and oxidative damage, respectively. When a final model is not shown, initial and final models 
matched. 
 

  Initial model  Final model 

  df F-value P-value df F-value P-value 

GSH Group 2,28 4.02 0.03    

 Period 1,28 12.83 <0.01    

 Group*Period 2,28 19.02 <0.01    

GSSG Group 2,28 1.96 0.16    

 Period 1,28 10.87 <0.01    

 Group*Period 2,28 3.57 0.04    

GSH/GSSG Group 2,28 2.36 0.11    

 Period 1,28 5.53 0.03    

 Group*Period 2,28 12.06 <0.01    

OXY Group 2,28 0.13 0.88 2,28 0.13 0.88 

 Period 1,28 0.05 0.82 1,30 0.23 0.64 

 Group*Period 2,28 2.73 0.08    

SOD Group 2,28 0.79 0.46    

 Period 1,28 1.44 0.24    

 Group*Period 2,28 5.91 <0.01    

GPX Group 2,28 0.92 0.41 2,28 0.92 0.41 

 Period 1,28 0.16 0.70 1,30 0.25 0.62 

 Group*Period 2,28 0.57 0.57    

CAT Group 2,28 0.09 0.09 2,28 0.09 0.91 

 Period 1,28 1.07 0.31 1,30 1.01 0.32 

 Group*Period 2,28 0.07 0.93    

CARBONYLS Group 2,28 1.10 0.35    

 Period 1,28 10.76 <0.01    

 Group*Period 2,28 5.63 <0.01    

TBARS Group 2,28 200.49 <0.01 2,28 200.49 <0.01 

 Period 1,28 14.10 <0.01 1,30 12.88 <0.01 

 Group*Period 2,28 0.75 0.48    
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Figure 2. Mean and standard error of the biomarkers of OS. Different groups are indicated on the x axis by the 
acronyms “HH” (n=11), “HS” (n=6), and “SS” (n=14). After post-hoc comparisons on the GSH, GSSG, GSH/GSSG, SOD, 
CARBONYLS, and TBARS models, plots which share the same letter showed no significant differences within the first 
period (left panel), or the second sampling period (right panel). Groups with an asterisk next to their acronym had 
a significant increase or decrease from the first to the second period. 

 
Finally, TBARS levels were significantly different among groups (F=122.71, P<0.01, 

Figure S1i). The SD group had higher concentration than both the HH (t=12.67, P<0.01) 
and the HS group (t=10.10, P<0.01), while the SS group had higher concentration than 
both the HH (t = 16.27, P < 0.01) and the HS group (t=12.13, P<0.01). 

Nestling oxidative status as predictor of viral activation and short-term survival 

We found a positive and significant covariation between GSH concentration and the 
probability of the occurrence of clinical signs (Fig. 3).  
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Figure 3. Nestling probability to show clinical signs (sick = 1 and non = 0) over a sixteen days period in relation to 
GSH expressed as μmol/g of fresh weight. 

 

 
Figure 4. Survival probability over a sixteen days period of nestlings (survival = 1 and non = 0) in relation to the 
TBARS expressed as nmol MDA equivalent/mL. 
 

HS nestlings had significantly higher levels of GSH as compared to HH nestlings 
(GLM: Z=2.0, P<0.05), while none of the other biomarkers were associated with the 
occurrence of clinical signs (GLM: Z<1.8, P>0.09). In addition, none of the considered 
biomarkers in this study were associated with short-term survival in SS nestlings 

Glutathione (GSH)

O
cc

u
rr

e
n

ce
 o

f 
cl

in
ic

a
l s

ig
n

s
P

ro
b

ab
il

it
y
 o

f 
su

rv
iv

al

TBARS concentration



Chapter III 
 

54 | Part II 
 

(GLM: Z<1.7, P>0.09). Conversely, TBARS was associated with short-term survival (with 
higher values indicating lower survival perspectives) when all nestlings were included in 
the model (GLM: Z=-2.1, P=0.03; Fig. 4). 

PCA of oxidative status biomarkers 

Four axes were extracted from the PCA on the individuals without clinical signs sampled 
at the first sampling period (explaining 26, 20, 17, and 14% of the total variance, 
respectively). None of them were associated with the occurrence of clinical signs 
(GLM: Z<1.48, P>0.14). Three axes were extracted from the PCA on the 22 individuals 
with clinical signs sampled at the first sampling period (explaining 28, 21, and 17% of the 
total variance, respectively). None of them were associated with the probability of 
survival (GLM: Z<0.89, P>0.37). Four axes were extracted from a further PCA performed 
on all the 44 nestlings from the first sampling period (explaining 28, 17, 16, and 12% of 
the total variance, respectively). None of the axes were associated with the probability 
of survival (GLM: Z<-1.08, P>0.28). However, values of the first PC differed significantly 
among the three study groups (HH, HS, and SS; Fig. 5). The SS group showed significantly 
higher PC1 scores than both the HH group (Tukey HSD: z=5.81, P<0.01) and the HS group 
(Tukey HSD: z=4.45, P<0.01), while the difference between the HH and the HS groups 
were almost significant (Tukey HSD: z=2.26, P=0.06). This axis indicated that nestlings 
with high levels of TBARS (loading = 0.425) and GSSG (0.466) had also low levels of GSH ( -
0.310) and GSH/GSSG ratio (-0.523). 

 
Figure 5. The first axis of the principal component analysis performed on the oxidative status biomarkers was able 
to discriminate the three study groups (indicated on the x axis by the acronyms HH, HS, and SS). The SS group had 
significantly higher PC1 scores than both the HS and the HH groups (P<0.01). 

 
Discussion 

Our study provides the first evidence in a wild vertebrate that the progress of a disease likely 
caused by a virus is associated with changes in blood oxidative status, and that some 
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biomarkers of oxidative status are associated with both clinical signs and mortality. In 
addition, males and females did not show any strong differences in the oxidative status. 

The analysis of swab samples detected the presence of herpesvirus DNA in most nestlings 
including individuals without visible clinical signs, indicating that the virus is widespread in 
this population. However, the quantification of the number of viral DNA did not give a clear 
indication that clinical signs are related to viral load. Although in this study we found up to 
106 to 107 copies of herpesviral DNA in swabs of some infected individuals, amongst which 
some were found dead from the disease two weeks later, we cannot prove that the clinical 
signs are uniquely induced by this herpesvirus. For instance, at the first sampling period, one 
individual showing clinical signs that was classified as “sick” was negative for herpesvirus 
DNA in both semi-nested PCR and quantitative PCR; in addition, in two other nestlings with 
clinical signs that were positive by qualitative semi-nested PCR in either cloacal or tracheal 
swab, viral copies were too low to be detectable by qPCR. Similar outcomes were obtained 
from the analyses performed on swabs collected from nestlings not showing any visible 
clinical signs. The lack of a direct association between herpesvirus copies and clinical signs is 
however not surprising if we consider the dynamics of viral activity and of the appearance of 
crusts on the body. Crusts take days to appear after the virus replication begins. Thus, it 
might be that in those sick nestlings that were negative to herpesvirus, the activity of the 
virus might have already been reduced or repressed by the immune system of the host, but 
the disappearance of crusts would take longer (Branson et al., 1999). Similarly, the virus 
might have been activated in some healthy nestlings even if the appearance of clinical signs 
has not occurred yet. Secondly, despite the use of swabs is one of the most commonly used 
methods in virology, it might be that we could not sample viral particles in all individuals in 
a standardized manner. This concern is particularly relevant in the case of herpesviruses, 
because they have specific sites of latency and reactivation. For the human herpes simplex 
virus 1 (HSV-1), as an example, the site of latency is in the oropharyngeal mucosa, but after 
activation, the virus becomes evident at mucocutaneous sites (Whitley et al., 2007). It is 
therefore possible that we were not able to sample the oropharyngeal mucosa (or the anal 
mucosa) in all individuals. A third explanation, even if less likely, might be that the visible 
clinical signs of birds were the result of a combination of diverse pathogens. For instance, a 
few studies found co-infections between herpesvirus and the bacterium Chlamydia 
trachomatis (Prusty et al., 2012), or papillomavirus (Styles et al., 2004). 

Irrespective of whether the clinical signs were caused by this herpesvirus alone or a co-
infection with another pathogen, our results support an association between the visible 
clinical signs and an unbalanced oxidative status of blood as previously suggested by a meta-
analysis on herpesviruses (Sebastiano et al., 2016b). Nestlings that had higher 
concentrations of glutathione in the first sampling period had higher probabilities to develop 
proliferative skin lesions (Fig. 3). Similarly, in a previous study, wild young great tits Parus 
major infected by avian malaria had higher glutathione when compared to uninfected birds 
(Isaksson et al., 2013). Despite glutathione is a major cell antioxidant (Halliwell and 
Gutteridge, 2007), which is decreased during herpesvirus infections in order to maintain an 
impairment in intracellular redox status essential for the virus replication (Palamara et al., 
1995), the high levels of glutathione associated with the appearance of clinical signs might 
indicate that nestlings needed to increase synthesis of this non-enzymatic antioxidant in 
order to compensate for an increased production of reactive oxygen species and oxidative 
damage during the early stage of viral replication. While previous studies have looked at the 
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relationship between the oxidative status and the survival perspectives, there are to the best 
of our knowledge no records on the link among pre-existing levels of antioxidants and the 
probability of developing clinical signs in animal populations. In addition, TBARS values (a 
measure of oxidative damage to lipids) were associated with survival probabilities of 
nestlings. Similarly, in nestling great tits Parus major, previous work has found a higher 
glutathione peroxidase activity in those nestlings with lower survival probabilities until 
fledging (Koivula et al., 2011), either low or high GPX activity in those nestlings that were less 
likely to survive (Norte et al., 2008), or no relationship between antioxidant capacity or 
oxidative damage and survival perspective (Stier et al., 2015). As can be seen in Fig. 4, high 
levels of TBARS were associated with higher chances of mortality, but high levels of TBARS 
were also found in sick but alive nestlings. This is because all the sick individuals showed high 
levels of TBARS but some of them were still alive when we left the field. However, sick 
nestlings appeared to be in a critical condition (e.g., body fully covered by crusts, apathy, 
hyperkeratosis of eyes) and had probably no chance of recovering. As a result, the use of this 
model is limited to the association between clinical signs and plasma damage to lipids. 
Although visible clinical signs are sufficient to provide an assessment of the health status, 
the marker TBARS might still prove useful to assess the effectiveness of a medical treatment 
of the animals.  

We point out that our conclusions are limited to a period of about two weeks and to the 
fact that oxidative stress biomarkers have been measured only in one tissue, in both 
erythrocytes and plasma, which might provide information on intra- and extracellular 
oxidative status (Stier et al., 2015). Given that the disease causes extensive damage on the 
dermal tissue of these birds, it might be valuable to collect biopsies of dermal tissue to test 
whether the oxidative status in this tissue might be better associated with the occurrence of 
clinical signs and survival perspectives. However, in our previous meta-analysis, we found 
that blood-based markers of oxidative status were very sensitive to herpesvirus infection 
with an effect size comparable to that of other tissues (Sebastiano et al., 2016b).  

The changes that occurred in several metrics of oxidative status over the study period 
suggest that oxidative stress might be a molecular mechanism underlying the infectious 
process. For example, superoxide dismutase activity significantly increased in the HS group 
from the first to the second sampling period. This result suggests that nestlings invested in 
the up-regulation of superoxide dismutase activity during the early stages of the infection in 
order to limit spread of damage. Similarly, up-regulation of the superoxide dismutase activity 
was observed in humans exposed to rotavirus infection (Gac et al., 2010). For the non-
enzymatic antioxidants, our results showed a strong increase in the glutathione levels in the 
infected individuals from the first to the second period, when the viral activity has already 
caused proliferative skin lesions. The up-regulation of the superoxide enzymatic activity 
during the first phases of the infection may have led to an increase in the circulating 
glutathione in the latest stage of the infection, although direct evidence in this study is so far 
limited and warrants further investigations. Conversely to sick nestlings, there was an 
increase in the oxidized glutathione in the other two groups (Fig. 2). The increase in oxidized 
glutathione might indicate that cells were experiencing an oxidative challenge, and that 
there was activation of the glutathione machinery (Meister and Anderson, 1983).  

In addition, the basal protein oxidative damage expressed as protein carbonyls was very 
high in sick individuals (SS group) in comparison with the healthy group (HH group), and the 
carbonylation significantly increased in the HH and the HS group over time. On the contrary, 
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TBARS did not increase from the first to the second period in any of the groups, but only 
showed a significant and general increase in all the nestlings. In addition, the level of TBARS 
was very high in individuals with clinical signs (SS group, Fig. 2). The fact that TBARS did not 
increase in the healthy-looking individuals from the first to the second sampling period, 
indicates that any increase in damage to lipids might occur only at an advanced stage of the 
disease and it does not occur simultaneously with the appearance of visible clinical signs. In 
other words, it might take several days from the appearance of proliferative skin lesions for 
plasma levels of TBARS to increase.  

Outcomes of the models performed on OS biomarkers measured at the first sampling 
period also supported our conclusions. None of those models could detect any significant 
differences between the HS and the HH group (which included five more individuals than in 
the repeated measurement approach), and between the SS and the SD group, therefore 
indicating that the repeated measurement approach does not suffer from a possible bias 
caused by the selective disappearance of the dead individuals (or the individuals which have 
not been found at the second sampling period), possibly because SS and SD nestlings showed 
similar OS values. Finally, although some biomarkers of oxidative status were associated with 
clinical signs of the disease or mortality, we could not find a similar pattern in the association 
of the different biomarkers to the disease. A principal component analysis only showed that 
HH, HS and SS nestlings differed in the association among TBARS, GSSG, GSH and GSH/GSSG, 
with SS nestlings having higher TBARS and GSSG and lower GSH and GSH/GSSG in 
comparison with the HS and the HH groups, respectively. These results were due to the weak 
correlations among markers as shown by the low variance explained by each single principal 
component, indicating that a PCA approach is less indicative than a single-biomarker 
approach in this particular study. The first mortality events of nestling frigatebirds in Grand 
Connétable natural reserve were recorded in 2005. A monitoring program carried out by the 
rangers of the natural reserve enabled to estimate a high mortality rate due to the disease, 
with values that reached about 85 to 95% of nestlings in 2015 (field observations). It is, 
however, unclear how the virus spreads into the population. Field observations showed that 
several nestlings did not show any clinical signs even when having many sick neighboring 
nestlings, suggesting that a vertical transmission of the virus is the more likely scenario of 
transmission in our population. Previous work on domestic species suggested that vertical 
transmission is indeed common in herpesviruses (Kaleta, 1990). Further research in this 
direction is clearly needed to better understand the way the virus proliferates in this, as well 
as, in other wild bird populations.  

If the mortality rate remains so high for several years, the disease might have a huge 
impact on the long-term local recruitment. Different studies have underlined the role of 
parasites and pathogens as drivers of population dynamics (McCallum and Dobson, 1995; 
Norman et al., 1999). Only recently, a comparative study pointed out that severe diseases of 
animal populations might drive to local or global extinction (De Castro and Bolker, 2005). A 
recent study showed that there is an active exchange of individuals among the frigatebird 
populations from Barbuda island, the Abrolhos archipelago and our study area (Nuss et al., 
2016; Trefry et al., 2012). On the one hand, this might fuel the frigatebird population on 
Grand Connétable island with new breeding individuals ensuring the viability of the 
population over the long-term. On the other hand, exchanges of birds between those islands 
might facilitate the spread of the herpesvirus towards other frigatebird colonies. However, 
despite the interchange of individuals with other colonies, there are no evidences that the 
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disease has occurred in other frigatebird colonies. The same study also pointed out that this 
frigatebird population is a key population between the Caribbean and Brazilian colonies of 
frigatebirds. Furthermore, Grand Connétable island hosts diverse seabird species 
represented by a huge number of breeding couples (as an example, with about 8,000 
couples, the population of Cayenne tern (Thalasseus eurygnathus) represents more than 
30% of the world population), providing a pool of potential hosts which might enable the 
persistence of the virus over the long term, and could enable transmission to other species, 
even if cross-species transmissions are rare events in the case of herpesviruses (Kaleta, 
1990). It is therefore important to investigate the possibility that these birds are also exposed 
to other pathogens that might be more transmissible from one species to another, as has 
been found in some mammalian species in South Africa, where a papilloma virus is spreading 
through different species (van Dyk et al., 2011; Williams et al., 2011).  

Environmental factors such as pollution, food availability and food quality are well-known 
to directly or indirectly affect endocrine mechanisms and decrease immune system in 
different taxa(Hultman and Hansson-Georgiadis, 1999; Lee et al., 2008; Lehmann et al., 
2011; Silbergeld et al., 2005), and specifically in birds (Hoi-Leitner et al., 2001; Snoeijs et al., 
2004; Tartu et al., 2016; Tartu et al., 2015c). It is therefore possible that human activities in 
French Guiana may have led to a low quality habitat for reproduction and survival that 
cannot sustain the population. In recent years, the shrimp activity, which generates discards 
that are an important source of food for frigatebirds, has plummeted in French Guiana, and 
a previous study indicated that frigatebird couples were not able to feed their chicks after 
the fishery decline (Martinet and Blanchard, 2009). Food scarcity is a condition to which 
frigatebirds are particularly vulnerable given that they show the longest period of parental 
care of any bird species, represented by high energetic needs (Osorno, 1996). Furthermore, 
since frigatebirds are long lived apex predators which occupy the top of their marine food 
webs, they are particularly exposed to contaminants (Rowe, 2008). A very recent study has 
found high levels of mercury (Hg) both in adult and nestling frigatebirds breeding on Grand 
Connétable island (Sebastiano et al., 2016a), and since Hg is suspected to aggravate herpes 
simplex virus 2 infection in mice (Christensen et al., 1996), the mercury issue is particularly 
important for this population. One or both of these factors may therefore increase the 
vulnerability of this particular colony of frigatebirds. 

Conclusions 

Our work provides the first evidence in a wild vertebrate that oxidative stress might be one 
mechanism associated with the impact of a viral disease on individual health and survival. 
The association between oxidative stress and the occurrence of clinical signs we observed 
stimulates new studies on the relationship between oxidative stress and viral infections. Our 
work also points out that there is an urgent need to investigate and deepen our knowledge 
about the possibility that outbreaks of viral infection in this population could also be the 
result of local factors such as diet and contaminants, and how this pathogen could spread to 
other frigatebird colonies as well as to other species, a condition which might endanger the 
survival of several populations. Finally, this study indicates that tracheal swab samples might 
be used as a tool to determine whether herpesvirus is active in individuals that do not show 
any observable clinical signs of the disease.  

We finally suggest that further studies should experimentally investigate the relationship 
between oxidative status and the occurrence of the disease. For example, administration of 
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antioxidants with a consequent decrease in molecular oxidative damage and viral burden 
would provide evidence in favour of a role of oxidative stress as a molecular mechanism 
underlying viral activity in wild birds. 
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Supplementary information 

Biomarkers of oxidative stress measurement 

In order to determine the non-enzymatic antioxidant capacity we applied Reversed-Phase 
HPLC of Shimadzu (Hai Zhonglu, Shanghai) in red blood cells following a previous protocol 
(Sinha et al., 2014). Reduced glutathione (GSH) and oxidised glutathione (GSSG). The ratio 
between GSH/ GSSG was also calculated and used as a metric of oxidative status (Jones, 
2006). Briefly, an amount of about 10 μL of red blood cells were put in a 2mL tube to calculate 
the sample weight. After we froze the sample in liquid nitrogen, we used a magnalyzer at 
6000 rpm for 10s to crush the sample into a fine powder and we repeated this step for three 
times. Then, samples were put in ice and 1mL of 6% metaphosphoric acid (MPA) solution 
was added. Samples were magnalyzed at 5000rpm for 10s (three times by quickly freezing 
the samples in liquid nitrogen after every run). Sample were then put in ice and centrifuged 
for 12min at 14000rpm in a cold centrifuge (4 degrees). After spinning, the supernatant was 
collected and transferred in a 2mL eppendorf tube in cold. Then, 100 μL of the supernatant 
were transferred in a white glass vial and we added 300 μL of eluent (2mM KCl, adjusted to 
pH=2.5 with ortho-phosphoric acid) to measure reduced glutathione. Then another 100 μL 
of the supernatant were transferred in a dark glass vial and 50 μL of reductant (30mg DTT 
and 48mg Tris in 1mL aqua distilled water) were added. After storing the samples for 10min 
in the dark at room temperature, 250 μL of eluens were added to stop the reduction and to 
calculate total glutathione. Oxidised GSH values are estimated as the difference between the 
reduced and the total GSH. Concentrations of GSH and GSSG were calculated using a 
standard curve created by a known concentration of GSH and expressed as μmol/g of fresh 
weight of red blood cells. The non-enzymatic antioxidant capacity of plasma was quantified 
using the OXY absorbent test (Diacron International, Grosseto, Italy). This kit quantifies the 
ability of the antioxidant barrier to cope with the oxidant action of hypochlorous acid (HOCl) 
using a colorimetric determination. The serum (10 μL) was diluted 1:100 with distilled water. 
A 200 μL aliquot of a titred HOCl solution was incubated with 5 μL of the diluted serum for 
10 min at 37 degrees. Then, 5 μL of the chromogen solution in the kit was added. An alkyl-
substituted aromatic amine solubilised in the chromogen is oxidised by the residual HOCl 
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and transformed into a pink derivative. The intensity of the coloured complex, which is 
inversely related to the antioxidant power, was measured by a spectrophotometer at 490 
nm. Calibration was achieved by means of a reference serum able to neutralize 340 mol 
HOCl/ml. All values were subsequently multiplied x100 to correct for dilution and were 
expressed as mM HOCl neutralized accordingly to a previous protocol (Costantini et al., 
2006). Repeatability was estimated with Pearson’s correlation (r=0.73). 

The activity of antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT) and 
glutathione peroxidase (GPX) was determined from haemolysates of red blood cells. Red 
blood cells were homogenized by Magnalyser in 500 µL of phosphate buffer (pH 7.4; 1.15% 
KCl and 0.02 M EDTA in 0.01 M PBS). After vortexing for 30s, tubes were rapidly put in liquid 
nitrogen and were then sonicated for 30s in ice. Samples were then magnalysed for 15s at 
6500g for three times and then centrifuged at 10000g for 30 min in a cold centrifuge (4 
degrees). The supernatant (20 µL) was then transferred in a plate in duplicate. Superoxide 
dismutase (SOD) activity was determined by measuring the inhibition of nitroblue 
tetrazolium (NBT) reduction at 560 nm and was expressed as U/mg protein per minute 
(Dhindsa et al., 1981). Catalase activity (CAT) was assayed in red blood cells by monitoring 
the rate of decomposition of H2O2 at 240 nm and was expressed as μmol H2O2/mg protein 
per minute (Aebi, 1984). Glutathione peroxidase (GPX) activity was measured in red blood 
cells by a spectrophotometric method and was expressed as μmol NADPH/mg protein per 
minute (Drotar et al., 1985). SOD, Spearman’s ρ=0.90; CAT, Spearman’s ρ=0.95, GPX, 
Pearson’s r=0.84). 

Plasma lipid peroxidation was quantified using the Thiobarbituric Acid Reactive 
Substances (TBARS) assay. Samples were mixed with 0.5 mL of TBA reagent (0.5% (w/v) 
thiobarbituric acid (TBA) in 20% TCA), vortexed for 30s and incubated at 90°C for 45 minutes. 
After incubation, samples were cooled in a bath ice to stop the reaction and were centrifuged 
at 5000rpm for 1 min and the supernatant was transferred in a plate. Absorbance was 
measured at 532, 600 and 450 nm and amount of MDA equivalents was calculated using the 
formula 6.45*(A532-A600) - 0.56*A450. Values were expressed as nmol MDA equivalents/g of 
plasma (Hodges et al., 1999). Repeatability calculated with Pearson’s correlation was r=0.88. 

Finally, to measure protein carbonyl content after samples had been diluted with distilled 
water in order to have a concentration of 2 mg protein/mL. Then, we added the DNPH 
reagent (four times the volume of the initial sample) and we incubated the samples in the 
dark at room temperature for one hour (vortexing the tubes every 15 min). Then, the same 
volume (as the total volume in the tube: sample + DNPH) of 20% TCA was added to each 
tube, and tubes were then transferred in ice for 5 minutes. For three times, we centrifuged 
the samples for 10 min at 10000rpm, we discarded the supernatant, and we re-suspended 
the pellets in 100 μL of Ethanol/Ethyl Acetate mixture (1:1). After the final wash, protein 
pellets were re-suspended in 200 μL of guanidine hydrochloride by vortexing and samples 
were incubated for 15min at 37 degrees with continuous shaking. After final centrifugation 
at 10000rpm for 10 minutes (at 4 degrees), the supernatant was transferred in a plate. 
Absorbance was measured at 370nm and the concentration of protein carbonyls was 
expressed as nmol/mg protein (Levine et al., 1994). Repeatability calculated with 
Spearman’s correlation was ρ=0.97. 
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Figure S1: Mean and standard error of the biomarkers of OS at the first sampling period. Different groups are 
indicated on the x axis by the acronyms “HH” (n=16), “HS” (n=6), “SS” (n=14), and the “HD” group (n=8). After post-
hoc comparisons on the GSSG, GSH/GSSG, CARBONYLS, and TBARS models, plots which share the same letter 
showed no significant differences. 

 
 
 
 

 

 
 



 

 

 

  



 

 

 

Chapter IV 
 

Corticosterone, inflammation, immune status 
and telomere length in frigatebird nestlings 

facing a severe herpesvirus infection 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Manrico Sebastiano, Marcel Eens, Frederic Angelier, Kévin Pineau, Olivier Chastel, 

David Costantini 
 

Conservation Physiology 5(1): cow073 (2017) 



Chapter IV 
 

64 | Part II 
 

Abstract 

Herpesvirus outbreaks are common in natural animal populations, but little is known about 
factors that favour the infection and its consequences for the organism. In this study, we 
examined the pathophysiological consequences of a disease probably attributable to 
herpesvirus infection for several markers of immune function, corticosterone, telomere 
length and inflammation. In addition, we assessed whether any markers used in this study 
might be associated with the occurrence of visible clinical signs of the disease and its impact 
on short-term survival perspectives. To address our questions, in spring 2015, we collected 
blood samples from nestlings of the magnificent frigatebird (Fregata magnificens) that were 
free of any clinical signs or showed visible signs of the disease. We found that the plasma 
concentration of haptoglobin was strongly associated with the infection status and could 
predict probabilities of survival. We also found that nestlings with clinical signs had lower 
baseline corticosterone concentrations and similar telomere length compared with healthy 
nestlings, whereas we did not find any association of the infection status with innate immune 
defenses or with nitric oxide concentration. Overall, our results suggest that the plasma 
concentration of haptoglobin might be a valuable tool to assess survival probabilities of 
frigatebird nestlings facing a herpesvirus outbreak. 
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Introduction 

Although organisms have evolved a range of specific and non-specific mechanisms of 
protection against pathogens, there are circumstances (e.g. food shortage, high stress level) 
that make the organism unable to control the activity of a given pathogen (Klimpel, 1996; 
van Boven and Weissing, 2004). Understanding the way in which free-living animals 
modulate their response to cope with pathogens is therefore of great ecological relevance 
and might even provide conservation practitioners with tools to predict the impact of a 
pathogen on fitness traits. For example, a previous study found that the concentration of 
haptoglobin (an inflammation-inducible protein) was lower in Japanese quail (Coturnix 
japonica) that died from Aspergillus fumigatus infection in comparison with individuals that 
have survived (Goetting et al., 2013) and showed how haptoglobin may be used to describe 
survival probabilities (Goetting et al., 2013). Moreover, as the levels of natural antibodies 
and complement in small blood samples provide information about immunocompetence 
(Matson et al., 2005), these markers have been used to quantify the innate immunity of 
vertebrates in stressful conditions (Hegemann et al., 2013; Vermeulen et al., 2016).  

Herpesviruses are one of the most common infectious pathogens in humans and in both 
wild and domestic animals. However, little is known about the causes and pathophysiological 
consequences of herpesvirus infection in wild animals (Goldberg et al., 1990). Decreased 
immunocompetence appears to favour outbreaks of herpesvirus (Goldberg et al., 1990). The 
causes of a reduction in immunocompetence might lie with sources of environmental stress; 
for example, chronic secretion of glucocorticoid hormones in response to a stressful 
situation can reduce the individual’s capacity to mount an immune response (Sapolsky et al., 
2000). Specifically, environmental stressful stimuli activate the hypothalamic-pituitary-
adrenal axis, which leads to the release of corticotrophin-releasing factors in the brain and 
glucocorticoids in the periphery (Romero, 2004). The action of glucocorticoids on the 
immune system is dependent on the duration of the stress exposure. For example, it was 
found that a short-term exposure to a stressful experience enhanced the immune response, 
whereas a prolonged exposure reduced immunocompetence (Dhabhar, 2000; Dhabhar and 
McEwen, 1997). In birds, elevated concentrations of corticosterone (CORT; the main avian 
glucocorticoid) have detrimental effects on nestling growth, behaviour and immunity 
(Kitaysky et al., 2003; Rubolini et al., 2005) and can even increase the generation of reactive 
oxygen species (Costantini et al., 2011). Both chronic stressful conditions and generation of 
reactive oxygen species via CORT negatively affect the dynamics of the telomeres 
(Haussmann et al., 2012; Kotrschal et al., 2007; Quirici et al., 2016; von Zglinicki, 2002), long 
repetitive non-coding sequences of DNA located at the ends of chromosomes, which can 
play a major role in ageing processes (Blackburn, 1991). Telomeres, considered as valuable 
indicators of cell health (Counter, 1996), might also reflect the individual’s ability to cope 
with stressful conditions (Kotrschal et al., 2007) and predict lifespan, reproductive outcome 
or survival perspective in birds (Angelier et al., 2013; Haussmann et al., 2005; Heidinger et 
al., 2012).  

In individuals exposed to a herpesvirus outbreak, chronic activation of the hypothalamic-
pituitary-adrenal axis might favour viral activity (Padgett and Glaser, 2003); for example, 
through an impairment of the immune response (Casto et al., 2001; Stier et al., 2009; 
Vallverdu-Coll et al., 2016). The assessment of stress-induced CORT is therefore of crucial 
importance for the magnificent frigatebird (Fregata magnificens; hereafter called 
frigatebird) population used in this study, which is probably undergoing a strong exposure 
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to environmental stressors (Martinet and Blanchard, 2009; Sebastiano et al., 2016a). For 
instance, a study on experimentally infected mice found that herpes simplex virus-associated 
morbidity and mortality during development are increased by stress-induced CORT (Elftman 
et al., 2010). However, there is a lack of studies addressing the physiological consequences 
of a herpesvirus infection on individuals’ stress levels and its deleterious effect on immunity 
and telomeres in wild animals. Furthermore, there is an urgent need to identify markers 
associated with herpesvirus infections that can be used for the assessment of health status 
in order to strengthen conservation strategies. For instance, as infectious diseases may 
induce inflammation (Eckersall et al., 2001; Ganheim et al., 2007; Grau-Roma et al., 2009; 
White et al., 2012), inflammatory markers might be a tool to diagnose and monitor animal 
diseases (Goetting et al., 2013; Jain et al., 2011).  

In this study, we measured the basal plasma concentration of CORT, telomere length and 
an array of immune and inflammatory markers in frigatebird nestlings likely to be affected 
by a severe herpesvirus infection (Sebastiano et al., 2016a). The aims of this study were as 
follows: i) to investigate whether the chances of showing visible clinical signs of the disease 
are higher in immunosuppressed individuals; ii) to assess whether individuals with visible 
signs have higher physiological stress and inflammation than those individuals without any 
clinical signs; iii) to assess whether short-term survival probabilities are related to 
physiological markers; iv) to assess the sensitivity and specificity of immunological and 
inflammatory markers for diagnosis of virus infections; and v) to assess whether telomere 
length might be associated with the infection status. 

Material and Methods 

Study site and sampling 

Grand Connétable island is a protected area located off the Northern Atlantic coast of South 
America (French Guiana, 4°49′30N, 51°56′00W). This island hosts a unique colony of 
frigatebirds that is one of the most important in South America and represents the only 
breeding site for frigatebirds in French Guiana (Dujardin and Tostain, 1990). A total of 44 
nestlings, including 22 nestlings without clinical signs of herpesvirus infection and 22 
nestlings with visible clinical signs of a herpesvirus infection as previously described (de 
Thoisy et al., 2009) of ~4 months old (termed “sick”; Fig. 1), were captured by hand during 
the breeding season of 2015, on 5-7 June, and recaptured on 19-21 June. As sick nestlings 
vary in the severity of visible clinical signs (probably because of a different stage of the 
infection), we chose sick nestlings with the same severity of visible clinical signs. In the 
second sampling period, of the nestlings that were previously blood sampled nine were 
found dead from the disease and four were not found. In addition, six new nestlings were 
sampled. Out of the 22 apparently healthy individuals sampled during the first period, six 
nestlings showed the occurrence of clinical signs in the second period. 

Within 3 min after capture, 2 mL of blood was collected from the brachial vein using a 
heparinized syringe and a 25 gauge needle. After removing the needle from the syringe (in 
order to avoid hemolysis), blood was carefully transferred into a 2 mL tube and immediately 
kept cold (in a box with ice packs). Blood was then brought back to the field station within a 
few minutes of collection and was centrifuged within 1h to separate plasma from red blood 
cells. After centrifugation, plasma and red blood cells were divided further into several tubes 
in order to avoid repeated thawing for laboratory analyses. All the tubes were kept on dry 
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ice until the end of the fieldwork and, when back at the laboratory, were kept in a -80°C 
freezer until laboratory analyses. 

 
Figure 1. A healthy nestling, on the left, does not show visible clinical signs of the disease (hyperkeratosis, body and 
head crusts) in comparison to a sick nestling, on the right. 

 
Haemolysis-haemagglutination assay 

To characterize constitutive innate humoral immunity, we used the haemolysis-
haemagglutination assay as described in a previous protocol (Matson et al., 2005). In this 
assay, serially diluted plasma of frigatebird nestlings was evaluated for its ability to lyse and 
agglutinate exogenous red blood cells from rabbits (Matson et al., 2005). Lysis reflects the 
interaction of complement and natural antibodies, whereas agglutination results from 
natural antibodies only. From the digitalized images, lysis and agglutination were scored 
twice for each sample and recorded as the negative log2 of the last plasma dilution at which 
agglutination or lysis occurred. Titers that showed intermediate agglutination or lysis values 
were assigned half score. All plasma samples were scored twice; the coefficient of variation 
was 4.9% for agglutination and 4.3% for lysis, respectively. 

Haptoglobin and nitric oxide assay 

The concentration of plasma haptoglobin (an inflammation inducible protein; expressed as 
mg/ml) was quantified using the manufacturer’s instructions of a commercially available 
assay (PHASE Haptoglobin assay; Tridelta Development Ltd), which quantifies the 
haembinding capacity of haptoglobin colorimetrically. In each plate, a standard curve and an 
internal standard were run in duplicate. The plasma concentration of nitric oxide (μM/L), 
used in immunoecological research for assessment of the magnitude of the inflammatory 
response and potential immunopathological damage (Sild and Hõrak, 2009), was estimated 
from the concentration of nitrate and nitrite, the stable end products of nitric oxide 
oxidation. The principle of the assay is the reduction of nitrate to nitrite by copper coated 
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cadmium granules, followed by colour development with Griess reagent (Sild and Hõrak, 
2009). 

Telomere assay 

Determination of telomere length was performed at the Centre d’Etudes Biologiques de 
Chizé (CEBC) by Southern blot using the TeloTAGGG Telomere Length Assay (Roche, 
Mannheim, Germany) as previously described (Blévin et al., 2016). After digestion with 
proteinase K and DNA extraction from red blood cells using the DNeasy blood and tissue kit 
(Qiagen), DNA quality was carefully checked before telomere analyses (Nussey et al., 2014). 
Following extraction, DNA yield and purity were checked using a spectrophotometer 
(Nanodrop ND-1000; Thermo Scientific, USA). All sample yields were >20 ng/µL. Moreover, 
ranges for absorption of all samples were within an acceptable range (between 1.8 and 2.0 
for 260 nm/280 nm ratio and between 1.9 and 2.2 for 260 nm/230 nm ratio). DNA was 
digested with the restriction enzymes HinfI and RsaI for 16 h at 37°C, and DNA samples were 
subsequently separated using a pulsefield gel electrophoresis (Bio-Rad) on a 0.8% agarose 
gel. Samples were randomly assigned to a gel and run in four gels, and inter-gel variations 
were measured. The gels were run at 3.0 V/cm, with an initial switch time of 0.5 s to a final 
switch time of 7 s for 14 h. The gels were then depurated and denaturized in an alkaline 
solution. The gels were then neutralized, and DNA was transferred onto a nitrocellulose 
membrane by Southern blot (Hybond N+; Amersham Life Science, Amersham, UK), which 
was incubated at 120°C for 20 min in order to fix the DNA. The DNA was then hybridized with 
a digoxigenin-labelled probe specific for telomeric sequences and incubated with 
antidigoxigenin-specific antibody prior to visualization with a Chemidoc (Bio-Rad). 
Estimation of telomere length was then performed using ImageJ to extract telomere smear 
densities. The lane-specific background was subtracted from each density value, and the 
telomere length (mean value) was then calculated using a window of 7-30 kb, and the inter-
gel coefficient of variation was 2.0%. 

Sex determination 

At the CEBC, DNA samples were used to determine the sex of individuals by polymerase 
chain reaction amplification as previously detailed, with minor modifications (Griffiths et al., 
1998). Sex identification was carried out using the P8 (5′-CTCCCAAGGATGAGRAAYTG-3′) and 
P2 (5′- TCTGCATCGCTAAATCCTTT-3′) primers. An initial denaturing step at 94°C for 2 min was 
followed by 40 cycles of 94° for 30 s, 48°C for 30 s, and 72°C for 1 min. A final run of 94°C for 
30 s, 50°C for 1 min, and 72°C for 5 min completed the program. 

Corticosterone assay 

Corticosterone concentrations were determined at the CEBC following a previous protocol 
(Lormée et al., 2003) for steroid hormones. Plasma CORT was measured in samples after 
ethyl ether extraction by radioimmunoassays using a commercial antiserum, raised in rabbits 
against corticosterone-3-(O-carboxy-methyl)oxime bovine serum albumin conjugate 
(Biogenesis, UK). Corticosterone concentrations showed no significant relationship with the 
hour of sampling (r=0.18, P=0.10, n=81), and were all collected within 3 min after capture, 
thus they were considered to reflect the baseline levels. The intra-assay variation was 6.4% 
(n=6 duplicates). 
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Statistics 

All statistical analyses were performed using R (version 3.1.2). Given that out of the 22 
healthy-looking nestlings sampled during the first period, six nestlings showed visible clinical 
signs (hyperkeratosis, body and head crusts) during the second sampling period, our data set 
was divided into three different groups. The first group included nestlings without visible 
signs of the disease in both sampling periods (hereafter called “healthy”; n=16). The second 
group included nestlings that manifested clinical signs only in the second sampling period 
(hereafter called “activated”; n=6), and the third group contained nestlings that already 
showed clinical signs during the first sampling period (hereafter called “sick”; n=22).  

Haptoglobin, nitric oxide, CORT and telomere length were included as dependent 
variables in separate linear mixed models; group (healthy, activated and sick) and sampling 
period were included as fixed factors, and the factor “individual” was included as a random 
effect because we had repeated measurements. Outcomes of all models were unchanged if 
the sampling time (calculated as minutes elapsed since midnight) was included. Thus, we 
present outcomes of models that do not take into account sampling time. In each model, we 
also included the interaction between the group and the sampling period. All individuals for 
which we had repeated measurements (nestlings captured in the first sampling period and 
recaptured in the second sampling period; n=31) were included. This approach was chosen 
in order to account for differences among groups during the first and/or the second sampling 
period, as well as to determine the change (a significant decrease or increase in the specific 
biomarker) of each group from the first to the second period.  

Haemagglutination and haemolysis scores were included as dependent variables in two 
separate generalized linear mixed models with a binomial error distribution; in these models, 
we included the same fixed and random factors as for the linear mixed models. Generalized 
linear mixed models were used because the dependent variables were expressed as count 
data. Laboratory analyses were not successful for three individuals that were therefore 
excluded from the statistical analyses. All individuals for which we had repeated 
measurements (nestlings captured in the first sampling period and recaptured in the second 
sampling period; n=28) were included. We removed the interaction term from each full 
model when it was not significant in order to attain the best-fit model, which therefore 
included fixed factors only.  

Sex differences in the specific biomarker were evaluated for both sampling periods 
separately, in order to include the individuals that were sampled only in one period. The 
model for data collected in the first sampling period also included the individuals that were 
found either dead because of the disease or that were not been found (n=44; 22 healthy and 
22 sick), whereas the second model included individuals sampled in the second period only 
(n=37; 31 recaptured plus six new individuals). In this model, we also included the interaction 
between sex and group to test whether any differences between males and females 
depended on the health status. This model also enabled us to assess whether there were 
any differences among groups within each sampling period. In both the first and the second 
sampling period, two groups were present (“with” or “without” clinical signs). In these 
models, the activated group was not present because individuals from this group did not 
show clinical signs at the first sampling period (and were therefore included in the “without 
clinical signs” group), and in the second sampling period they showed clinical signs (and were 
therefore included in the “with clinical signs” group). The significant differences that were 
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found between individuals with or without clinical signs are reported in the Results section. 
Dependent variables were tested for normality with a Shapiro-Wilk test and were 
logarithmically transformed when necessary. Models were also tested for heteroscedasticity 
and normality of residuals. For each model, we removed non-significant interactions first, 
and then each non-significant factor in order to attain the best-fit model.  

The probabilities of each marker to predict the occurrence of clinical signs and short-term 
survival were estimated using a generalized linear model with a logit link function and a 
binomial error variance. To predict the occurrence of clinical signs, we used the 22 healthy 
individuals in the first sampling period (six of which showed clinical signs during the second 
sampling period). The survival perspectives within our study period were estimated using 
two different models, as follows: the first model included 22 sick individuals sampled during 
the first period, and the second model included all the 44 individuals sampled during the first 
period. In survival models, individuals that have been found in the second period (n=4) were 
not considered as dead in the model (thus, the comparison was made by using the nine 
nestlings that died from herpesvirus disease, eight of which were already showing clinical 
signs in the first sampling period). In these models, we have considered as ‘1’ those 
individuals that were alive in the second sampling period and ‘0’ those individuals that were 
found dead. An estimation of overdispersion has been performed to minimize the risk of 
type I error (Hilbe, 2011), and any data transformation to achieve normality is reported when 
needed.  

Furthermore, haptoglobin and nitric oxide values were also used for diagnosis of 
herpesvirus. Haptoglobin was chosen because previous studies have shown that the 
concentration of haptoglobin changes significantly in response to an infection, injury or 
malignancy (Quaye, 2008) and can increase or decrease depending on the type of infection 
(Georgieva et al., 2010; Goetting et al., 2013). For those reasons, haptoglobin has recently 
been proposed as a predictor of both clinical signs and survival in diverse diseases in humans 
and birds (Goetting et al., 2013; Sun et al., 2016). We chose nitric oxide because its 
concentration is related to that of haptoglobin (Schaer et al., 2016) and because previous 
studies suggested the use of nitric oxide as a measure of innate immunity (Bourgeon et al., 
2007) and a condition index during pathogenesis (Lillehoj and Li, 2004). The idea of a 
diagnostic test is to increase (or decrease) the suspicion that an individual has a particular 
disease (Parikh et al., 2008). The sensitivity reflects the ability of a test to classify an 
individual correctly as ‘diseased’, and in this study sensitivity was expressed as the 
percentage of nestlings correctly identified as showing the occurrence of clinical signs over 
time. The specificity reflects the ability of a test to classify an individual correctly as disease 
free, and in this study specificity was expressed as the percentage of nestlings correctly 
identified as not showing clinical signs over time, calculated on apparently healthy 
individuals. The use of these tests in animals affected by infectious diseases is increasing 
(Goetting et al., 2013). 

Results 

Haptoglobin and nitric oxide 

The model of haptoglobin concentration in plasma showed significant differences among 
groups and between sampling periods (Fig. 2 and Tables 1 and 2), but the interaction 
between group and sampling period was not significant (Fig. 2 and Tables 1 and 2). The 
haptoglobin concentration was higher in the sick group than in the healthy group (P<0.01) 
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and the activated group (P<0.01), whereas there were no significant differences between 
the healthy group and the activated group. The haptoglobin content generally increased over 
time (P<0.01). Males and females did not differ in haptoglobin concentration both in the first 
(F=0.06, P=0.81) and in the second sampling period (F=0.01, P=0.93). Individuals with clinical 
signs had significantly higher concentrations of haptoglobin than individuals without clinical 
signs both in the first (t=6.24, P<0.01) and in the second sampling period (t=3.64, P<0.01).  

 
Table 1: Mean ± SD of the inflammation markers, immune response, CORT and telomere length of each group in 
both sampling periods. 
 

 
Biomarker 
 

First sampling period Second sampling period 

Healthy  
(Mean ± SD) 

Activated  
(Mean ± SD) 

Sick  
(Mean ± SD) 

Healthy  
(Mean ± SD) 

Activated  
(Mean ± SD) 

Sick  
(Mean ± SD) 

Telomere length (Kb) 11.0 ± 0.5 11.1 ± 0.2 11.3 ± 0.4 10.9 ± 0.4 11.2 ± 0.3 11.4 ± 0.4 

Hemagglutination  6.0 ± 1.6 6.5 ± 1.0 6.4 ± 1.5 5.7 ± 1.0 6.3 ± 0.4 6.4 ± 1.5 

Hemolysis  4.6 ± 1.5 4.7 ± 0.9 5.0 ± 1.3 4.4 ± 0.9 5.1 ± 0.4 5.3 ± 1.3 

Haptoglobin (mg/mL) 0.32 ± 0.10 0.41 ± 0.30 0.95 ± 0.55 0.40 ± 0.13 0.67 ± 0.28 1.09 ± 0.48 

Nitric oxide (µmol/L) 5.0 ± 1.5 5.4 ± 1.8 5.3 ± 3.6  3.9 ± 1.7 3.6 ± 2.5 6.0 ± 4.8 

Corticosterone (ng/ml) 27.3 ± 20.7 21.9 ± 26.3 16.9 ± 9.1 49.4 ± 33.6 22.0 ± 14.1 20.4 ± 18.9 

 
The nitric oxide concentration did not differ among groups, nor did it show any 

significant changes over time (Fig. 2 and Tables 1 and 2). Males and females did not 
differ in nitric oxide concentrations both in the first (F=0.06, P=0.80) and in the 
second sampling period (F=0.54, P=0.47). Sensitivity and specificity were used to 
compare the diagnostic power of haptoglobin and nitric oxide, and results are 
shown in Table 3. The haptoglobin test had higher sensitivity and specificity than 
nitric oxide for herpesvirus infection. Taken together, haptoglobin and nitric oxide 
reached a sensitivity of 100%, while specificity dropped (Table 3). 

 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 2. Mean and standard error bars of the haptoglobin content and nitric oxide between the first and the second 
sampling period. 
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Table 2: Full and final linear mixed models (lmer) of inflammation markers, telomere length and CORT, and full and 
final generalized linear mixed models (glmer) of the immune response markers. Significant P-values are showed in 
bold. 
 

  Full model  Final model 

Variable Effect df F-value P-value  df F-value P-value 

Inflammation        

Haptoglobin  Group 2,28 12.83 <0.01  2,28 12.83 <0.01 
 Period 1,28 13.30 <0.01  1,30 8.04 <0.01 
 Group*period 2,28 2.89 0.07     

Nitric oxide Group 2,28 0.49 0.62  2,28 0.50 0.62 
 Period 1,28 4.77 0.04  1,30 2.48 0.13 
 Group*period 2,28 2.31 0.12     

Immunity        

Hemagglutination  Group 2,25 0.45 0.64  2,25 0.45 0.64 
 Period 1,25 0.11 0.75  1,27 0.11 0.75 
 Group*period 2,25 0.01 0.99     

Hemolysis Group 2,25 0.01 0.99  2,25 0.01 0.99 
 Period 1,25 <0.01 0.99  1,27 <0.01 0.99 
 Group*period 2,25 0.05 0.95     

Damage        

Telomere length  Group 2,28 2.72 0.08  2,28 2.72 0.08 
 Period 1,28 0.09 0.76  1,30 0.11 0.74 
 Group*period 2,28 1.14 0.33     

Hormone         

CORT  Group 2,28 3.36 <0.05  2,28 3.36 <0.05 
 Period 1,28 0.69 0.41  1,30 0.44 0.51 
 Group*period 2,28 0.59 0.56     

 
Hemolysis and haemagglutination tests 

Haemolysis and haemagglutination scores did not differ among groups or between sampling 
periods (Fig. 3 and Tables 1 and 2). The interaction between group and sampling period was 
not significant for both markers (Table 2). Males and females did not differ for both scores 
in the first (F<0.02, P>0.89) and in the second sampling period (F<0.36, P>0.55). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Mean and standard error bars of the hemagglutination and hemolysis scores between the first and the 
second sampling period. 
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Telomere length 

Telomere length did not differ among groups or between periods, and the interaction 
between group and sampling period was not significant (Fig. 4 and Tables 1 and 2). 
Furthermore, telomere length did not differ between males and females both in the first 
(F<0.01, P=0.93) and in the second sampling period (F=1.74, P=0.19). However, in the second 
sampling period, healthy nestlings had shorter telomeres than activated and sick nestlings 
grouped together (t=2.67, P=0.011). 

Plasma corticosterone 

The plasma concentration of CORT did not differ between sampling periods, and the 
interaction between group and sampling period was not significant (Fig. 4 and Tables 1 and 
2). Plasma CORT differed significantly among groups (Fig. 4 and Tables 1 and 2), with the sick 
group having less CORT than the healthy group (t=2.51, P=0.02; Fig. 4 and Table 1), whereas 
the activated group had similar CORT to that of the healthy group (t=1.70, P=0.10; Table 1) 
and of the sick group (t=0.30, P=0.77; Table 1). Corticosterone concentration did not differ 
between males and females both in the first (F=0.90, P=0.35) and in the second sampling 
period (F=0.21, P=0.65). Individuals with clinical signs had lower baseline CORT than 
individuals without clinical signs in the second sampling period. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Mean and standard error bars of telomere length and baseline corticosterone levels between the first and 

the second sampling period. 
 
Markers as a tool to predict the occurrence of clinical signs and short term survival 

Haptoglobin did not predict the occurrence of clinical signs (Z=1.15, P=0.25) or the short-
term survival probabilities of sick nestlings (Z=−1.19, P=0.23), but a higher concentration of 
haptoglobin meant lower survival perspectives for all nestlings regardless of their health 
status (Z=−2.6, P=0.01; Fig. 5). Haemolysis and haemagglutination scores did not predict the 
occurrence of clinical signs (Z<1.21, P>0.23) or the short-term survival probabilities (sick 
group only, Z<0.14, P>0.89; and all groups, Z<0.47, P>0.64). Nitric oxide, corticosterone and 
telomere length did not predict the occurrence of clinical signs (Z<0.80, P>0.11) or the 
survival probabilities (sick group only, Z<−0.34, P>0.63; and all groups, Z<0.27, P>0.65). 
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Table 3: Diagnostic sensitivity and specificity of inflammatory markers for herpesvirus infection. 
 

Marker Positive test value Sensitivity Specificity 

Haptoglobin (Hp) >0.39 mg/mL 67% 73% 

Nitric oxide (NO) <0.05 µmol/L 67% 45% 

Hp + NO Hp>0.39 or NO<0.05 100% 45% 

 

 
Figure 5. Survival probability of nestling frigatebirds (survival = 1 and non = 0) in relation to the levels of haptoglobin 
expressed as mg/mL.  

 
Discussion 

Our results showed that the plasma concentration of haptoglobin was greatly increased 
during a disease probably caused by herpesvirus infection and might predict the short-term 
probability of survival of frigatebird nestlings. Thus, haptoglobin might be a tool for 
assessment of the impact of herpesvirus on frigatebird nestlings. Our results also showed 
that individuals with clinical signs were not immunosuppressed, because the levels of 
complement and natural antibodies were similar among tested groups. Furthermore, 
contrary to our expectation, the basal plasma concentration of CORT did not increase in the 
‘activated’ group and, generally, sick individuals had lower CORT than healthy nestlings. 
Finally, telomere length and nitric oxide did not seem to be affected by the viral activity, nor 
did they prove useful as markers to predict both the occurrence of visible clinical signs and 
short-term survival during this disease. 

Previous studies have shown that haptoglobin can increase or decrease depending on 
the type of infection. For instance, an increased plasma concentration of haptoglobin was 
found in chickens infected by Escherichia coli and Eimeria tenella (Georgieva et al., 2010) or 
Salmonella enterica (Garcia et al., 2013) in domestic canaries exposed to Plasmodium 
relictum (Cellier-Holzem et al., 2010) or in wandering albatrosses (Diomedea exulans) with a 
higher density of Ixodes uriae on the head plumage (Costantini et al., 2015). Likewise, broiler 
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chickens infected by bronchitis virus showed significantly higher haptoglobin than healthy 
individuals (Asasi et al., 2013), whereas Japanese quails (Coturnix japonica) infected by 
aspergillosis had a lower haptoglobin concentration than control birds (Goetting et al., 
2013). However, irrespective of the direction of the change, there is a general consensus that 
haptoglobin concentrations change significantly in response to an inflammatory stimulus 
such as infection, injury or malignancy (Quaye, 2008). For those reasons, haptoglobin has 
recently been proposed as a predictor of both clinical signs and survival in humans and birds 
(Goetting et al., 2013; Sun et al., 2016). In our study, short-term survival probabilities of 
nestlings decreased drastically when the plasma concentration of haptoglobin exceeded 
0.32 mg/mL (corresponding to -0.5 on the x-axis of Fig. 5). Thus, a quantification of 
haptoglobin in plasma could be a valuable tool to predict short-term survival perspectives of 
frigatebird nestlings facing a herpesvirus disease and, possibly, in other wild animals. 
Although most of the individuals with clinical signs are likely to die within a few weeks 
(personal observations, Pineau K.), the identification of a marker associated with survival 
probabilities might indicate which systems that regulate the physiological homeostasis are 
disrupted by the disease. In doing so, it is, for example, possible to define a more specific 
pharmacological treatment of the disease. Finally, the general increase in the haptoglobin 
concentrations that occurred from the first to the second sampling period is probably 
attributable to an inflammatory status resulting from the infection, which results in the 
increased synthesis of haptoglobin (Quaye, 2008). Indeed, individuals with clinical signs, and 
especially individuals from the activated group, were probably undergoing an aggressive 
stage of the disease during this period. It has been shown that cells facing an herpesvirus 
outbreak increase the expression of interleukins (An et al., 2002; Kuhnle et al., 1996), which 
in turn stimulate the expression of haptoglobin (Quaye, 2008).  

Haptoglobin is also able to prevent nitric oxide scavenging from haemoglobin and to 
preserve nitric oxide signaling (Schaer et al., 2016). Nitric oxide is a small molecule that is 
highly reactive and diffusible, synthesized by oxidation of L-arginine by the inducible nitric 
oxide synthase or type 2 nitric oxide synthase (Bogdan et al., 2000). Given that the 
expression of these enzymes is remarkably increased when induced by inflammatory 
cytokines, microorganisms and reactive oxygen species (Arzumanian et al., 2003), the level 
of nitric oxide has been used in ecological studies as a measurement of innate immunity 
(Bourgeon et al., 2007) and a condition index during pathogenesis (Lillehoj and Li, 2004). 
Bourgeon et al., (2007) found an increase in the nitric oxide concentrations from 106 to 179 
µmol/L in the common eider (Somateria mollissima) after lipopolysaccharide injection, and 
a more recent study has found a significant increase in serum nitric oxide concentrations 
following virus infection in chickens and ducks (Burggraaf et al., 2011). However, although a 
previous review has highlighted a major role of nitric oxide during viral infections (Akaike 
and Maeda, 2000), in our study individual nitric oxide concentrations did not differ 
significantly between healthy and sick nestlings. For diagnostic purposes, nitric oxide also 
showed lower sensitivity and specificity than haptoglobin. Moreover, the combination of 
haptoglobin and nitric oxide, despite being efficient in identifying 100% of individuals from 
the activated group, lacked specificity. Possibly, for future studies, the combination of 
several markers could help to achieve a good balance between specificity and sensitivity, 
providing an efficient diagnostic tool for viral diseases.  

In addition to haptoglobin and nitric oxide concentrations, we tested the capacity of 
frigatebird blood to agglutinate and lyse exogenous blood, which is a measurement of 
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immunocompetence (Matson et al., 2005). Our study clearly showed that there were no 
significant differences among groups for both tests. This is surprising because viral infection 
is well known to stimulate the immune system in humans and laboratory animals (Chew et 
al., 2009; Vollstedt et al., 2004). Thus, we would have expected an increase in the immune 
response in the activated group in order to counteract the virus spread, or at least a 
difference in the immune markers between the healthy and the sick birds. The reason for an 
absence of up-regulation of the immune system might lie in the immunosuppressive action 
of glucocorticoids (Coutinho and Chapman, 2011) that are secreted in the event of infection 
in order to avoid both overstimulation of the immune defenses and immunopathology 
(Besedovsky and del Rey, 1996). However, our results did not support this explanation 
because plasma concentrations of CORT were not higher in sick than in healthy nestlings. On 
the contrary, CORT was higher in healthy than in sick nestlings, and this difference was more 
pronounced in the second sampling period. Here, we propose two explanations for the 
apparent lack of differences in the immune status between healthy and sick nestlings. First, 
it is possible that the immune traits we measured in apparently healthy nestlings might not 
reflect the true and basal immunocompetence of nestlings. In another study, we have shown 
how some healthy nestlings were positive for circulating herpes viral copies (Sebastiano et 
al., unpublished observations). Thus, it could be that any differences in immune traits 
between healthy and sick birds (including nestlings with the presence of herpes viral copies) 
have been masked because immune activity might have been up-regulated in some healthy 
nestlings. The information on the presence of circulating copies of herpesvirus, however, 
was obtained from a pilot study carried out to develop a new technique to assess the 
presence of the virus in individuals without visible clinical signs of a herpesvirus outbreak. 
Although these preliminary results confirm the presence of viral copies also in nestlings 
without clinical signs, the methodology is not yet well developed; therefore, some caution is 
still needed in drawing definitive conclusions. Second, the immune traits we have measured 
in our study might not have been responsive to this specific infection. Given the several 
mechanisms involved in the immune response, the simultaneous use of multiple immune 
metrics might help to cover the complexity of the immune system (Legagneux et al., 2014). 
Although the levels of complement and natural antibodies are amongst the most used in 
avian immunology, it would be interesting in future work to include additional markers, such 
as heterophile-to-lymphocyte ratio, avian immunoglobulin and basophils (Legagneux et al., 
2014).  

Regarding CORT, it is possible that the low CORT concentration in sick nestlings compared 
with healthy nestlings reflects an attenuation of the stress response with chronic stress. 
Chronic stress generally produces a chronic activation of the hypothalamic-pituitary-adrenal 
axis, which in turn leads to increased baseline CORT concentrations. A previous study carried 
out on captive European starlings (Sturnus vulgaris) has, however, shown a decrease in basal 
and stress-induced CORT concentrations with the onset and progression of chronic stress 
(Rich and Romero, 2005). As we lack information on the acute stress response of frigatebirds, 
we cannot explain whether the among group differences in CORT concentrations result from 
the attenuation of the stress response in sick nestlings or from an increase in basal CORT 
concentrations in healthy individuals. Finally, our study showed that telomere length was 
not associated with the infection status. As stressful events can increase the rate at which 
telomeres shorten in both in vivo and in vitro studies (Boonekamp et al., 2014; Epel et al., 
2004; Trusina, 2014), we expected that telomeres would be shorter in sick than in healthy 
nestlings. The lack of telomere loss might indicate that the time elapsed from the first to the 
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second sampling period (14 days) was too short to cause a detectable shortening of telomere 
length. However, previous work found evidence of telomere shortening over both short 
(Meillère et al., 2015; Salmón et al., 2016) and long periods (Boonekamp et al., 2014; 
Kotrschal et al., 2007). If the disease were to cause telomere shortening, we should at least 
observe those individuals with visible clinical signs to have shorter telomeres than healthy 
nestlings. However, we also did not find evidence for a link between telomere length and 
infection status. A previous study has underlined a major role of chronic infection in 
telomere shortening, showing how great reed warblers (Acrocephalus arundinaceus) 
infected with chronic malaria have an accelerated telomere shortening in comparison with 
uninfected individuals (Asghar et al., 2015). Additionally, studies on humans have found 
herpesvirus to integrate into host telomeres and to cause telomere shortening and instability 
(Deng et al., 2014; Huang et al., 2014), in order to facilitate the release of viral genome from 
the chromosome (Huang et al., 2014). In our study, we found longer telomeres in individuals 
with visible clinical signs in the second sampling period. A possible explanation might lie with 
the fact that individuals with visible clinical signs of the disease were subjected to slower 
development in comparison to apparently healthy nestlings (field observation, Pineau K.). 
Indeed, previous studies have shown how telomeres might be shortened in individuals with 
faster development (Ringsby et al., 2015). Thus, a lower metabolic rate attributable to slower 
growth might have masked any effects of infection on telomere erosion. Further work will 
be needed to clarify whether the lack of association between infection status and telomere 
length we found in our study is dependent on growth rate. 

Conclusions  

Our work provided strong evidence that the plasma concentration of haptoglobin is 
associated with clinical signs of the disease, and it is effective to predict short-term survival 
of frigatebird nestlings during a herpesvirus outbreak, supporting the use of haptoglobin as 
a diagnostic tool for viral diseases. Our study also showed that a single measurement of 
inflammatory and/or immune response might not be enough to assess the impact of viral 
infection on the health status of birds. Finally, our results suggested that there might be 
down-regulation of CORT during chronic viral infection. As with telomere length, although it 
did not appear to be linked to infection status, further study will be needed to assess 
whether this is attributable to a general slow growth rate and low metabolism of sick 
nestlings. 
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Abstract 

Diet quality may have an important effect on the regulation of oxidative status and the 
immune system during an infectious disease. However, the relationship among intake of 
specific dietary molecules, an individual’s oxidative status and the occurrence and progress 
of a viral disease remains almost unexplored in free‐living organisms. Here, we study a wild, 
long‐lived animal, the Magnificent frigatebird Fregata magnificens to investigate: (a) the 
differences in a number of physiological traits (biomarkers of blood oxidative status, 
corticosterone (CORT), immunity and inflammation) between sick and healthy nestlings; and 
(b) whether experimentally increased intake of resveratrol (a polyphenol with antioxidant 
and antiviral properties) affects these physiological markers during the progress of a severe 
viral disease. Birds with visible clinical signs showed higher oxidative damage, haemolysis 
and haemagglutination scores and lower antioxidant defences in comparison with birds 
without clinical signs. At the end of the experiment, supplemented birds showed the 
following: (a) increased plasma haptoglobin levels and circulating antioxidant defences; (b) 
reduced generation of lipid oxidative damage; and (c) negligible to no influence on immune 
markers, baseline CORT levels and activity of antioxidant enzymes. Our work illustrates how 
the availability of specific organic molecules in the diet may constrain the individuals’ 
capacity to cope with viral infections in free‐living animals.  
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Introduction 

Infectious agents are an important selective force, potentially reducing survival and 
reproduction of the host and, eventually, resulting in population declines (Preece et al., 
2017; Smith et al., 2006). A well‐documented infectious disease is represented by the West 
Nile virus (WNV), a virus that is mostly found in birds because they are suspected to be the 
most important amplifying hosts. WNV has been found in 63 bird species 1 year after its first 
appearance in 1999 (Kramer and Bernard, 2001) and has caused massive mortality in many 
corvid species (McLean, 2006). Similarly, avian influenza virus (AIV) has caused world‐wide 
severe outbreaks in poultry, wild birds and humans (Chatziprodromidou et al., 2018).  

The association between diseases and immune defences (Savage et al., 2016) or the 
selection of immune traits during outbreaks (Legagneux et al., 2014) has been of great 
interest in evolutionary ecology and physiology, yet the pathophysiological mechanisms 
underlying the impact of infectious diseases on wildlife remain poorly documented. An 
approach that simultaneously quantifies physiological stress and immune status would be 
ideal to determine how an organism is affected by a given pathogen (Hawley and Altizer, 
2011). For instance, estimating stress hormone corticosterone (CORT) levels during infection 
may be relevant because exposure to stressors stimulates CORT release (Sapolsky et al., 
2000). Although CORT coordinates the stress–response (Sapolsky et al., 2000), high levels 
and/or chronic release of CORT are known to suppress the immune response (Bourgeon and 
Raclot, 2006; Gao et al., 2017) and to increase the impact of virus infection in birds (Owen et 
al., 2012). Similarly, oxidative stress is known to limit immune function in birds (Catoni et al., 
2008). Thus, oxidative stress may contribute to the spread of infectious diseases (Keles et al., 
2010; van de Crommenacker et al., 2012). For instance, Marek’s disease increases damage 
to DNA, lipids and proteins in chickens (Keles et al., 2010), suggesting that oxidative stress 
might partially explain an organism’s vulnerability to viral diseases (Li et al., 2011) and viral 
replication (Costantini et al., 2018b; Li et al., 2011). Measuring both antioxidant defences 
and oxidative damage, which respectively reflect the ability to mount a protective response 
to an adverse condition and the deleterious effects the animals undergo (Beaulieu and 
Costantini, 2014), might therefore prove valuable to infer the individual’s capacity to cope 
with a pathogen. 

Importantly, dietary antioxidants might impact the host’s capacity to cope with an 
infectious disease because antioxidants reduce immunopathology associated with the 
immune/inflammatory response (Dhinaut et al., 2017); they occur in limited supply for free‐
ranging animals, potentially constraining their capacity to cope with oxidative stress (Catoni 
et al., 2008; Costantini et al., 2018a) and may limit steroid synthesis (Ozdemir et al., 2011). 
Accordingly, antioxidants can inhibit the replication of several viruses (i.e., herpes simplex 
virus Civitelli et al., 2014; influenza virus Han et al., 2000; feline immunodeficiency virus 
Mortola et al., 1998; duck enteritis virus Xu et al., 2013). Moreover, dietary antioxidants 
exhibit antiviral effects that are apparently not directly connected to their antioxidant 
properties (e.g., Abba et al., 2015). However, to the best of our knowledge, experimental 
supplementation of molecules with antioxidant and antiviral properties to study the impact 
on oxidative status, CORT levels, and immunity during a viral infection has never been carried 
out in free‐living animals. 

Here, we studied nestlings of Magnificent frigatebird (Fregata magnificens) coping with 
a severe viral disease. We investigated whether birds with visible clinical signs (i.e., skin 
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crusts) showed an alteration of their physiological traits (blood oxidative balance, immune 
status, CORT levels, and inflammation) in comparison with birds without clinical signs. We 
then tested whether supplementation of resveratrol, a polyphenol with both antioxidant and 
antiviral activity (Abba et al., 2015), improves the physiological traits, short-term progress of 
the disease and survival perspectives of supplemented birds. Our experiment was carried 
out on a protected island in French Guiana, where outbreaks of viral infections occur yearly, 
causing 85% to 95% nestling mortality (field observations). Bacterial cultures, viral screening 
and microscopic evaluation of skin samples excluded the presence of ectoparasites, avian 
poxvirus (de Thoisy et al., 2009) and avian influenza (unpublished results), but detected 
herpesvirus DNA in body crusts (de Thoisy et al., 2009). Recent work found up to 10 million 
copies of herpesviral DNA in nestlings with clinical signs of the disease, suggesting that 
herpesvirus replication is involved in the appearance of clinical signs (Sebastiano et al., 
2017b). This population offers an unprecedented opportunity to investigate the potential 
connection between viral disease progression and diet quality employing an experimental 
approach, because clinical signs are associated with several physiological biomarkers of 
oxidative stress and inflammation (Sebastiano et al., 2017b; Sebastiano et al., 2017c), and 
we can experimentally feed frigatebirds in the wild. 

Material and Methods 

Sample collection 

The fieldwork was carried out in 2016 on Grand Connétable Island, a protected area off the 
Northern Atlantic coast of South America (French Guiana, 4°49’30N; 51°56’00W), which 
hosts approximately 1,300 reproductive pairs of frigatebirds (GEPOG field observations). 
Most frigatebird pairs in this colony start breeding between the end of November and the 
beginning of December. Consequently, all nestlings were approximately of the same age (~4 
months old) when captured (see also Statistical Analysis section). A total of 26 nestlings 
without visible clinical signs and 34 sick nestlings showing visible clinical signs were randomly 
chosen at different sites of the island (Figure 1). Visible clinical signs of the disease include 
crusts on the head and the body, hyperkeratosis on eyes and the consequent thickening of 
the cornea (de Thoisy et al., 2009). All 60 nestlings were captured at the nest by hand on 7 
June (D1). Within 3 min after capture, 2 ml of blood was collected from the brachial vein 
using a heparinized syringe and a 25G needle. Immediately afterwards, each bird was ringed 
with an aluminium ring for individual recognition and the beak‐head distance was measured 
to control for the age of nestlings. This first sample of blood was used to test any 
pretreatment difference among groups. The experiment started on D2. We administered 
pills of trans‐ Resveratrol (see Supporting Information Appendix S1) to the experimental 
groups (12 of 26 healthy nestlings and 18 of 34 sick nestlings, respectively), while the 
remaining individuals (14 healthy and 16 sick nestlings, respectively; i.e., control groups) 
were administered an empty pill as a placebo to account for the effect of handling. We chose 
resveratrol because of its strong antiviral activity against herpesvirus (Abba et al., 2015; 
Sebastiano et al., 2016b), which actively replicates in sick nestling frigatebirds (Sebastiano et 
al., 2017c). Pills were dipped in fish oil (Crafty catcher, Ipswich, UK) to facilitate swallowing. 
The administration of pills was carried out nine times (D2-4, 8th-10th of June; D12-14, 18th-
20th of June; D21-23, 27th-29th of June). On D24, the experiment ended and a second sample 
of 2 ml of blood was taken from the same individuals. Blood samples were kept cold while 
in the field and centrifuged within less than 2 hr to separate plasma (used for CORT, oxidative 
stress biomarkers, inflammatory and immune markers) and red blood cells. Both samples of 
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plasma and red blood cells were then kept in dry ice until the end of the fieldwork and, upon 
arrival in the laboratory, were kept in a −80°C freezer. Two pictures of each bird were taken 
from the same distance and same position at the start and the end of the experiment (pre‐ 
and post‐treatment), to score clinical signs of the disease and assess if visible clinical signs 
increased or decreased during the experiment (see the specific section below). 

 

 
Figure 1. Nestlings’ classification based on visible clinical signs of the disease: (a) “no signs”, (b) “ mild” and (c) 
“severe”. 
 
Molecular analyses 

All analyses were performed using established protocols for vertebrates. The determination 
of nonenzymatic antioxidants was performed using reduced (GSH) and oxidized (GSSG) 
glutathione in red blood cells. High‐performance liquid chromatography (HPLC) with 
electrochemical detection (Reversed‐Phase HPLC of Shimadzu, Hai Zhong Lu, Shanghai) was 
applied following Sinha et al., (2014), and concentrations were expressed as μmol/g of fresh 
weight. We also calculated the GSH/GSSG ratio as a metric of oxidative balance. 
Furthermore, the nonenzymatic antioxidant power of erythrocytes (TAC, an index of 
circulating nonenzymatic antioxidants) was estimated following Benzie and Strain (1996) 
expressed as μmol Trolox/g of fresh weight. The enzymatic antioxidant capacity was 
measured using three different biomarkers in red blood cells. Superoxide dismutase (SOD) 
activity was estimated by measuring the inhibition of nitroblue tetrazolium reduction at 560 
nm and was expressed as U/mg protein per minute. Catalase activity (CAT) was measured by 
monitoring the rate of decomposition of hydrogen peroxide (H2O2) at 240 nm and was 
expressed as μmol H2O2/mg protein per minute. Glutathione peroxidase (GPX) activity was 
determined by measuring the decrease in NADPH absorbance at 340 nm and was expressed 
as μmol NADPH/mg protein per minute. Damage to biomolecules was assessed by 
quantifying the plasma level of thiobarbituric acid reactive substances (TBARS), which reflect 
lipid peroxidation, and the level of protein carbonyls in red blood cells as a measure of 
oxidative damage to proteins. Results are expressed, respectively, as nmol of 
malondialdeyde (MDA) equivalents/ml (Hodges et al., 1999) and nmol/mg protein (Levine et 
al., 1994). Plasma haptoglobin concentration was quantified using a commercially available 
assay (PHASE Haptoglobin assay; Tridelta Development Ltd), and concentrations were 
expressed as mg/ml. The plasma concentration of nitric oxide (NO) was estimated from the 
concentration of the stable end products of nitric oxide oxidation (i.e., nitrate and nitrite) 
and expressed in μmol/L. Innate humoral immunity was determined by the haemolysis‐
haemagglutination assay as described in Matson et al., (2005). Finally, the plasma 
concentration of corticosterone was measured by radioimmunoassay following (Lormée et 
al., 2003) and expressed as ng/ml. Detailed protocols are provided in the Supporting 
Information Appendix S1. 
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Bird classification based on clinical signs 

To classify the sampled birds based on the severity of visible clinical signs, pictures were 
analysed and blindly scored twice by the same person (1 week apart). Scores ranged from 0 
(absolute absence of clinical signs) to 10 (bird fully covered by crusts), including half scores. 
Reproducibility between the two scores (calculated from variance components derived from 
a one‐way analysis of variance, accordingly to Lessells and Boag, 1987) of each individual was 
significantly high both before (r = 0.96, F = 49.67, p < 0.0001) and after (r = 0.93, F = 31.64, p 
< 0.0001) the treatment. An average score was, therefore, calculated and used to further 
divide nestlings into three study groups to be used for statistical comparisons: healthy group 
(hereafter “no signs,” average score <1), nestlings with few crusts on the neck and around 
the eyes (hereafter “mild,” average score ≥1 or <4) and very sick nestlings showing more 
widespread and thicker crusts (hereafter “severe,” average score ≥4; for reference, see 
Figure 1).  

This classification enabled us to detect birds that changed group over the progress of the 
disease (which matches a change in the visible clinical signs), thus to identify: (a) birds that 
never showed the appearance of clinical signs, hereafter “always healthy”; (b) birds that 
showed the appearance of clinical signs, hereafter “new sick”; (c) birds that had an 
improvement of visible clinical signs, hereafter “better condition”; and (d) birds that did not 
change their status, hereafter “same severity.” Finally, none of the sick birds showed an 
increased severity of clinical signs, probably because the worsening of an already critical 
condition coincided with the death of the bird (hereafter called “did not survive”). 

Statistical analyses 

Two general linear models were used to analyse pretreatment group differences: (a) among 
birds classified on the severity of clinical signs (no signs, mild and severe); and (b) among 
groups based on the progress of the disease (always healthy, new sick, better condition, 
same severity and did not survive). A third linear model (which included all 34 sick nestling 
as independent observations, thus not divided into groups) was used to investigate whether 
the scores assigned to the severity of clinical signs of each nestling (included as a continuous 
variable) were associated with the analysed biomarkers.  

Two linear mixed models with a repeated measures design were used to assess the 
effects of the treatment: (a) between the two groups based on the presence or absence of 
visible clinical signs of the disease at the first sampling period (MODEL 1); and (b) among 
groups based on the progress of the disease (four groups: “always healthy,” “new sick,” 
“better condition” and “same severity”; MODEL 2). Mixed models only included nestlings for 
which we had two measurements (pre‐ and post‐treatment), implying that nestlings that did 
not survive or that were not found at the second sampling period were not included.  

As preliminary analysis showed that the headbeak distance (used as a proxy of the age) 
was similar between healthy and sick (t test; t = −1.85; p = 0.07) and between supplemented 
and unsupplemented nestlings (t test; t = 1.85; p = 0.07), this variable was not further 
included in statistical analyses. The reduced model was obtained by sequentially removing 
nonsignificant interactions from the full model starting from the three‐way interaction. Post 
hoc Tukey tests were used to explore further significant interactions.  

Finally, a generalized linear model using a binomial error variance and a logit link function 
was used to assess whether the treatment influenced the probability of the appearance of 
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clinical signs, of a decrease in visible clinical signs of the disease, or death. Detailed 
information on data transformation and setup of the linear mixed models can be found in 
the Supporting Information Appendix S1. 

All analyses were performed using R (v. 3.3.1, R Core Team, 2013). 

Results 

Bird classification based on clinical signs 

Before the experiment, we had a total of 26 birds without clinical signs and 34 sick birds (13 
mild and 21 severely affected). Over the course of the experiment, of the 26 birds classified 
as healthy before the experiment, we had a total of 11 birds (four supplemented) that never 
showed the appearance of clinical signs, hereafter “always healthy”; 11 birds (four 
supplemented) that showed the appearance of clinical signs, hereafter “new sick.” Of the 34 
birds classified as sick before the experiment, eight birds (four supplemented) had an 
improvement of visible clinical signs, hereafter “better condition”; 18 birds (nine 
supplemented) did not change their status, hereafter “same severity”; seven birds (four 
supplemented) died, hereafter called “did not survive.” Four healthy and one sick bird (all 
supplemented) were not found at the end of the experiment. 

Pretreatment basal differences among groups 

Birds with no clinical signs showed (a) significantly lower reduced glutathione, oxidized 
glutathione and oxidative damage to lipids than birds with severe (t > 2.76, p < 0.02; Figure 
2a–c) clinical signs; and (b) significantly lower reduced glutathione and oxidative damage to 
lipids than birds with mild (t > 2.59, p < 0.03, Figure 2a,c) clinical signs.  

Oxidative damage to lipids was also significantly higher in birds with severe clinical signs 
than in birds with mild clinical signs (t = 2.58, p = 0.03, Figure 2c). New sick birds had a 
tendency to have pretreatment lower oxidized glutathione than birds that were in a better 
condition at the end of the experiment (t = 2.80, p = 0.052; Figure 3a). Finally, pretreatment 
oxidative damage to lipids was significantly lower both in birds that were always healthy and 
in new sick birds than in birds that (a) that were in a better condition at the end of the 
experiment; (b) showed the same severity of clinical signs at the end of the experiment; or 
(c) did not survive (t > 2.90, p < 0.04; Figure 3b).  

Among markers of immunity, the inflammation protein haptoglobin was significantly 
higher in birds with severe clinical signs than birds with mild clinical signs (t = 3.75, p < 0.01, 
Figure 2d) or with no clinical signs (t = −3.93, p < 0.01, Figure 2d). Furthermore, higher 
haptoglobin levels were found in birds that did not survive (t > 2.95, p < 0.04, Figure 3c). Birds 
with no clinical signs showed (a) significantly lower haemagglutination than birds with mild 
(z = −3.88, p < 0.01, Figure 2e) and severe (z = −3.19, p < 0.01; Figure 2e) clinical signs; and 
(b) lower haemolysis than birds with severe clinical signs (z = −2.72, p = 0.02; Figure 2f).  

Haemagglutination was also higher in birds that did not survive and in birds with the same 
severity of clinical signs than new sick birds (z > 3.49, p < 0.01; Figure 3d), or birds that were 
always healthy (z > 2.98, p < 0.02; Figure 3d) over the course of the experiment. None of the 
other biomarkers of oxidative status, immunity and basal plasma CORT showed a significant 
association with the disease status (Table 1). Finally, none of the biomarkers showed a 
significant relationship when clinical signs were used as a continuous variable, with the 
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exception of haptoglobin (i.e., haptoglobin increases with increasing clinical signs; F = 30.47, 
p < 0.01; Supporting Information Figure S1). 

 
Figure 2. Pretreatment differences among birds classified on the severity of visible clinical signs (no signs, n = 26; 
mild, n = 13; severe, n = 21) of: (a) reduced glutathione (μmol/g of fresh weight); (b) oxidized glutathione (μmol/g 
of fresh weight); (c) oxidative damage (nmol MDA equivalents/ml); (d) haptoglobin (mg/ml); (e) haemagglutination 
score; and (f) haemolysis score. Data are shown as mean ± standard error. Values that do not share the same letter 
are significantly different from each other. 

 
Effect of resveratrol administration 

We then examined whether administration of resveratrol would affect the oxidative status 
of the birds. Circulating nonenzymatic antioxidants increased in supplemented birds with no 
clinical signs (t = −3.94, p < 0.01; Figure 4, Supporting Information Table S1). Specifically, this 
increase in nonenzymatic antioxidants only occurred in supplemented birds that were 
always healthy during the experiment (t = −3.70, p = 0.03; Figure 5). Oxidative damage to 
lipids did not change in supplemented birds (Figure 4), while it strongly increased in 
unsupplemented sick birds (t = −6.19, p < 0.01; Figure 4, Supporting Information Table S1), 
indicating that resveratrol prevented increased production of oxidative damage. This 
increase in oxidative damage to lipids occurred mostly in birds that showed the same severity 
of clinical signs during the experiment (t = −4.91, p < 0.01; Figure 5, Supporting Information 
Table S2). 
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Figure 3. Pretreatment differences among birds classified based on the progress of the disease (always healthy, n = 
11; new sick, n = 11; better condition, n = 8; same severity, n = 18; did not survive, n = 7) of: (a) oxidized glutathione 
(μmol/g of fresh weight); (b) oxidative damage (nmol MDA equivalents/ml); (c) haptoglobin (mg/ml); and (d) 
haemagglutination score. Data are shown as mean ± standard error. Values that do not share the same letter are 
significantly different from each other. 

 

 
Figure 4: Effect of resveratrol administration on the levels of (left) circulating nonenzymatic antioxidants (μmol 
Trolox/g of fresh weight), and (right) oxidative damage to lipids (nmol of MDA equivalents/ml) levels. Asterisks 
indicate significant differences: *p < 0.05; **p < 0.01; ***p < 0.001. Data are shown as mean ± standard error. 

 
Among immune markers, the plasma concentration of haptoglobin increased in 

supplemented new sick birds (birds that showed the appearance of clinical signs at the end 
of the experiment, t = −3.86, p = 0.03; Figure 5, Supporting Information Table S2). The 
concentration of nitric oxide did not change in supplemented birds, while it significantly 
decreased in unsupplemented birds (t = 2.96, p < 0.01, Supporting Information Tables S1 and 
S2). Other biomarkers of immunity and stress were not significantly influenced by the 
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treatment considering both birds divided based on the presence/absence of clinical signs 
(MODEL 1) and birds divided on the progress of the disease (MODEL 2; Supporting 
Information Tables S1 and S2).  

 
Table 1: Linear models explaining whether the pre-treatment level of a specific biomarker differed among groups 
classified on the severity of clinical signs (no signs, mild and severe) or the progress of the disease (always healthy, 
new sick, same severity, better condition, and did not survive).  

 Grouping factor 

 severity of clinical signs progress of the disease 

Biomarker F-value P-value  F-value P-value 

Carbonyls 2.07 0.14  0.74 0.57 

Catalase 0.48 0.62  0.80 0.53 

Corticosterone 0.32 0.73  0.28 0.89 

Glutathione peroxidase (GPX) 1.84 0.17  0.88 0.48 

GSH/GSSG ratio 0.30 0.74  0.78 0.54 

Haptoglobin 10.1 <0.01  5.16 <0.01 

Hemagglutination 9.78 <0.01  6.18 <0.01 

Hemolysis 3.05 <0.06  1.84 0.14 

Nitric oxide (NOX) 0.20 0.82  1.55 0.20 

Non-enzymatic antioxidants (TAC) 1.07 0.35  0.93 0.45 

Oxidative damage (TBARS) 22.2 <0.01  8.83 <0.01 

Oxidized glutathione (GSSG) 4.33 0.02  2.71 0.04 

Reduced glutathione (GSH) 5.18 <0.01  2.45 0.07 

Superoxide dismutase (SOD) 0.89 0.41  0.72 0.58 

Note: The linear model on the progress of the disease included all nestlings excluding the five individuals that were 
not found at the second sampling period. P-values are in bold when post-hoc comparisons were significant. 

Effect of resveratrol administration on the progress of the disease 

When we compared supplemented and unsupplemented birds, no significant difference in 
the progress of the disease was detected. Resveratrol supplementation did not influence the 
probability of developing clinical signs (z = 0, p = 1; exact same number of individuals in each 
group), nor did it influence the probability of mortality and/or reduction in visible clinical 
signs (z = 0.19, p = 0.85). 

Discussion 

Our study is the first to measure the effect of resveratrol administration on oxidative status, 
inflammation, immunity and CORT levels in a wild vertebrate facing a severe virus outbreak. 
Before the start of the experiment, there were significant differences in the oxidative and 
immune statuses between sick and healthy birds in our study population. There was also a 
strong increase in lipid oxidative damage during the progress of the disease. The 
experimental part of our study demonstrated that resveratrol supplementation increased 
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antioxidant defences and limited the 
generation of lipid oxidative damage 
during the progress of the disease.   

The analysis of several biomarkers 
prior to the antioxidant treatment enabled 
us to discover that a viral disease can affect 
diverse functional pathways. Viral diseases 
are known to affect the oxidative status 
(Durgut et al., 2013; Keles et al., 2010) and 
immunity (Staley and Bonneaud, 2015) of 
exposed animals. Accordingly, we found 
that nestlings with visible clinical signs 
showed a pronounced alteration of their 
immune status and cellular oxidative 
balance in comparison with birds without 
clinical signs. Contrary to our expectation, 
baseline CORT levels did not differ among 
the different groups. CORT also did not 
increase during the progress of the 
disease, which is in agreement with our 
previous results (Sebastiano et al., 2017c). 
By dividing birds according to the severity 
of clinical signs and the progress of the 
disease over the course of the experiment, 
instead, we found novel findings. Birds 
without clinical signs showed lower 
haemolysis and haemagglutination scores, 
results that had not previously emerged 
(Sebastiano et al., 2017c). 

Supplementation with resveratrol did 
not affect haemagglutination and 
haemolysis scores, which might suggest 
that these particular aspects of the 
immune system play a minor role in coping 
with a viral infection in frigatebirds 
(Sebastiano et al., 2017c). In contrast, 
nestlings supplemented with resveratrol 
maintained the same production of nitric 
oxide during the progress of the disease, 
while nitric oxide production drastically 
decreased in unsupplemented birds. 
Previous studies have found that cells from 
knockout mice lacking nitric oxide 
production showed a lower antimicrobial 
activity during Salmonella infection 
(Vazquez-Torres et al., 2000), indicating 

Figure 5. Effect of resveratrol administration on the 
levels of (a) haptoglobin (mg/ml), (b) circulating 
nonenzymatic antioxidants (μmol Trolox/g of fresh 
weight) and (c) oxidative damage to lipids (nmol of 
MDA equivalents/ml). Asterisks indicate significant 
differences: *p < 0.05; **p < 0.01; ***p < 0.001. Data 
are shown as mean ± standard error. 
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that nitric oxide is important to defeat pathogens. Previous studies have shown that dietary 
antioxidants can act as immunostimulants in birds (Catoni et al., 2008; Hooda et al., 2005). 
Thus, the stimulating effect of resveratrol on the production of nitric oxide might underlie 
its antiviral activity because nitric oxide controls the function of natural killer cells and 
cytokines that are essential to combat pathogens (Bogdan et al., 2000). Although our results 
support a potential role of resveratrol in promoting nitric oxide production in a wild bird 
(Gülçin, 2010), it is unclear why there was a decrease in nitric oxide in unsupplemented birds 
that never showed the appearance of clinical signs. Similarly to nitric oxide, synthesis of 
haptoglobin increases during infections to protect from oxidative damage (MacKellar and 
Vigerust, 2016). In nestlings supplemented with resveratrol, haptoglobin was upregulated 
during the early stage of the infection. In contrast, in those nestlings that were not given 
resveratrol, haptoglobin was higher in birds at an advanced stage of the disease. This is in 
agreement with previous results (Asasi et al., 2013; Sebastiano et al., 2017c) and suggests 
that haptoglobin production is upregulated at an advanced stage of the disease, but 
resveratrol stimulated the production of haptoglobin at an earlier phase of the disease. The 
consequences of this change in haptoglobin production for individual survival are unclear 
and need further investigation.  

Supplementation of organic molecules with antioxidant properties (e.g., vitamins, 
polyphenols) may reduce oxidative stress (Costantini, 2014). However, an increased intake 
of these compounds may also interfere with the endogenous antioxidant systems, leading 
to a decrease in enzymatic antioxidant activity (Wang et al., 2006) and expression of 
antioxidant genes (Selman et al., 2006). We found an increase in nonenzymatic antioxidant 
capacity in erythrocytes, which occurred in birds that never showed the appearance of 
clinical signs, suggesting that resveratrol had antioxidant effects. To date, the high 
antioxidant activity of resveratrol has been linked with its capacity to induce glutathione 
synthesis (Bellaver et al., 2014; Kode et al., 2008), but our results do not show such 
relationship, implying that this mechanism needs further assessment.Resveratrol is also 
known to have a very strong inhibition power against lipid peroxidation (Gülçin, 2010), and 
its administration prevented an increase in oxidative damage to lipids. This result might have 
fundamental implications for the progress of the disease because (a) high levels of oxidative 
damage are associated with reduced short‐term survival probability (Sebastiano et al., 
2017b); (b) birds that were naturally recovering from clinical signs did not show an increase 
in oxidative damage; and (c) a cell condition of oxidative stress appears to facilitate virus 
replication, while cells that are able to upregulate antioxidant defences and limit damage 
can survive viral infections (Qiang et al., 2006). This result, however, does not enable us to 
assess whether the protection from oxidative damage was due to the antioxidant or the 
antiviral activity of resveratrol, and further studies are warranted to clarify this mechanism.  

Increased production of CORT is another mechanism activated in animals facing an 
infection because it induces a number of physiological changes (e.g., mobilization of stored 
energy, stimulation of immune function) that sustain the body function and maintain cellular 
homoeostasis (Sapolsky et al., 2000). However, our results provide no support for this 
relationship between virus‐induced stress and CORT release, but the high variation in CORT 
levels among individuals could arise from exposure to strong environmental stressors 
(Martinet and Blanchard, 2009; Sebastiano et al., 2016a; Sebastiano et al., 2017a), and 
clearly deserves further investigations.  
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The antiviral and antioxidant effects of resveratrol might also result in life extension as 
previously suggested by a meta‐analytic study (Hector et al., 2012). However, we could not 
detect the effect of resveratrol supplementation on the survival probability of birds. This 
might have been due to the relatively short treatment period compared with the rapid 
progress of the disease. A longer‐term treatment would prove useful to understand whether 
resveratrol increases survival probabilities of sick birds and whether it can prevent the 
appearance of clinical signs. This might have fundamental implications for the long‐term 
viability of this population, which is now at risk due to the massive mortality events of 
nestlings. In long‐lived species with low fecundity, as the Magnificent frigatebird, even a 
small rate of nestling mortality can indeed have important negative demographic effects 
(Finkelstein et al., 2010). 

Conclusions 

We have provided experimental support to the hypothesis that dietary compounds may 
constrain the capacity of organisms to cope with a viral disease. Our work shows that the 
effects of these dietary organic molecules may come through both antioxidant protection 
and antiviral properties. It will be important to expand our study to other species and 
environmental conditions to further assess the conditions under which the quality of diet 
may affect the capability of animals to cope with a viral disease. Although our work focused 
on the effects of a polyphenol (i.e., resveratrol), naturally occurring diets may be rich in many 
other compounds that show similar properties (e.g., carotenoids, vitamins) to those of 
polyphenols, but whose effects on viral diseases in free‐ranging animals have not been 
explored so far. 

Supporting information 

AppendixS1 and all supplementary information cited in this chapter can be found at 
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/1365-2435.13195. 

Acknowledgements 

We thank the associate editor and two reviewers for providing valuable comments on our 
work. We also thank the CEBC (Centre d’Etudes Biologiques de Chizé), SENTINEL project 
funded by CNRS, the University of Antwerp and the FWO (Fonds Wetenschappelijk 
Onderzoek) for funding field operations and laboratory analyses, the GEPOG (Groupe 
d’Etude et de Protection des Oiseaux en Guyane) and DEAL Guyane, for their logistic support 
and access to the Grand Connétable Nature Reserve. This work was also supported by a 
postdoctoral fellowship from the FWO (12U8918N) to Hamada AbdElgawad. We are 
especially grateful to Alain Alcide, Amandine Bordin and Jérémie Tribot for their help in the 
field, to Jasmijn Daans, Danny Huybrecht, Charline Parenteau and Colette Trouvé, for their 
help with laboratory analyses and Han Asard for providing the infrastructure for the 
oxidative stress analyses. 



 

 
 

 

  



 

 
 

Chapter VI 
 

Food supplementation protects Magnificent 
frigatebird chicks against a fatal viral disease 

 
 
 
 
 
 
 

 
 
 

Manrico Sebastiano, Marcel Eens, Kévin Pineau, Olivier Chastel, David Costantini 
 

Submitted to Conservation Letters 



Chapter VI 
 

96 | Part III 
 

Abstract 

Outbreaks of wildlife diseases are occurring at an unprecedented rate. In French Guiana, 
recurrent episodes of frigatebird chicks’ mortality due to a viral disease that first appeared 
in 2005 have recently turned into massive mortality episodes (85-95%) of chicks. One of the 
suggested hypotheses behind the appearance of the disease is food-limitation due to the 
recent decline of local shrimp fishery boats on which frigatebirds rely for opportunistic 
feeding. We therefore experimentally fish-supplemented frigatebird chicks with and without 
clinical signs of the disease. Food supplementation protected all chicks from the appearance 
of clinical signs of the disease and increased survival perspectives of sick chicks. These results 
suggest that food shortage might decrease resistance of chicks to infectious diseases and 
that using a specifically tailored food supplementation regime could be a complimentary tool 
to protect frigatebirds and other endangered birds from disease outbreaks threatening them 
with extinction.  

 
  



Experiment 2: Food supplementation 
 

  Part III |97   
 

Introduction 

There is growing recognition that infectious diseases impact negatively wildlife (Smith, Sax 
and Lafferty, 2006). Much effort has been dedicated to emphasize the role of infections in 
species endangerment (Smith, Sax and Lafferty, 2006) and to develop protective procedures 
against pathogens (Bourret et al., 2018). Yet, outbreaks of infectious diseases are occurring 
at an unprecedented rate due to global changes (Altizer et al., 2013; Cunningham, Daszak, 
and Wood, 2017). Understanding the factors that favour the activity of infectious diseases is 
thus a critical priority in conservation biology.  

Food shortage causes physiological stress (Kitaysky, Piatt and Wingfield, 2007) and 
reduces immune function (Gasparini et al., 2006), which might make organisms less resistant 
to infections. Previous work has investigated how the nutritional status of the host can 
influence the outcome of the infection (e.g., Becker, Streicker and Altizer, 2015; Tollington 
et al., 2015; Murray et al., 2016; Sanchez et al. 2018). Recent meta-analyses showed that 
food provisioning results in highly heterogeneous infection outcomes that depend on 
pathogen type (Becker, Streicker and Altizer, 2015; Sanchez et al. 2018). Becker et al. (2015) 
also showed that the effects of food provisioning on viral infections are under-represented 
as compared to other pathogens (e.g., helminths, protozoans). Also, limited information is 
available for specific taxa, such as seabirds. Seabirds aggregate at high densities during the 
breeding season, thus are strongly susceptible to changes in food availability (Velando, 
Ortega-Ruano and Freire, 1999) and disease outbreaks (Weimerskirch, 2004; Schoombie et 
al., 2017). Seabirds are also currently facing a strong decline in food resources due to climate 
change (Cahill et al., 2013) and overfishing (Wagner and Boersma, 2011), and are among the 
most threatened avian groups (Croxall et al., 2012). 

Grand Connétable is a small rocky island located near the coasts of French Guiana (South 
America), which hosts approximately 1,300 reproductive pairs (unpublished data) of 
Magnificent frigatebird Fregata magnificens (described in Sebastiano et al., 2017a). This 
frigatebird population is considered as one of the most important along the Atlantic coast of 
South America (Nuss et al., 2016). In recent years, recurrent episodes of frigatebird chicks’ 
mortality due to disease outbreaks that first appeared in 2005 (de Thoisy et al., 2009) have 
turned into massive mortality episodes (85-95% of chicks) that occur annually (Sebastiano et 
al., 2017b). The disease is characterized by the appearance of visible clinical signs (i.e. skin 
crusts) that can rapidly spread all over the chicks’ body, giving in most cases no chances of 
recovery (Sebastiano et al., 2017c; Sebastiano et al., 2018). Microscopic evaluation of skin 
lesions, bacterial cultures, viral screening and PCR analyses of skin crusts and cloacal swabs 
identified the presence of a herpesvirus with up to several million copies of viral DNA in sick 
individuals (de Thoisy et al., 2009; Sebastiano et al., 2017b). These analyses also excluded 
the presence of ectoparasites, poxvirus, and avian influenza (de Thoisy et al., 2009; 
Sebastiano et al., 2017b), suggesting that the clinical signs are most likely due to only the 
herpesvirus activity.  

One way to increase the survival of infected animals in the wild is to create vaccines 
(Bourret et al., 2018). However, the feasibility of this approach may be very limited to some 
specific wildlife pathogens (Bourret et al., 2018) and could prove useless when the 
environmental conditions that contribute to disease outbreaks remain unchanged. It is 
therefore of crucial importance to identify and manage the environmental factors that 
underlie infectious disease outbreaks. As in other seabird species, frigatebirds can adopt an 
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opportunistic feeding behavior during the breeding season that enables them to benefit 
from fishery discards (Calixto-Albarran and Osorno, 2000; Martinet and Blanchard, 2009). In 
French Guiana, the first outbreaks of the disease overlapped with a strong decline in the 
shrimp fishery activity. Right after the shrimp fishery decline, some frigatebirds were 
struggling to feed their chicks (Martinet and Blanchard, 2009). Hence, one of the suggested 
hypotheses behind the appearance of these clinical signs in frigatebirds is food-limitation 
(Martinet and Blanchard, 2009), although direct evidences are so far lacking. 

Here, we tested whether food availability constrains the capacity of Magnificent 
frigatebird chicks to cope with a fatal viral disease. We supplemented birds either with or 
without clinical signs of the disease with fish. Unsupplemented birds either with or without 
clinical signs were used as controls. Of each bird, we measured the body condition (i.e. body 
mass normalized by body size) and the plasma concentration of the avian glucocorticoid 
corticosterone (CORT) before and after the supplementation. The quantification of CORT 
was carried out because baseline CORT may reflect food availability (Kitaysky, Piatt and 
Wingfield, 2007), a decrease in food supply is associated with an increase in CORT (Kitaysky, 
Piatt and Wingfield, 2007), and a chronic exposure to CORT can be immunosuppressive 
(Shini, Shini and Kaiser, 2010) and might thus increase the susceptibility to viral infection. 
This experimental design enabled us to investigate whether: i) food supplementation 
protects healthy chicks from the appearance of clinical signs; ii) food supplementation 
increases resilience and survival of sick birds; and iii) CORT production is one endogenous 
mechanism linking food availability to the progress of the disease. If the appearance of 
clinical signs is tied to food shortage, we should expect an increased capacity to cope with 
the disease in food-supplemented birds.  

Materials and Methods 

The study was conducted in 2017 on Grand Connétable island (4°49'30N; 51°56'00W). 
Frigatebird chicks (25 without and 35 with clinical signs) approximately 4 months old were 
randomly selected and captured on the nest. A blood sample was collected within 3 minutes 
from capture. Body mass and beak length (proxy of body size) were also measured, and an 
aluminum ring was used for individual recognition. At the end of the food-supplementation 
experiment (please see Supplementary Material for detailed information), a second sample 
of blood was taken and body mass and beak length were measured again. Blood was used 
to measure plasma levels of the stress hormone corticosterone (CORT, expressed as ng/mL) 
following a previous protocol (Lormée et al., 2003).  

Two pictures of each bird were taken from the same distance and same position before 
the start and at the end of the experiment. The pictures were used to classify the chicks 
based on severity of visible clinical signs (“no signs”, “mild”, and “severe”, Figure 1), which 
are important to assess the progress of an herpesvirus-induced disease (e.g., Thomas, 
Hunter and Atkinson 2007) and are associated with diverse physiological markers of health 
status (Sebastiano et al., 2017b, 2017c). This approach enabled us to determine any changes 
in chicks’ health status: did not have any clinical signs at the beginning of the experiment but 
showed them at the end of the experiment (“new sick”); never showed clinical signs (“always 
healthy”); showed a decrease in clinical signs over the experiment (“better condition”); did 
not show any changes in the severity of visible clinical signs (“same severity”). All statistical 
models about the body mass included the beak length as a covariate to adjust the body mass 
for the body size, thus providing an estimate of the body condition (García-Berthou, 2001). 
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Similar outcomes were obtained when body size was not included as a covariate (data not 
shown).  

Two general linear models were used to test whether there were any differences 
between groups in pre-treatment values of body condition and CORT: i) among chicks 
classified on the severity of clinical signs (no signs, mild, and severe); and ii) among chicks 
classified according to the progress of the disease (always healthy, new sick, better condition, 
same severity, including chicks that did not survive over the course of the experiment, 
hereafter “did not survive”). To test the effect of food-supplementation, linear mixed models 
with a repeated measure design were used. The body mass and CORT were included as 
dependent variables, respectively. Experimental group, sampling period (pre- or post-
treatment), treatment (supplemented or not), and their interactions (including the three-
way interaction) were included as fixed factors and the factor individual was included as a 
random factor. The beak size was included as a covariate in the model about body mass 
(García-Berthou 2001). For each variable, we ran two linear mixed models. The first model 
(MODEL 1) included four experimental groups: unsupplemented healthy; unsupplemented 
sick; food-supplemented healthy; food-supplemented sick chicks. The second model 
(MODEL 2) also included four groups: always healthy; new sick; better condition; same 
severity. Both general and linear mixed models including chicks classified according to the 
progress of the disease were only run on control individuals. This is because the treatment 
influenced the probability to show clinical signs, of a decrease in visible clinical signs, or death 
(tested with generalized linear models with a binomial error distribution and a logit link 
function, Likelihood-ratio test LRT). Finally, CORT values were square-root transformed to 
achieve normality of residuals. Data points were considered outliers and removed when 
their standardized residual exceeded ±3 (e.g., Tukey 1977). Outcomes of models were 
unchanged if outliers were included in the model. All analyses were performed in R v.3.3.1.  

 
Figure 1: Frigatebird chick classification based on the severity of visible clinical signs of the disease: a) “no signs”, b) 
“mild”, and c) “severe”. 

 
Results 

Of the 25 chicks without clinical signs at the start of the experiment, seven unsupplemented 
chicks showed the appearance of clinical signs at the end of the experiment. Of the 35 sick 
chicks, three were found dead (all unsupplemented), and 12 had a reduction of their visible 
clinical signs (5 unsupplemented, 7 food-supplemented). Five chicks without clinical signs 
and two sick chicks were not found at the end of the experiment, thus were not included in 
the models about the progress of the disease because we could not know their final health 
status. 

Before the start of the experiment, chicks divided on the severity of clinical signs had 
similar CORT levels (all t<1.04, all p>0.56, Table 1) and similar body condition (all t<1.62, all 
p>0.25, Table 1). Before the start of the experiment, unsupplemented chicks that were found 
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dead at the end of the experiment had a significantly lower body condition than the ones 
that survived (all t>3.10, p<0.04, Table 1), while all chicks divided on the progress of the 
disease had similar CORT levels (all t<2.27, all p>0.19, Table 1). Unsupplemented healthy 
chicks had a strong decrease in their body condition over the experiment (MODEL 1: t=3.63, 
p=0.016; Table 2, Figure 2a), whereas the body condition of the other groups did not change 
significantly (MODEL 1: all t<0.52, all p>0.99; Table 2). There were no differences in the 
reduction of the body condition among the groups classified according to the progress of the 
disease (MODEL 2: group*period, F=2.43, p=0.095; Table 2), indicating that both the chicks 
that showed the appearance of clinical signs and the ones that did not showed a similar 
reduction of the body condition. CORT levels increased in sick supplemented chicks (MODEL 
1: t=-3.34, p=0.032; Figure 2b, Table 2). 

 
Figure 2: Results of the linear mixed model that includes the birds divided on the presence/absence of clinical signs 
(MODEL 1) on a) the body condition (expressed as marginal means of body mass (in grams) extracted from models 
with body size as a covariate) and b) sqrtCORT (ng/mL). Experimental groups: food-supplemented healthy (green, 
n=8); food-supplemented sick (black, n=18); unsupplemented healthy (blue, n=12); and unsupplemented sick (red, 
n=12). Asterisks indicate that a significant increase/decrease occurred over the course of the experiment (pre- to 
post-treatment). Three outliers for body condition and one outlier for CORT were found and removed from the 
model. Data are shown as mean ± standard error. 

 
Unsupplemented chicks had a higher probability to show the appearance of clinical signs 

(LRT=9.60, p=0.002, Figure 3a) and to die (LRT=5.09, p=0.024, Figure 3c) than food-
supplemented chicks. The probability to show a decrease in visible clinical signs did not differ 
between supplemented and control chicks (38.9% vs 33.3%, LRT=0.11, p=0.74, Figure 3b). 

 
Figure 3: Effect of food supplementation on the percentage of birds that: a) showed the appearance of clinical signs 
at the end of the experiment; b) had a reduction of their visible clinical signs; and c) survived over the course of the 
experiment. Asterisks indicate a significant difference between the experimental groups (tested with generalized 
linear models with a binomial error distribution). 
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Discussion 

Chicks that were supplemented with fish had a lower probability to develop an infection, as 
indicated by the lack of clinical signs, and a higher probability to survive to the disease as 
compared to chicks that did not receive extra fish. These results provide a clear indication 
that chicks exposed to reduced food availability might be more susceptible to the considered 
infectious viral disease.  

Food shortage has been identified as one of the main causes of chicks’ mortality 
(Velando, Ortega-Ruano and Freire, 1999; de Jong et al., 2016). Nutritional stress 
compromises immune function of birds (Alonso-Alvarez and Tella, 2001; Gasparini et al., 
2006), a mechanism that may be mediated by the action of CORT, which is released when 
there is food shortage in some bird species (Kitaysky, Piatt and Wingfield, 2007). However, 
we found no evidences in support of this hypothesis in our study species. Baseline CORT 
increased in supplemented sick birds. Given that frigatebird chicks experience regularly short 
periods of fasting during the entire growth period (Osorno, 1996), it might be that they do 
not need to upregulate production of CORT to cope with episodes of food shortage. CORT is 
also not dependent on the time of sampling in our species (Sebastiano et al., 2017c). Blood 
was collected within three minutes in all birds, thus CORT reflected baseline levels (Romero 
and Reed, 2005). However, we cannot exclude that our repeated manipulation of chicks 
increased basal production of CORT. It might also be that sick chicks had a dysregulated 
activity of their Hypothalamic-Pituitary-Adrenal (HPA) axis, which may occur when being 
exposed to chronic stress (Rich and Romero 2005). Increased food intake might have helped 
them to restore the HPA axis function, causing an increased release of CORT. Further studies 
will be needed to test the above explanations. It will also important to test the response of 
immune and inflammatory markers to the food supplementation (i.e white blood cells; Davis, 
Maney and Maerz, 2008). 

 Our results provided evidence that nutritional stress might reduce the capacity of 
offspring to cope with a viral disease. If the disease were responsible for a reduction in the 
chicks’ body condition, we would have expected a decrease in body condition to occur only 
in birds that showed the appearance of clinical signs over the experiment. However, we also 
observed a reduction in body condition in individuals that did not show the appearance of 
clinical signs, indicating that the loss of individual’s body condition might be a cause rather 
than a consequence of the disease. These results open to two possible scenarios. A first 
scenario suggests that during the developmental period local food resources are limited and 
adult frigatebirds struggle to feed their chicks. In addition to the decline in shrimp fishery 
activity, illegal fishing is also leading to the decline of large marine predators (Artero et al., 
2015; IUCN, 2017), to which frigatebirds may rely on for opportunistic feeding. A second 
scenario points out a potential very variable investment of the male into reproduction (18 
to 161 days; Osorno, 1996), which would make some females in trouble to provide enough 
food to their offspring after the male abandons the nest. Both scenarios, however, do not 
explain why the reduction in chicks’ body condition did not also occur in unsupplemented 
sick birds, thus further investigations are warranted. 

 It is unclear whether the beneficial effects of food-supplementation in preventing the 
progress of the disease are long-lasting and whether there may be long-term benefits of food 
supplementation beyond increasing the survival probability until fledging. If the effect of 
food supplementation is limited to improving the fledging rate, the question then is whether 



Chapter VI 
 

104 | Part III 
 

this stabilizes the population. This is very important for the frigatebird population in Grand 
Connétable. First, although no apparent decline in the breeding population size has been 
observed yet, the massive mortality events of chicks that have occurred over the past years 
make the viral outbreaks as the most immediate threat for its long-term viability. In long-
lived birds with low fecundity and a lifespan above 30 years as is the case for Magnificent 
frigatebirds, even a small chick mortality has been recently proved to have important 
negative demographic effects (Finkelstein et al., 2010). Second, the frigatebird population in 
Grand Connétable functions as a bridge for gene flow between the frigatebird populations 
breeding in Brazil and in the Caribbean (Nuss et al., 2016). The current exchange of 
individuals among those populations is fundamental to maintain genetic connectivity and 
likely moderates the negative effects associated with chicks’ mortality. Thus a population 
collapse in Grand Connétable might reduce gene flow across frigatebird populations, leading 
to genetic isolation and, possibly, reduction of genetic variation. However, exchange of 
individuals might also facilitate the spread of the viral disease. Visible clinical signs of the 
disease have been recorded in breeding males and females in both French Guiana and 
Barbuda in 2017 (unpublished data), providing evidence that the virus is already present in 
other populations. However, neither visible clinical signs nor mortality events in chicks have 
been yet recorded in Barbuda and in other areas, which further emphasizes the importance 
of looking at local environmental factors that favour the appearance and progress of the 
disease. Given the central role of the Grand Connétable population, improvement of future 
conservation plans and laws that regulate local fishing activities will be fundamental. GPS-
tracking of adult frigatebirds also showed that they forage in the southern waters along the 
coasts until Brazil, covering a distance of over 200 km on average (Sebastiano et al. 2016). 
The northern Brazilian coasts would therefore be a target hotspot for the creation of multiple 
marine protected areas, where fishing is strictly regulated to provide enough foraging 
territory and food for frigatebirds. These actions might be implemented through the 
Brazilian Blue Initiative by the Brazilian Ministry of Environment and the Federal Protected 
Areas Agency (ICMBio – Chico Mendes Institute).  

Avian herpesviruses have a worldwide distribution and, when outbreaks occur, the 
mortality can be massive (e.g., Thomas, Hunter and Atkinson 2007). Our work makes the 
point that research on herpesvirus infections should be part of health monitoring programs 
for wild birds, which is rarely done (Thomas, Hunter and Atkinson 2007). The worrying 
conservation status of many seabird species has prompted numerous agreements and laws, 
such as the Marine Strategy Framework Directive of the European Union, the Convention for 
the Protection of the Marine Environment of the North-East Atlantic or the Agreement on 
the Conservation of Albatrosses and Petrels. Our work points out that conservation 
strategies might be more effective when implementation of a sustainable development of 
fisheries will take into account more strongly the relevance of particular stages of the bird 
life cycle, such as the chick rearing period where food availability and predictability of food 
abundance are dramatically important. Scaling up food supplementation as a management 
tool to other species groups might also prove important, but a refined understanding of 
feeding ecology is needed. For example, many seabirds accept easily food and do not need 
to be forced fed. Also, many birds of prey use supplementary feeding stations. Food 
provisioning during critical stages of life and, possibly, food enrichment with antiviral 
molecules (Sebastiano et al. 2018) may improve conservation actions further. Food 
supplementation might also be particularly important as a complimentary tool in vaccination 
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programs for other pathogens to increase the nutrients needed to sustain the immune 
system and to protect those birds that do not produce any antibodies (Klasing 2007).  

In conclusion, our work showed that food shortage might be one relevant environmental 
factor that favours the viral outbreak in our frigatebird population. It also identified a 
potential way of increasing resistance of chicks to develop a disease. A longer-term 
treatment would prove useful to understand whether food supplementation has long-term 
consequences for mitigating infection risk. Our approach will be relevant for the 
conservation of this and other species suffering outbreaks of herpesviruses and, possibly, 
other pathogen strains. Thus, our work should be of particular relevance for both 
governmental and non-governmental organizations involved in the regulation of sustainable 
exploitation of marine resources and conservation of animals threatened by infectious 
diseases. 
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Supplementary Material 

Very strict safety measures were taken in the field to prevent that handling of infected 
animals could contribute to the spread of the disease among birds. These included the use 
of disposable material (e.g. gloves, syringes) and sterilization of field equipment after each 
handling event.  

Atlantic horse mackerels Trachurus trachurus were purchased from a local supermarket 
(deep frozen and eviscerated, Nigel L.D.A.) because local fish was not available for such 
quantity and standardized size, and because local fish might be contaminated by mercury 
due to its extensive use in local illegal gold-mining (Legg, Outboter and Wright, 2015). Food 
was provided by direct feeding six times during the experimental period (24th of May - 8th 
of June) to match the frigatebird feeding rate (Osorno, 1996). To this end, the beak of the 
chicks was kept open and the fish was slightly pushed to facilitate its swallowing. All birds 
were receptive to food supplementation and none of the birds were forced to swallow the 
fish. Birds from the unsupplemented group were also handled to minimize any bias due to 
handling.  

The change in body condition and CORT of supplemented birds from pre- to post-
treatment period was not related to the amount of fish (F1,24=2.54, p=0.12; and F1,23=0.41, 
p=0.53, respectively), and to the amount of administered fish per individual body mass 
(F1,24=0.16, p=0.69; and F1,23=0.06, p=0.80, respectively). Health and sick birds received a 
similar amount of fish (mean healthy: 1129g, 95% Confidence Interval (CI): 1067, 1191; mean 
sick: 1071g, 95% CI: 1031, 1111; Welch t-test: t=1.79, p=0.094), and a same amount of fish 
per gram of body mass (mean healthy: 0.79g, 95% CI: 0.73, 0.85; mean sick: 0.79g, 95% CI: 
0.73, 0.85; Welch t-test: t=-0.09, p=0.93). 
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Abstract 

In the present study, trace elements and persistent organic pollutants (POPs) were 
quantified from Magnificent frigatebirds (Fregata magnificens) breeding at a southern 
Atlantic island. Stable isotope ratio of carbon (δ13C) and nitrogen (δ15N) were also measured 
to infer the role of foraging habitat on the contamination. For another group from the same 
colony, GPS tracks were recorded to identify potential foraging areas where the birds may 
get contaminated. Fourteen trace elements were targeted as well as a total of 40 individual 
POPs, including organochlorine pesticides (OCPs), polychlorinated biphenyls (PCBs) and 
polybrominated diphenyl ethers (PBDEs). The concentration of Hg in the blood was up to 6 
times higher in adults (5.81 ± 1.27 mg g-1 dw.) than in nestlings (0.99 ± 0.23 mg g-1 dw.). A 
similar pattern was found for POPs. PPCBs was the prevalent group both in adults (median 
673, range 336 - 2801 pg g-1 ww.) and nestlings (median 41, range 19 - 232 pg g-1 ww.), 
followed by the sum of dichlorodiphenyltrichloroethanes and metabolites (PDDTs), showing 
a median value of 220 (range 75 - 2342 pg g-1 ww.) in adults and 25 (range 13 - 206 pg g1 
ww.) in nestlings. The isotope data suggested that the accumulation of trace elements and 
POPs between adults and nestlings could be due to parental foraging in two different areas 
during incubation and chick rearing, respectively, or due to a shift in the feeding strategies 
along the breeding season. In conclusion, our work showed high Hg concentration in 
frigatebirds compared to non-contaminated seabird populations, while other trace elements 
showed lower values within the expected range in other seabird species. Finally, POP 
exposure was found generally lower than that previously measured in other seabird species. 
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Introduction 

Since the last few decades, there has been a significant increase of trace element 
contamination of the environment and, among those trace elements, mercury (Hg) is a highly 
toxic non-essential metal. Overall, Hg derives from both natural and anthropogenic sources, 
but human activities have increased the global amount of circulating Hg. Once deposited in 
aquatic ecosystems, inorganic Hg is subject to biotic reactions (e.g. methylation) resulting in 
the production of methylmercury (Me-Hg). Me-Hg is the highly toxic form of Hg in organisms 
that assimilated it via food intake. Once incorporated in organisms, Me-Hg biomagnifies 
within food webs from lower to higher trophic levels. Hg has neurological and 
endocrinological effects and impacts reproduction, behaviour, development, and ultimately 
demography in humans and wildlife (Tan et al., 2009; Wolfe et al., 1998), especially in those 
species which occupy a high trophic level (e.g. seabirds), and are therefore potentially 
exposed to high contaminant loads (Frederick and Jayasena, 2010; Goutte et al., 2014b; 
Tartu et al., 2013). Birds are also vulnerable to other trace metals, particularly to non-
essential trace elements such as silver (Ag), cadmium (Cd) and lead (Pb), which although 
much less studied (Burger, 2008), have the potential to negatively affect reproduction, 
survival and growth (Larison et al., 2000; Scheuhammer, 1987). 

High exposure to essential trace elements has been sometimes associated with negative 
effects in birds (Sanchez-Virosta et al., 2015), but since wild birds are often exposed to a 
mixture of trace elements, it is generally difficult to demonstrate a causal link between 
environmental levels of specific compounds and health impairments (Burger, 2008; Sanchez-
Virosta et al., 2015). Similarly, several persistent organic pollutants (POPs), have been 
associated with many physiological, immune, endocrine, fitness and demographic 
consequences and with a decrease in the reproductive success (Bustnes et al., 2006; 
Costantini et al., 2014; Erikstad et al., 2013; Verreault et al., 2010). Although a long term 
study on the spatial and temporal trends of POPs revealed that these compounds are 
expected to decline in the Northern Hemisphere (Braune et al., 2005), they appear to still 
represent a potential threat to adult survival and thus for population dynamics (Goutte et 
al., 2015). Several studies on seabirds have focused their attention on the contamination in 
the polar regions (Bustnes et al., 2015; Goutte et al., 2015; Goutte et al., 2014a; Tartu et al., 
2015b), which are indeed considered a sink for Hg and organic pollutants (Gabrielsen and 
Henriksen, 2001).  

Most of these contaminants, including Hg from coal burning sources and pesticides used 
in agriculture are primarily released from the industrialized areas, and their transport to the 
Arctic region occurs mainly via the atmosphere but also through large rivers and oceanic 
currents (Gabrielsen and Henriksen, 2001). Compared to polar breeding sites, the level of 
knowledge is much less about contaminant exposure of seabirds in tropical regions. 
Moreover, since individual detection probabilities of seabirds at breeding colonies are 
generally high because of high overall site fidelity (Gauthier et al., 2012), and since long lived 
apex predators should be particularly exposed to persistent and biomagnifying contaminants 
(Rowe, 2008), many seabirds species are ideal models to assess the physiological and 
behavioural effects of environmental pollution.  

The main goal of this study was to investigate the presence of trace elements and POPs 
in a long-lived seabird, Magnificent frigatebirds (Fregata magnificens, hereafter frigatebirds) 
breeding at Grand Connetable Island, a small island of the coasts of French Guiana, which 
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offers a unique situation to study contaminants in a multiple stressor framework. The 
assessment of POPs and toxic trace elements in tropical regions, which are well known for 
their complex ecosystem structure and their high biodiversity, is a significant environmental 
pollution issue. Information on POPs and trace elements is missing in high trophic level 
species in this region, and an assessment of contaminant exposure has been previously 
focused only on Hg accumulation in humans and fish (Frery et al., 2001; Fujimura et al., 
2012). Moreover, since stable carbon and nitrogen isotope measurements have been 
successfully used to describe the trophodynamics of trace elements and POPs in marine 
ecosystems (Bearhop et al., 2000b; Eulaers et al., 2014), stable isotopes were analysed to 
study the role of dietary contaminant pathway. Additionally, Global Positioning System (GPS) 
tracking was conducted on adult frigatebirds of this colony to identify the foraging areas and 
then the possible sources of the contamination during reproduction. 

Materials and Methods 

Sample collection 

The field sampling was carried out in 2013 on Grand Connètable island, a protected area 
located off the Atlantic coast of South America (French Guiana, 4°49’30N; 51°56’00W). This 
island hosts a unique colony of Magnificent frigatebird that is considered one of the most 
important in South America, and represents the only breeding site for this seabird species in 
French Guiana (Dujardin and Tostain, 1990). Breeding adults (n=20, 11 females and 9 males 
during the incubation/early brooding stage) and 30 days old nestlings (n=20) were captured 
by hand or with a nose at the end of a fishing rod (Chastel et al., 2005) on May 27th – 28th 
and June 25th, respectively. Adults and nestlings were not related to each other. Within few 
minutes after capture, 2 mL of blood were collected from the brachial vein using a 
heparinized syringe and a 25G needle. Samples were immediately put on ice and centrifuged 
in the field within less than 1 h to separate plasma (to be used for POPs) and red blood cells 
(to be used for trace elements and stable isotopes). After centrifugation, both plasma and 
red blood cells were kept in dry ice until the end of the field work and, when at the 
laboratory, were kept in a -20  ͦC freezer until laboratory analysis. 

Stable isotope analysis 

The isotopic niche of frigatebirds was used as a proxy of their ecological niche, with δ13C 
values of seabirds indicating foraging habitats and δ15N values indicating trophic level 
(Newsome et al., 2007). The stable isotopic method is based on time-integrated assimilated 
food, with different tissues recording trophic information over different time scales. In the 
present study, δ13C and δ15N values were measured in red blood cells, which provide trophic 
information on a few weeks before sampling (Hobson and Clark, 1993). Analyses were 
performed on lyophilized red blood cells of which 0.30 ± 0.05 mg subsamples were weighed 
in tin cups for stable isotope analyses. Isotopic analyses were performed at the Littoral 
Environnement et Sociétés (LIENSs) laboratory at the University of La Rochelle (France) with 
a Thermo Scientific Delta V Advantage mass spectrometer coupled to a Thermo Scientific 
Flash EA1112 elemental analyzer. The results are expressed in the usual δ (‰) notation 
relative to the deviation from international reference standards (Pee Dee Belemnite for δ13C 
and atmospheric nitrogen for δ15N). Based on replicate measurements of internal laboratory 
standards, the experimental imprecision did not exceed ±0.15 and ± 0.20‰ for δ13C and 
δ15N, respectively. 
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Contaminant analysis: Trace elements 

The analysis of trace element concentrations was carried out by the Littoral Environnement 
et Sociétés (LIENSs) laboratory at the University of La Rochelle (France). Fourteen trace 
elements were analysed on lyophilized red blood cells. Total Hg was quantified with an Altec 
Advanced Mercury Analyzer AMA 254 spectrophotometer. Prior and after freeze-drying, 
blood samples were weighed to determine the percentage of water in blood, and aliquots 
ranging from 5 to 10 mg were analysed for quality assessment, as described in Bustamante 
et al., (2008). Arsenic (As), chromium (Cr), copper (Cu), iron (Fe), manganese (Mn), selenium 
(Se), and zinc (Zn) were analysed using a Varian Vista-Pro ICP-OES and silver (Ag), cadmium 
(Cd), cobalt (Co), nickel (Ni), lead (Pb), and vanadium (V) using a Series II Thermo Fisher 
Scientific ICP-MS (aliquots mass: 50-200 mg dw.) as described in Bustamante et al., (2008). 

These elements were selected on 2 bases: a first set of non-essential elements (Ag, Cd, 
Hg and Pb) and a second set of essential trace elements whose metabolism is disrupted by 
the non-essential ones (Bustamante et al., 2008). Certified Reference Materials (CRM; 
dogfish liver DOLT-3, NRCC, and lobster hepatopancreas TORT-2, NRCC) were treated and 
analysed in the same way as the samples. Results were in good agreement with the certified 
values, and the standard deviations were low, proving good repeatability of the method. The 
results for CRMs displayed recoveries of the elements ranging from 88% to 116% (n=10). All 
the results for trace elements are presented in absolute concentrations in mg g-1 dry weight 
(dw.). 

Contaminants analysis: POPs 

The analysis of POPs was performed at the Toxicological Centre of the University of Antwerp 
(Belgium). The analytical protocol was based on the methods described earlier by Eulaers et 
al., (2011) and consisted in the processing of 1 mL of plasma by solid-phase extraction and 
clean-up on silica acidified with sulfuric acid (44% w/w). The protocol allowed for the analysis 
for 26 PCB congeners (CB 28, 49, 52, 74, 99, 101, 105, 118, 128, 138, 146, 153, 156, 170, 171, 
174, 177, 180, 183, 187, 194, 196, 199, 203, 206, and 209), organochlorine pesticides (OCPs), 
amongst which dichlorodiphenyltrichloroethane (p,p’-DDT) and its metabolite 
dichlorodiphenyldichloroethylene (p,p’-DDE), hexachlorobenzene (HCB), cis-nonachlor (CN), 
trans-nonachlor (TN), oxychlordane (OxC), β- and γ-hexachlorocyclohexanes (HCHs), and 7 
polybrominated diphenyl ethers (PBDEs: BDE 28, 47, 99, 100, 153, 154, and 183). Internal 
standards (CB 143, ε-HCH and BDE 77) were used to quantify the targeted compounds using 
gas chromatography (Agilent GC 6890, Palo Alto, CA, USA) coupled to mass spectrometry 
(Agilent MS 5973). Most PCB congeners, as well as p,p’-DDT and p,p’-DDE were separated 
using a HT-8 capillary column (30 m x 0.22 mm x 0.25 mm; SGE Analytical Science, Zulte, 
Belgium), with the mass spectrometer operated in electron impact ionization mode. The 
remaining PCB congeners, as well as HCB, CHLs (Chlordanes), HCHs, and PBDEs were 
separated using a DB-5 capillary column (30 m x 0.25 mm x 0.25 mm; J&W Scientific, Folsom, 
CA, USA) and the mass spectrometer was operated in electron capture negative ionization 
mode.  

Mean ± SD recoveries of the internal standards CB 143 and BDE 77 were 86 ± 6% and 93 
± 10%, respectively. Procedural blanks were analysed every 12th plasma sample, and plasma 
concentrations were corrected for average procedural blank values. The limit of 
quantification (LOQ) was compound-specifically set at 3 x SD of the procedural blank 
concentration or, for compounds not detected in blanks, set at a 10:1 signal to noise ratio. 
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Global Positioning System (GPS) transmitters 

During the breeding season of 2011, from July 5th to 7th, 12 brooding adults were equipped 
with GPS data loggers (Gipsy, Technosmart, Rome, Italy), which recorded GPS locations per 
second for 32 up to 85 h. GPS data loggers were taped to the back or tail feathers using 
Tesa© tape, and weighted ~20 g, which represented <2% of the bird weight. Since birds 
needed to be recaptured to recover the GPS, data were recovered from 7 GPS units only. 

Statistical analysis 

A principal component analysis (PCA) based on correlation matrix with a direct oblimin factor 
rotation (i.e., oblique) solution was used to reduce the number of variables into a few 
representative variables explaining variability in metal accumulation. This approach was 
preferred instead of examining each metal or POP separately, because i) concentrations are 
usually correlated with each other and ii) this enabled us to reduce the number of statistical 
models because running many models may increase the chance for type I error. Trace 
elements and POPs with concentrations below the LOQ were replaced with a value equal to 
½ x LOQ. Ag, Cd, Co, Cr, Ni, and V had a concentration below the LOQ in all individuals and 
therefore were not included in the PCA on trace elements, while the other trace elements 
were quantified in all individuals. Among POPs, PBDEs group was not included in the PCA, 
since concentrations were below the LOQ for each individual. Then, compounds from the 
same class were grouped (PCBs, DDTs, and CHLs), and the PCA was applied. In addition, the 
suitability of the use of PCA to reduce data was tested through the Kaiser-Mayer-Olkin 
measure of sampling adequacy (K-M-O = 0.70 for trace elements and K-M-O = 0.60 for POPs) 
and the Bartlett's test of sphericity (p<0.01 for both PCAs), showing the appropriate power 
of the PCA. After examination of the scree plot, the number of significant principal 
components was selected on the basis of the Kaiser criterion with eigenvalue higher than 1 
(Kaiser, 1960). According to Frontier (1976), eigenvalues are considered interpretable if they 
exceed eigenvalues generated by the broken-stick model, so the Broken Stick model 
performed with the PAST software (3.08 version) was utilized to underline which axes 
significantly explained variance in our data-set. To compare differences among adults and 
nestlings in the content of POP and trace elements, a parametric test was used when data 
were normally distributed, and non-parametric test were utilized when data were not 
normally distributed. The Spearman's rho test was used to test correlations among different 
POPs. Data on POPs have been reported as median value since they showed a wide range 
among samples, hence the mean value would have been an overestimation. Finally, the 
correlation among trace elements and stable isotope values and among POP groups and 
stable isotope values were also estimated, respectively, using the Spearman's rho 
correlation. Since in order to decrease Hg toxicity there should be an amount of Se available 
equal or higher than that of Hg so that the molar ratio of Se:Hg is greater than 1 (Raymond 
and Ralston, 2009), the molar ratio Se:Hg was calculated using the formula “molar 
concentration (mol g-1 of dw.) = concentration (μg g-1 dw.) x 1000/atomic weight (g mol-1 )”. 
All statistical analyses were performed using SPSS (22.0.0 version). 

Results 

Trace elements 

Of the fourteen trace elements analysed, six had a concentration below the LOQ (Ag, Cd, Co, 
Cr, Ni and V) both in adults and nestlings while the remaining eight were quantifiable in all 
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individuals, including both essential (As, Cu, Fe, Mn, Se, and Zn) and non-essential (Hg and 
Pb) elements (Table 1).  

Table 1. Concentrations (µg g-1 dw.) of trace elements in red blood cells of adult and nestling Magnificent 
frigatebirds. df = detection frequency. 
 

 Adults Nestlings P 

 mean ± SD median (range) df (%) mean ± SD median (range) df (%)  
        
Non-essential trace elements      
Ag - - 0 - - 0 - 
Cd - - 0 - - 0 - 
Hg 5.81 ± 1.27 5.62 (3.78 – 7.83) 100 0.99 ± 0.23 0.96 (0.68 – 1.68) 100 < 0.01 
Pb 0.02 ± 0.01 0.02 (0.02 – 0.04) 100 0.02 ± 0.005 0.02 (0.01 – 0.03) 100 < 0.01 
        
Essential trace elements      
As 2.35 ± 1.44 2.15 ( 0.58 – 7.33) 100 1.55 ± 0.67 1.51 (0.67 – 3.61) 100 0.04 
Co - - 0 - - 0 - 
Cr - - 0 - - 0 - 
Cu 0.78 ± 0.07 0.80 (0.65 – 0.90) 100 0.74 ± 0.07 0.73 (0.60 – 0.86) 100 0.06 
Fe 2413 ± 68 2411 (2235 – 2503) 100 2330 ± 80 2337 (2146– 2477) 100 < 0.01 
M
n 

0.12 ± 0.03 0.11 (0.09 – 0.19) 100 0.21 ± 0.05 0.19 (0.13 – 0.19) 100 < 0.01 

Ni - - 0 - - 0 - 
Se 9.09 ± 1.91 8.74 (6.67 – 13.09) 100 5.75 ± 0.63 5.82 (4.57 – 6.57) 100 < 0.01 
Zn 19.44 ± 0.90 19.36 (18.29 – 22.08) 100 26.93 ± 2.95 26.80 (22.49 – 32.62) 100 < 0.01 
V - - 0 - - 0 - 

        

Fe and Zn reported the highest concentrations among essential elements (2413 ± 68 in 
adults and 2330 ± 80 in nestlings for Fe, and 19.44 ± 0.90 in adults and 26.93 ± 2.95 in 
nestlings for Zn expressed as μg g-1 dw.). Notably, Hg had a quantifiable concentration in all 
individuals and showed the highest concentration among non-essential elements (5.81 ± 
1.27 in adults and 0.99 ± 0.23 μg g-1 dw. in nestlings; Tables 1 and S1). Blood concentrations 
of As, Fe, Pb and Se were significantly higher in adults than in nestlings (p<0.05), while Mn 
and Zn were significantly higher in nestlings (p<0.01), and Cu was similar between adults and 
nestlings (p=0.06, Table 1). In particular, Hg showed significantly higher concentrations 
among the two groups, with adults showing a mean concentration of six times higher than 
the one for nestlings (p<0.01). The Se:Hg molar ratio in adults (3.9) was almost 4 times lower 
than the one in nestlings (15). PCA reduced the targeted eight trace elements to three 
components (explaining 46.22%, 18.15% and 13.58% of the total variance, respectively), 
while the Broken Stick model suggested to focus on PC1 only. As, Hg, Fe, Mn, and Zn were 
associated with the first axis (Fig. 1), and according to the t-test, the age of the individuals 
(nestlings or adults) was a significant variable explaining the variation of trace elements 
along PC1 (t=10.70, p<0.01; Fig. 2). In this scenario, 46.22% of the total variance was 
explained by the differences in trace element concentrations between adults and nestlings. 
Adult females and males differed only for Mn (higher in females, p=0.03) and Se (higher in 
males, p=0.03) concentration. 

POPs 

Of the 40 POP compounds targeted, 15 were not detected in both adults and nestlings, and 
some congeners were below the LOQ for one group only (either adults or nestlings, Table 2). 
On average, ∑PCBs, ∑CHLs, ∑DDTs were higher in adults than in nestlings (p<0.01), while 
HCBs (p=0.383) and ∑HCHs (p=0.718) were similar between adults and nestlings. PBDEs were 
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not detected in any sample (Table 2). ∑PCBs was the most important group based in terms 
of concentration, showing a median (range) of 673 pg g-1 ww. (336-2801 pg g-1 ww.) in adults 
and 41 pg g-1 ww. (19-232 pg g-1 ww.) in nestlings, followed by ∑DDTs at 220 pg g-1 ww. (75-
2342 pg g-1 ww.) in adults and 25 pg g-1 ww. (13-206 pg g-1 ww.) in nestlings. Among adults, 
the congeners CB 153, 268 pg g-1 ww. (114-869 pg g-1 ww.) and CB 180, 165 pg g-1 ww. (78-
879 pg g-1 ww.), contributed most to the ∑PCBs (34% and 24%, respectively), while among 
nestlings, CB 153, 17 pg g-1 ww. (p<0.01).                  

 
Figure 1. Plot of the PC1 correlation coefficients on trace elements. **Correlation is significant at the 0.01 level (2-
tailed). *Correlation is significant at the 0.05 level (2-tailed). 

 
 

 
Figure 2. Scatter plot of the principal component analysis for trace elements for adult individuals (squares) and 
nestlings (circles).  
 

Spearman's rho correlation coefficients among POP groups were positive between PCBs 
and CHLs (r=0.91, p<0.01), PCBs and DDTs (r=0.90, p<0.01), CHLs and DDTs (r=0.88, p<0.01), 
HCB and HCHs (r=0.44, p<0.01). Finally, the PCA reduced the targeted POPs to a number of 
two components (explaining 45.72% and 24.76% of the total variance, respectively), while 
Broken Stick model suggested PC1 as the only significant axis. 
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Table 2: POP concentrations in adults and nestlings of Magnificent frigatebirds for all congeners analysed. 
Concentrations are expressed as pg g-1 of wet weight. ND = not detected. All PBDEs (28, 47, 99, 100, 153, 154, and 
183) were not detected thus only ∑PBDEs is shown. 
 

 Adults Nestlings P 

Congener median (range) mean ± SD median (range) mean ± SD  

CB 28 ND ND ND ND ND 

CB 52 ND ND ND ND ND 

CB 49 ND ND ND ND ND 

CB 74 ND ND ND ND ND 

CB 101 ND ND ND ND ND 

CB 99 <4 (<4 - 68) 7 ± 16 ND ND ND 

CB 105 <2 (<2 - 29) 45 ± 6 ND ND ND 

CB 118 22 (6 - 122) 29 ± 25 <1 (<1 - 8) 2.15 ± 1.88 <0.01 

CB 128 <1 (<1 - 4) 1 ± 1 ND ND ND 

CB 138 56 (26 - 277) 78 ± 60 6 (2 - 38) 7 ± 7 <0.01 

CB 146 28 (<1 - 134) 35 ± 38 ND ND ND 

CB 153 268 (114 - 869) 333 ± 211 17 (<1 - 84) 19 ± 16 <0.01 

CB 156 7 (<1 - 21) 9 ± 5 ND ND ND 

CB 170 47 (23 - 217) 68 ± 50 <3 (<1 - 13) 3 ± 3 <0.01 

CB 171 <1 (<1 - 2) 1 ± <1 ND ND ND 

CB 174 ND ND ND ND ND 

CB 177 <1 (<1 - 4) 1 ± <1 ND ND ND 

CB 180 165 (78 - 879) 240 ± 189 8 (3 - 40) 10 ± 8 <0.01 

CB 183 32 (14 - 122) 42 ± 31 <1 (<1 - 11) 2 ± 2 <0.01 

CB 187 34 (15 - 141) 43 ± 33 3 (<2 - 25) 4 ± 5 <0.01 

CB 194 21 (7 - 154) 32 ± 32 <1 (<1 - 3) 1 ± <1 <0.01 

CB 196/203 23 (7 - 108) 30 ± 25 <1 (<1 - 6) 1 ± 1 <0.01 

CB 199 9 (<4 - 30) 11 ± 8 <1 (<1 - 3) 1 ± <1 <0.01 

CB 206 <1 (<1 - 14) <3 ± 3 ND ND ND 

CB 209 ND ND ND ND ND 

PCBs 673 (336 - 2801) 967 ± 688 41 (19 - 232) 51 ± 44 <0.01 

      

OxC <1 (<1 - 7) <2 ± <2 ND ND ND 

TN 11 (5 - 16) 10 ± 3 <3 (<2 - 32) 4 ± 7 <0.01 

CN <1 (<1 - 5) <2 ± 1 <1 (<1 - 5) 1 ± <1 0.10 

CHLs 14 (7 - 22) 14 ± 5 4 (3 - 37) 6 ± 7 <0.01 

      

HCB 7 (2 - 41) 12 ± 11 11 (<2 - 33) 11 ± 6 0.38 

      

p,p’-DDE 220 (75 - 2342) 426 ± 561 25 (13 - 206) 40 ± 45 <0.01 

p,p’-DDT ND ND ND ND ND 

DDTs 220 (75 - 2342) 426 ± 561 25 (13 - 206) 40 ± 45 <0.01 

      

β-HCH 2 (2 - 19) 8 ± 6 2 (2 - 11) 3 ± 2 0.38 

γ-HCH 2 (2 - 82) 8 ± 18 12 (2 - 20) 11 ± 7 0.01 

HCHs 14 (5 - 84) 16 ± 18 14 (5- 23) 14 ± 7 0.72 

      

PBDEs ND ND ND ND ND 
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The results of the PCA for the POP profiles are presented in Fig. 3. The POPs profile 
significantly differed between adults and nestlings along the PC1 (t=11.13, p<0.01; Fig. 4).   

Stable isotopes and GPS 

Differences between adults and nestlings for stable isotope values were significant for δ13C 
(adults = 15.01 ± 0.11, nestlings = 15.19 ± 0.09; p<0.01), while they were not different for 
δ15N (adults = 13.37 ± 0.20, nestlings = 13.41 ± 0.28; p=0.99; Fig. 5).  

 

Figure 3. Plot of the PC1 correlation coefficients on POPs. **Correlation is significant at the 0.01 level (2-tailed). 

 

 
Figure 4. Scatter plot of the principal component analysis for POPs for adult individuals (squares) and nestlings 
(circles) 
 

Hg was significantly positively correlated to δ15N in both adults (r=0.84, p<0.01) and 
nestlings (r=0.52, p=0.02). Moreover, in adults only, there was a significant positive 
correlation between δ15N and As (r=0.66, p=0.01), and significant negative correlations 
between δ15N and other trace elements were limited to Pb (r=0.52, p=0.02) and Zn (r=0.66, 
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p<0.02). Adults also showed a positive correlation between δ13C and Hg (r=0.51, p=0.02), 
while there were no significant correlations among stable isotope values and POPs both in 
adults and in nestlings.  

Finally, GPS tracks showed that 6 out of 7 adults alternated long trips toward Brazilian 
coasts, south of the Grand Connétable colony, with short trips near the island (Fig. 6). They 
showed a wide variance in the trips and, overall, covered an average distance per foraging 
roundtrip (one way and return) of 219.3 km with a standard deviation of 173.1 km, with the 
longest trip being 513.9 km and the shortest 5 km.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Stable carbon and nitrogen isotope values (mean ± SD) of red blood cells of adults and nestlings of the 
Magnificent frigatebird from French Guiana. 

 

 
Figure 6. GPS tracks of seven Magnificent frigatebirds adults recorded during the breeding season of 2011. The 
white dotted line represents the political border between French Guiana and Brazil. 



Chapter VII 
 

120 | Part IV 
 

Discussion 

Trace elements 

Our results showed the presence of a high blood level of Hg in Magnificent frigatebirds 
breeding in French Guiana. In 2009, the National Forestry Office estimated that in French 
Guiana 1333 km of watercourses and 12,000 ha of tropical forest were directly affected by 
gold mining (Mansillon Y. et al., 2009), and that the number of illegal mining sites was 
recently estimated between 500 and 900 (Tudesque et al., 2012). In addition, the changing 
geomorphology of the Amazon soil is an additional source of Hg (de Oliveira et al., 2001), so 
that Hg has become a primary pollutant in the Amazonian basin (Roulet et al., 1999) and is a 
matter of great concern in French Guiana (Fujimura et al., 2012). Even so, an evaluation of 
its impact on local wildlife is, however, still missing. A previous study has shown how 
frigatebirds may move up to 1400 km away from the breeding colony outside the breeding 
season (Weimerskirch et al., 2006), and may therefore be contaminated far from French 
Guiana. However, the high Hg levels found in both adult and nestling frigatebirds suggest a 
contamination in the lower trophic levels from the coasts of French Guiana up to the upper 
Brazilian coasts, which includes the foraging areas of our study population during the 
breeding season (Fig. 6). Since Hg biomagnifies within food webs (Lavoie et al., 2014), adults 
usually show higher concentrations than nestlings (Carravieri et al., 2014). Consistently, Hg 
was around six times higher in adults than nestlings (Table 1), and our results showed French 
Guiana frigatebirds to have values of Hg similar to highly Hg-contaminated species (e.g., 
Diomedea exulans, Stercorarius skua) (see Table S1). Such blood Hg concentrations have 
been associated with both a reduction of parental commitment (Tartu et al., 2016) and of 
the breeding success (Goutte et al., 2014b). In addition, similar Hg concentrations have been 
shown to interfere with several endocrine mechanisms (Tartu et al., 2014; Tartu et al., 2013) 
and to increase oxidative stress (Costantini et al., 2014), a condition that may decrease 
reproductive success (Costantini, 2014) and facilitate herpes infection (Sebastiano et al., 
2016b). In this scenario, it is important to take into consideration that Hg in the nestlings' 
red blood cells reflects Hg exposure since hatching as well as maternal Hg transfer through 
the eggs (Lewis et al., 1993), while adult Hg concentrations reflect the exposure since the 
last moult (Dauwe et al., 2003). So, the Hg content found in the blood of adults might be 
lower than actually is, since birds are able to excrete Hg in feathers (Dauwe et al., 2003).  

The PCA showed that the high Hg concentration is coupled with high levels of As, Fe, and 
Se and low levels of Mn and Zn, while Cu and Pb did not show a related pattern (Fig. 1). 
However, for some trace elements such as Cu, Fe, Mn, and Pb, concentrations were very low 
as compared to literature values in other seabird species (Carravieri et al., 2014; Summers 
et al., 2014). Interestingly, among non-essential trace elements, Ag and Cd were below the 
LOQ for every sample, Pb concentrations were very low, while Hg was the only non-essential 
trace element with high concentrations. A previous study has underlined that As 
concentrations varied widely among different tissues, being higher in liver and muscle 
tissues, and varied with the age of the organism, geographic location, and proximity to 
anthropogenic activities (Eisler, 1988). In birds, inorganic As is considered highly toxic in 
comparison with organic compounds of this element and may disrupt reproduction, and 
trigger sub-lethal effects or even induce individual's death (Eisler, 1994; Kunito et al., 2008). 
However, marine animals have only a limited ability to bioaccumulate inorganic arsenic from 
solution (Neff, 1997), so As concentrations in living organisms are generally low (Braune and 
Noble, 2009), and concentrations of As in frigatebirds are much lower than the threshold 
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levels of other seabirds, and therefore should not represent a threat for this population 
(Eisler, 1994).  

In contrast to non-essential elements, Zn is an essential micronutrient and its deficiency 
has been associated to an increase in oxidative stress and DNA damage, and a decrease in 
antioxidant defences (Song et al., 2009). Zn is also one of the main component of 
metallothioneins, a group of proteins which play an essential role in heavy metal 
detoxification (Siscar et al., 2014). A comparison among tissues and different species is 
difficult to interpret, but Zn content showed concentrations similar to other seabird species 
(Carvalho et al., 2013; Fromant et al., 2016). However, the PCA has underlined a strong 
lowering of the Zn content in the individuals with higher levels of Hg. As a result, since Zn 
has a stimulatory action on the immune response, further studies are warranted in order to 
clarify if the decrease in Zn content with the increase in Hg might reduce the immune 
competence of this seabird. In a different way, Se, besides being an essential constituent of 
selenoproteins utilized as a cofactor for reduction of glutathione peroxidases (Beckett and 
Arthur, 2005), is also important for the detoxification of Hg exposure. In fact, previous 
studies have emphasized the “protective effect” of Se on Hg toxicity (Raymond and Ralston, 
2009). Its protective effect was initially presumed to involve Se sequestration of Hg, thereby 
preventing its harmful effects. However, as more has become understood about Se 
physiology, the mechanism of MeHg/Hg toxicity and the mechanism of Se protective effect 
have also become clear. The high affinity between Hg and Se results in Hg binding to Se 
(Ralston and Raymond, 2010), with the consequent generation of mercuric selenide (HgSe), 
which is well known to be a non-toxic form in marine mammals and birds (Ikemoto et al., 
2004; Nigro and Leonzio, 1996). In order to be able to decrease Hg toxicity, there should be 
an amount of Se available higher than that of Hg so that the molar ratio of Se:Hg is greater 
than 1 (Raymond and Ralston, 2009). Since the molar ratio was 3.9 for adults and 15 for 
nestlings, and since the PCA has shown that individuals with high levels of Hg tend to have 
higher levels of Se, it is likely that Se is contributing to the detoxification of Hg (Sørmo et al., 
2011), preventing from Hg toxic effects more in nestlings than in adults. However, Se in 
blood, which was higher in males, was lower compared to other seabirds (Fromant et al., 
2016), and further investigation is needed to understand if the amount of this essential trace 
element is adequate to contribute to the organisms' physiological functions.  

POPs  

To the best of our knowledge, no studies have previously described plasma POP levels in 
Magnificent frigatebirds or more generally in French Guiana seabirds. In Mexico, a study of 
Magnificent frigatebirds eggs detected low levels of OCPs and PCBs (Trefry et al., 2013). In 
French Guiana only one study has investigated whole blood levels of OCPs and PCBs in the 
eggs of leatherback turtles Dermochelys coriacea, and found low levels (Guirlet et al., 2010). 
As mentioned earlier, most seabird POP studies have been conducted on polar and especially 
Arctic species. In the present study, POP concentrations were generally much lower than 
what has been found previously in polar seabirds (e.g. Tartu et al., 2015b). The 
contamination with organochlorine compounds and their metabolites can lead to lethal as 
well as sub-lethal effects in wildlife (Beyer et al., 1996). In particular, DDTs are highly relevant 
for apex seabirds, since they are associated with eggshell thinning and thus reduced 
reproductive success (Beyer et al., 1996). Our results pointed out that the p,p’-DDT content 
was below the LOQ, while p,p’-DDE showed a median value of 220 pg g-1 ww. in adults (being 
higher in males), and 25 pg g-1 ww. in nestlings, respectively, which are much lower than 
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other top predator seabirds (Bustnes et al., 2006). POPs have never been measured in 
frigatebird plasma and a reliable comparison with other tissues cannot be made since 
different tissues show different toxicodynamics. Comparisons with other species showed 
PCB 153 and other PCBs, HCB and p,p’-DDE to be similar to low contaminated populations of 
common eider Somateria mollissima in the sub-Arctic and high Arctic regions (Bustnes et al., 
2012; Fenstad et al., 2014), but much lower than in moderately POPs-contaminated 
Antarctic seabirds, like the snow petrel Pagodroma nivea (Tartu et al., 2015b). Although 
∑PCBs show higher concentrations than the other chemical classes, with a median of 673 pg 
g-1 ww. in adults and 41 pg g-1 ww. in nestlings, these concentrations are much lower than 
those reported in the blood of 7 polar seabirds among which the extremely contaminated 
Glaucous gull Larus hyperboreus (Tartu et al., 2015a). In polar seabirds specifically, high PCB 
contamination is associated with concentration from dozens (mean 47,000 pg g-1 ww., Tartu 
et al., 2015b) up to hundreds of times higher (mean 448,700 pg g-1 ww., Bustnes et al., 2006) 
than those we found in frigatebirds from French Guiana. 

Stable isotopes and GPS 

Differences and similarities in trace elements and POPs between nestlings and adults may 
be explained by trophic ecology. For example, nestlings may differ from adults in δ15N if they 
are fed on a different diet or a different trophic level (Overman and Parrish, 2001). This 
explanation is supported by several studies on seabirds (Hobson, 1993; Schmutz and Hobson, 
1998), which found that adults provide to their offspring a food different from that they feed 
on. One way to increase energy gain per unit time of nestlings would be to increase the size 
of the fish caught for the nestlings, a strategy that has been recorded in other seabirds 
(Bugge et al., 2011). However, our results do not support this hypothesis. The similar stable 
nitrogen isotope values between nestlings and adults suggest that they feed on similar 
trophic level prey.  

On the other hand, the stable carbon isotope values in the present study showed adults 
to have significantly higher δ13C values than nestlings (Fig. 5). A latitudinal decline in δ13C 
values has been documented in marine mammals and seabirds (Kelly, 2000), and studies 
have shown patterns which might suggest a decreasing δ13C from the coast to the open sea 
(Eulaers et al., 2014), but information of such stratification in French Guiana is not available. 
Since at this stage of development, frigatebird nestlings are not able to fly, the stable isotope 
values in nestlings reflect the prey provided by the adults. Hence, the different carbon stable 
isotope values between adults and nestlings might be explained in two different ways: (a) 
adults may get their food in a different feeding area than where they forage for their 
nestlings (GPS tracks of the breeding season 2011 showed how most adults alternated short 
trips, mostly to the north, with more long trips in the direction of the Brazilian coasts) (Fig. 
6); (b) adults may have changed their feeding strategies between the incubation stage and 
the chick rearing period. In fact, since δ13C in seabird red blood cells reflects up to three-four 
weeks before the blood sampling (Hobson and Clark, 1992), δ13C in adults might have 
reflected the foraging habitat during the incubation period. In addition, δ13C in nestlings 
might have reflected the foraging habitat during the beginning of the chick rearing, since 
nestlings were around 30 days of age. However, differences in the carbon composition are 
significant from the statistical point of view, but studies are needed to clarify if such 
difference can be ecologically significant, and if it can be related to the differences in the 
trace element concentrations. 
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Conclusions 

Although our study provided the first evidence of the presence of POPs in French Guiana 
frigatebirds, PCB and DDT concentrations were generally lower compared to those found in 
other seabird species, especially in polar seabirds, and they are not likely to be a threat for 
this population. However, even if concentrations of these pollutants are low, they may have 
a combined effect with trace elements and especially Hg. Our study clearly shows that this 
frigatebird population is bearing high Hg burden, and there is an urgent need to evaluate 
whether increased blood Hg concentrations may affect endocrine and fitness aspects in this 
top predator bird, as has been documented in other seabird species. Other essential and 
non-essential trace elements showed different accumulation in adults and nestlings, but 
values were in the range of previous studies on other seabirds. Since the trophic position did 
not differ between adults and nestlings (same nitrogen isotope value), an explanation for 
the different POPs and metal profiles between adults and nestlings might lie with the 
foraging area of adults (carbon isotope values), which appeared to change over the breeding 
season. Furthermore, in our study population, a previous study has reported the occurrence 
of herpes virus outbreaks in this colony (de Thoisy et al., 2009), which is causing high 
mortality of nestlings. These herpes virus outbreaks make this population a highly relevant 
biological model for investigating the interactions between pollutant exposure and impact 
of virus activity of population viability. Indeed, previous studies have underlined that there 
might be a strong relation among exposure to trace elements and virus infections (Gainer, 
1977; Koller, 1975), and, more specifically, Hg is highly suspected to aggravate herpes 
simplex virus-2 infection in mice (Christensen et al., 1996). Our data indicate that future 
studies may be warranted to better understand if the herpes virus outbreaks in this 
population are favoured by the high Hg contamination. 
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Abstract 

To support environmental management programs, there is an urgent need to know about 
the presence and understand the dynamics of major contaminants in seabird communities 
of key marine ecosystems. In this study, we investigated the concentrations and 
trophodynamics of trace elements in six seabird species and persistent organic pollutants 
(POPs) in three seabird species breeding on Grand Connétable Island (French Guiana), an 
area where the increase in human population and mining activities has raised concerns in 
recent years. Red blood cell Hg concentrations in adults were the highest in Magnificent 
frigatebirds Fregata magnificens (median: 5.6 μg g-1 dw; range: 3.8 - 7.8 μg g-1 dw) and lowest 
in Sooty terns Onychoprion fuscatus (median: 0.9 μg g-1 dw; range: 0.6 - 1.1 μg g-1 dw). Among 
POPs, dichlorodiphenyldichloroethylene (p,p’-DDE) was the most abundant compound in 
plasma of Cayenne terns Thalasseus sandvicensis (median: 1100 pg g-1 ww; range: 160 ± 5100 
pg g-1 ww), while polychlorinated biphenyls (PCBs) were the most abundant compound class 
in plasma of Magnificent frigatebirds (median: 640 pg g-1 ww; range 330 ± 2700 pg g-1 ww). 
While low intensity of POP exposure does not appear to pose a health threat to this seabird 
community, Hg concentration in several adults Laughing gulls Leucophaeus atricilla and 
Royal terns Thalasseus maximus, and in all Magnificent frigatebirds was similar or higher 
than that of high contaminated seabird populations. Furthermore, nestling red blood cells 
also contained Hg concentrations of concern, and further studies should investigate its 
potential health impact in this seabird community. Differences in adult trophic ecology of 
the six species explained interspecific variation in exposure to trace element and POPs, while 
nestling trophic ecology provides indications about the diverse feeding strategies adopted 
by the six species, with the consequent variation in exposure to contaminants. 
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Introduction 

Exposure to persistent toxicants may have detrimental effects on reproductive success, 
immunity, regulation of oxidative balance, endocrine system and survival perspectives of 
wildlife, even years after these toxicants have been banned (Burger and Gochfeld, 2001; 
Costantini et al., 2014; Erikstad et al., 2013; Goutte et al., 2015; Tartu et al., 2015b; Tartu et 
al., 2015c). Persistent organic pollutants (POPs) are among the major contaminants currently 
detected in wildlife, of which polychlorinated biphenyls (PCBs) remain the most dominant 
chemical class despite that they have been banned more than 30 years ago (Tartu et al., 
2015a). Among trace elements there has been growing interest in mercury (Hg), lead (Pb), 
and cadmium (Cd) because of their well-known detrimental effects on vertebrates (Beyer et 
al., 1996). For example, after Hg is deposited in aquatic ecosystems, it is rapidly transformed 
by microorganisms into methyl-Hg, its most toxic form that bioaccumulates in organisms and 
biomagnifies in food webs (Fitzgerald et al., 2007). Because seabirds are apex long-lived 
predators, they are particularly exposed to these major environmental contaminants (Rowe, 
2008), and are therefore utilized as sentinel species for environmental monitoring (Furness 
and Camphuysen, 1997; Moreno et al., 2011).  

While considerable attention has been paid to the occurrence and health effects of these 
contaminants in sub-polar and polar regions due to their potential to act as final sink (Blévin 
et al., 2016; Tartu et al., 2016; Tartu et al., 2015c), comparatively less attention has been 
given to wildlife from other geographical regions (Bastos et al., 2015; Costantini et al., 2017; 
De Andres et al., 2016; Frery et al., 2001), especially in South America (De Andres et al., 2016; 
Guirlet et al., 2010; Sebastiano et al., 2016a). This is surprising because local releases of 
contaminants (e.g. Hg) from major mining activities in the Amazon area may be considerable 
(Fujimura et al., 2012; Lodenius and Malm, 1998). Although to the best of our knowledge 
there are no sources of organic pollutants, the long-range transport of these contaminants 
and the bioaccumulation and biomagnification processes they undergo, might pose a threat 
to top predators. The Grand Connétable Island, a small rocky island located off the coast of 
French Guiana and close to the Brazilian border, with its strategic position for wildlife and 
the presence of six breeding seabird species, offers a unique opportunity to assess the 
presence and quantify the concentrations of both organic and inorganic pollutants in a 
tropical seabird community. Moreover, given the expected high variation in trophic ecology 
of the seabirds breeding on the Grand Connétable Island, this also enabled us to assess the 
importance of feeding ecology in driving inter- and intraspecific variation in exposure to 
contaminants.  

To this end, we quantified the concentrations of POPs and trace elements in plasma and 
red blood cells, respectively, in the seabird community on Grand Connétable Island. We also 
measured the stable nitrogen and carbon isotope composition of red blood cells to test 
whether trophodynamics explain among and within species variation in contaminant 
burden. Of the trace elements, we focused particularly on Hg given the growing concern 
about the impact of this element on the health of South-American ecosystems.  

Materials and methods  

Sample collection  

In 2013 we performed sample collection on the Grand Connétable Nature Reserve, a small 
island located 18 km off Cayenne (French Guiana, 4°49’30N; 51°56’00W). The seabird 
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community of Grand Connétable Island typically includes six species: the Laughing gull 
(Leucophaeus atricilla), the Brown noddy (Anous stolidus), the Royal tern (Thalasseus 
maximus), the Cayenne tern (Thalasseus sandvicensis), the Magnificent frigatebird (Fregata 
magnificens; hereafter Frigatebird), and the Sooty tern (Onychoprion fuscatus) (Dujardin and 
Tostain, 1990). These six seabird species differ in both feeding style (pelagic versus benthic) 
and foraging area (inshore versus offshore). For instance, Frigatebirds feed on both pelagic 
and benthic fish by surface dipping, kleptoparasitism and opportunistic feeding (mostly on 
shrimp trawler discards), and although most foraging occurs in coastal waters, some foraging 
trips can exceed 200 km away from the breeding colony (Weimerskirch et al., 2003). Finally, 
they are also seen to follow tuna school formations because tuna and other marine 
predators push other small fish toward the surface, making them accessible to frigatebirds. 
The Laughing gull feeds on coastal pelagic fish, marine invertebrates and fishery discards, 
while the Brown noddy feeds on fish and squid in offshore waters by dipping the surface, 
and may show kleptoparasitism. Terns diet consists predominantly of small fish, squids and 
crustaceous, obtained by dipping the surface and occasionally diving (del Hoyo et al., 1996; 
Dujardin and Tostain, 1990).  

Adult seabirds were sampled during the incubation or early chick rearing (27th to 30th of 
May) while nestlings were sampled within a few weeks after adult sampling (24th to 26th of 
June). A total of 101 adults and 102 nestlings were captured. Since all nestlings were 
captured by hand on their nests while adults were captured by mist nets (or, in case of 
frigatebirds, were captured with a noose attached to a fishing rod), adults and nestlings are 
likely unrelated to each other. For the Laughing gull, Royal tern, Cayenne tern, Sooty tern 
and Brown noddy, the egg laying period usually begins around mid-April and ends around 
the end of April (Dujardin and Tostain, 1990), and the incubation period lasts 25-30 days 
(except for the Brown noddy that can take a few more days; Dujardin and Tostain, 1990). 
Therefore, nestlings of these species had approximately the same age. Frigatebird, instead, 
were a few weeks older than the nestlings of the other species, with an approximate age of 
three to four months (the age of nestling frigatebirds was incorrectly reported in Sebastiano 
et al., 2016). Blood samples (around 2 mL) were collected from the brachial vein using a 
heparinized syringe (25 G needle) within a few minutes after capture, and samples were 
immediately put on ice. Blood was then centrifuged within one hour to separate plasma and 
red blood cells. Both fractions were kept at -20 °C until laboratory analyses.  

Stable isotope analysis  

The analysis of the carbon and nitrogen stable isotopes is considered an important tool for 
the interpretation of both the foraging area and the trophic level of the species. In marine 
ecosystems, higher nitrogen values are associated with higher trophic level prey, e.g. bigger 
prey (Overman and Parrish, 2001), while the carbon stable isotopes can decrease with 
decreasing latitudes (Kelly, 2000) and seem to decrease from the coast to the open sea in 
the Southern Indian Ocean (Yves and Keith, 2007), even if proofs of such stratification in the 
Southern Atlantic Ocean are not available. In this study, the stable carbon and nitrogen 
values were measured in red blood cells, therefore providing trophic information integrated 
over a few weeks prior to sampling (Hobson and Clark, 1993; Newsome et al., 2007). The 
composition of the carbon and nitrogen isotopes of the species, which provides information 
on the isotopic niches of the birds, was used as a proxy of their ecological niche (Jackson et 
al., 2011). Analyses were carried out following a previous protocol (Sebastiano et al., 2016), 
and results are expressed as δ (‰) for δ13C and δ15N, respectively, calibrated against the 
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international isotopic references (atmospheric nitrogen for δ15N and Pee Dee Belemnite for 
δ13C). The experimental imprecision, based on secondary isotopic reference material, did 
not exceed ± 0.15 and ± 0.20‰ for δ13C and δ15N, respectively.  

Contaminant analysis  

Trace element concentration analyses (Ag, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, V, and 
Zn) were performed by the Littoral Environnement et Sociétés (LIENSs) laboratory on 
lyophilized red blood cells as previously described (Sebastiano et al., 2016). In brief, an Altec 
Advanced Mercury Analyzer AMA 254 spectrophotometer was used for the quantification of 
total Hg, while the other trace elements were quantified using a Varian Vista-Pro ICP-OES or 
a Series II Thermo Fisher Scientific ICP-MS (aliquots mass: 3-8 mg for AMA and 50-200 mg 
dw for ICP). Analyses on blanks and Certified Reference Materials (CRM) from NRCC (dogfish 
liver DOLT-4 and lobster hepatopancreas TORT-2) were carried out as for the samples. Since 
results showed low standard deviations and were in good agreement with the certified 
values, the methodology showed good repeatability. Quantification limits and mean 
recovery rates were, respectively, equal to 0.1 μg L-1 and 79% for Ag, 1 μg L-1 and 94% for As, 
0.1 μg L-1 and 99% for Cd, 0.1 μg L-1 and 97% for Co, 0.1 μg L-1 and 95% for Cr, 0.5 μg L-1 and 
96% for Cu, 20 μg L-1 and 92% for Fe, 0.5 μg L-1 and 94% for Mn, 0.2 μg L-1 and 99% for Ni, 0.1 
μg L-1 and 89% for Pb, 0.5 μg L-1 and 118% for Se, 2 μg L-1 and 98% for V, and 20 μg L-1 and 
105% for Zn. All trace element concentrations are expressed as μg g-1 dry weight (dw).  

Persistent organic pollutant analyses were carried out at the University of Antwerp 
(Toxicological Centre), following a previous protocol (Sebastiano et al., 2016). The protocol 
allowed the detection of 26 PCB congeners (CB 28, 49, 52, 74, 99, 101, 105, 118, 128, 138, 
146, 153, 156, 170, 171, 174, 177, 180, 183, 187, 194, 196, 199, 203, 206, and 209), 
organochlorine pesticides (OCPs), amongst which dichlorodiphenyltrichloroethane (p,p’ -
DDT) and its metabolite dichlorodiphenyldichloroethylene (p,p’ -DDE), hexachlorobenzene 
(HCB), α-, β-, and γ-hexachlorocyclohexanes (HCHs), the Chlordanes (CHLs) cis-nonachlor 
(CN), trans-nonachlor (TN), and oxychlordane (OxC), and 7 polybrominated diphenyl ethers 
(PBDEs: BDE 28, 47, 99, 100, 153, 154, and 183). Plasma samples (around 1 mL) were 
analysed for POPs. Solid-phase extraction (SPE) on OASIS HLB cartridges was used followed 
by fractionation on SPE cartridges topped with 1.5 g of acidified silica (44% H2SO4, w/w) and 
eluted with 10 mL hexane: dichloromethane (1:1). The cleaned extract was evaporated to 
incipient dryness and re-dissolved in 100 μL isooctane. POPs were further analysed by gas 
chromatography coupled to mass spectrometry operated either in electron capture negative 
chemical ionization (GC-ECNI-MS) or electron ionization (GC-EI-MS) depending on the 
analyses’ sensitivity. All plasma POP concentrations are expressed as pg g-1 wet weight (ww). 
POPs were analysed in the Cayenne tern, Frigatebird, and Brown noddy. These species were 
chosen because they differ in the feeding strategies and they are representative of the 
region. 

Quality assurance/quality control 

The extraction, clean-up, and fractionation steps were evaluated following a previous 
protocol (Dimitriadou et al., 2016). Mean ± SD recoveries of the internal standards PCB 143, 
ε-HCH and BDE 77 were 86± 6%, 98± 8% and 93± 10%, respectively. The quality control was 
performed by regular analyses of procedural blanks, sample replicates, by random injection 
of standards, spiked samples and solvent blanks. The quality control scheme was also 
assessed through regular participation to inter-laboratory comparison exercises (POPs in 
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serum) organized three times per year by the arctic monitoring and assessment program 
(AMAP, 2015). The obtained values were deviating with less than 20% from the consensus 
values. 

Statistical analysis 

Concentrations of trace elements and POPs below the limit of quantification (LOQ) were 
replaced with a value equal to ½*LOQ when the detection frequency was greater than 50%. 
For Ag, Co, Cr, and V, concentrations were below the LOQ for all individuals (both adults and 
nestlings), and were therefore excluded from the statistical analyses. Furthermore, since the 
concentration of Se is important in detoxifying Hg (Ralston and Raymond, 2010), the molar 
ratio Hg:Se was also calculated using the formula “[concentration Hg (μg g-1)/atomic weight 
Hg (g mol-1)]/[concentration Se (μg g-1)/atomic weight Se (g mol-1)]”.  

Linear models were used to test trace element and POP concentration variations among 
species and both age classes. When the interaction between species and age was significant, 
statistical testing was performed for adults and nestlings separately in order to increase the 
statistical power by excluding biologically meaningless post-hoc comparisons (e.g. adults of 
one species versus nestlings of another species). Then, a principal component analysis (PCA) 
based on the correlation matrix was used to reduce contaminant data to fewer uncorrelated 
variables. This approach (which has been used only on trace elements since POP 
concentrations were very low in all species), enabled us to investigate if the contaminant 
pattern was similar between age classes. The Kaiser-Mayer-Olkin measure of sampling 
adequacy (KMO = 0.58 in nestlings and KMO = 0.67 in adults) and the Bartlett's test of 
sphericity (P<0.01 in both groups), confirmed the appropriate use of the PCA. After the scree 
plot was examined, components with an eigenvalue >1 were selected. Parametric 
correlations were used to test associations between stable isotope values in the different 
species and age classes, which is important to describe the association between the trophic 
level of the species and the location of the food source. Any data transformation to achieve 
normality or any violation of models assumptions is reported in the manuscript when 
necessary. The graphic representation of the isotopic niche of the different species has been 
performed using Stable Isotope Bayesian Ellipses in R (SIBER) package (Jackson et al., 2011). 
In order to graphically compare individual groups within the community with each other, we 
used the Standard Ellipse Area (SEA) method (Jackson et al., 2011). In this package, the stable 
carbon and nitrogen isotopes are used to calculate the isotopic niche of each species in the 
community, allowing a comparison among species. Furthermore, the calculation of the 
ellipse area of each species is not influenced by the sample size, allowing a graphical and 
statistical comparison among different species or diverse studies with different samples sizes 
(Jackson et al., 2011). Furthermore, linear models estimating Hg or log-transformed POP 
class concentrations based on stable isotope values were also carried out on both the pooled 
data and separately for each species. For pooled data (overall models), linear mixed models 
using species as a random effect were applied in order to control for the non-independence 
of data points. All statistical analyses were performed using R (3.1.1 version). 

Results 

Stable isotopes 

The overall correlation between δ13C and δ15N was significant both in adults (n=101; r=0.54; 
P<0.01; Fig. 1, Table 1) and nestlings (n=102; r=0.88; P<0.01; Fig. 1, Table 1), and density 
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plots of the Standard Ellipse Area (SEA) representing the niche of the six species are shown 
in Fig. 2.  

 
Figure 1. Individual δ15N and δ13C values (‰) in adults (left) and nestlings (right) of the six seabird species from the 
Grand Connétable Island, French Guiana. 

 
Species-specific correlations between isotopes, which explain the relationship between 

the trophic level and the foraging area of each species, are shown in Table 1.  

δ13C and δ15N levels significantly differed among species and also within the same 
species between adults and nestlings (δ13C: F=36.40, P<0.01 and δ15N: F=21.50, P<0.01, 
respectively), and interspecific differences in the isotope values between adults and 
nestlings are shown in Fig. S1 and Supplementary information Table S1. 

 
Table 1: Pearson’s correlations between δ13C and δ15N in adults and nestlings of the six seabird species from the 
Grand Connétable Island, French Guiana. Significant correlation values are bolded. ND refers to the inability to carry 
out statistical testing due to a low sample size. 
 

  Adults   Nestlings  

Species n r P n r P 

Cayenne tern 20 0.63 <0.01 20 0.75 <0.01 
Laughing gull 20 -0.52 0.02 20 -0.15 0.54 
Brown noddy 20 0.43 0.06 20 0.71 <0.01 
Frigatebirds 20 0.48 0.03 20 0.43 0.06 
Royal tern 15 0.09 0.74 20 0.01 0.96 
Sooty tern 6 0.96 <0.01 2 ND ND 
Overall 101 0.54 <0.01 102 0.88 <0.01 

 
Trace elements 

Cd was detected only in the Brown noddy (both adults and nestlings) and in Sooty tern 
adults, while Ni was detected in Laughing gull and Brown noddy nestlings only. Linear models 
for Cu and Pb did not show a significant interaction between species and age, and post-hoc 
analysis was not carried out. For the other trace elements (As, Fe, Hg, Mn, Se, and Zn), the 
interaction between species and age was significant (F>5.60; P<0.01), and post-hoc 
comparison of contaminants within age classes are shown in Fig. 3. Average trace element 
concentrations, median along with standard deviation (SD) values and their range are shown 
in Table 2.  
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Figure 2. Density plots of the SEA based on δ15N and δ13C values (‰) in adults (left) and nestlings (right) of the six 
seabird species from the Grand Connétable Island, French Guiana. Black dots represent their mode, and the shaded 
boxes representing 50, 75 and 95% credible intervals from dark to light grey, respectively. 

 
 
Table 2: Red blood cell trace element concentrations (μg g−1 dw) in adults and nestlings of the six seabird species 
from the Grand Connétable Island, French Guiana. For each age class, first row values are mean ± SD and second 
row values represent the range (median). Detection frequencies were lower than 100% in the Ni content in Laughing 
gull nestlings (65%) and Brown noddy nestlings (55%). ND refers to non-detects. Frigatebirds data are earlier 
reported by (Sebastiano et al., 2016a). 
 

  Cayenne tern Laughing gull Brown noddy Frigatebirds Royal tern Sooty tern 

As adults 8.7±4.4 
2.0-20.8 (9.1) 

1.5±1.0 
0.5-4.3 (1.1) 

8.4±3.9 
2.5-16.7 (7.8) 

2.4±1.4 
0.6-7.3 (2.1) 

3.9±2.6 
0.7-9.1 (3.0) 

10.7±4.9 
4.6-19.0 (9.2) 

 nestlings 4.6±1.2 
2.2-6.2 (4.9) 

2.7±0.8 
1.3-3.9 (2.7) 

1.9±0.5 
1.1-2.8 (1.9) 

1.6±0.7 
0.7-3.6 (1.5) 

3.6±1.0 
2.0-6.3 (3.5) 

2.3±0.6 
1.9-2.7 (2.3) 

Cd adults ND  ND 0.051±0.021 
0.034-0.118 (0.044) 

ND ND 0.026±0.014 
0.015-0.050 

 nestlings ND ND 0.015±0.004 
0.010-0.029 (0.015) 

ND ND ND 

Cu adults 0.9±0.1 
0.8-1.0 (0.9) 

1.3±0.2 
1.0-1.9 (1.3) 

0.8±0.1 
0.6-0.9 (0.8) 

0.8±0.1 
0.7-0.9 (0.8) 

1.1±0.1 
0.9-1.3 (1.1) 

1.1±0.1 
1.0-1.1 (1.1) 

 nestlings 0.8±0.1 
0.7-1.0 (0.8) 

1.3±0.1 
1.1-1.5 (1.3) 

0.8±0.1 
0.7-1.2 (0.8) 

0.7±0.1 
0.6-0.9 (0.7) 

1.1±0.1 
0.9-1.3 (1.1) 

1.1±<0.1 
1.0-1.1 (1.1) 

Fe adults 2368±123 
2000-2528 (2397) 

2348±65 
2197-2432 (2363) 

2382±54 
2269-2485 (2385) 

2413±68 
2235-2503 (2411) 

2388±71 
2226-2475 (2410) 

2444±78 
2348-2582 (2441) 

 nestlings 2207±58 
2113-2326 (2205) 

2337±64 
2178-2423 (2339) 

2171±78 
2029-2302 (2164) 

2330±80 
2146-2477 (2337) 

2133±56 
2050-2286 (2123) 

2151±34 
2127-2175 (2151) 

Hg adults 1.1±0.3 
0.6-1.7 (1.0) 

2.5±1.4 
0.5-5.8 (2.3) 

1.1±0.1 
0.9-1.4 (1.1) 

5.8±1.3 
3.8-7.8 (5.6) 

2.6±0.7 
1.5-3.8 (2.8) 

0.9±0.2 
0.6-1.1 (0.9) 

 nestlings <0.1±0.1 
0.1-0.3 (0.2) 

0.4±0.1 
0.2-0.6 (0.3) 

0.2±<0.1 
0.1-0.2 (0.1) 

1.0±0.2 
0.7-1.7 (1.0) 

0.3±0.1 
0.2-0.4 (0.3) 

0.3±<0.1 
0.2-0.2 (0.2) 

Mn adults 0.1±<0.1 
0.1-0.2 (0.1) 

0.1±<0.1 
0.1-0.2 (0.1) 

0.1±<0.1 
0.1-0.1 (0.1) 

0.1±<0.1 
0.1-0.2 (0.1) 

0.2±0.1 
0.1-0.3 (0.2) 

0.1±<0.1 
0.2-0.2 (0.1) 

 nestlings 0.1±<0.1 
0.1-0.2 (0.1) 

0.3±0.1 
0.2-0.4 (0.3) 

0.1±<0.1 
0.1-0.1 (0.1) 

0.2±0.1 
0.1-0.3 (0.2) 

0.2±0.1 
0.1-0.4 (0.2) 

0.3±<0.1 
0.3-0.3 (0.3) 

Ni adults ND  
 

ND ND ND ND ND 

 nestlings ND  0.1±0.1 
<0.1-0.2 (0.1) 

0.1±0.1 
<0.1-0.3 (0.1) 

ND ND ND 

Pb adults 0.02±<0.01 
0.01-0.06 (0.02) 

0.06±0.04 
0.02-0.20 (0.04) 

0.02±0.01 
0.01-0.05 (0.01) 

0.02±0.01 
0.02-0.04 (0.02) 

0.03±0.03 
0.02-0.11 (0.02) 

0.02±0.00 
0.01-0.03 (0.01) 

 nestlings 0.02±<0.01 
0.01-0.06 (0.02) 

0.04±0.03 
0.02-0.11 (0.03) 

0.02±0.00 
0.01-0.03 (0.02) 

0.02±0.00 
0.01-0.03 (0.02) 

0.02±0.01 
0.01-0.05 (0.02) 

0.02±0.01 
0.01-0.02 (0.02) 

Se adults 41.6±.7.0 
26.3-52.7 (41.7) 

10.7±3.8 
4.3-17.9 (10.3) 

72.7±18.6 
42.5-103.0 (71.7) 

9.1±1.9 
6.7-13.1 (8.7) 

28.8±13.2 
9.1-62.9 (27.9) 

160.1±54.1 
62.2-215.6 (173.1) 

 nestlings 30.3±4.6 
22.2-39.0 (29.5) 

7.4±2.7 
5.0-15.6 (6.8) 

19.6±3.9 
12.4-27.7 (19.4) 

5.8±0.6 
4.6-6.6 (5.8) 

8.9±2.9 
4.8-16.8 (8.4) 

8.4±0.2 
8.3-8.5 (8.4) 

Zn adults 21.0±4.3 
17.0-37.4 (20.0) 

22.4±1.6 
18.5-24.4 (22.7) 

20.7±1.1 
18.9-22.8 (20.6) 

19.4±0.9 
18.3-22.1 (19.4) 

20.7±1.7 
19.0-24.8 (20.2) 

20.0±1.8 
18.5-23.1 (19.3) 

 nestlings 22.4±1.7 
19.5-26.5 (22.1) 

26.0±1.4 
22.4-27.8 (26.1) 

25.3±1.7 
22.2-28.1 (25.1) 

26.9±3.0 
22.5-32.6 (26.8) 

23.5±2.5 
20.4-27.5 (22.9) 

21.2±0.4 
20.9-21.5 (21.2) 
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Figure 3. Interspecific comparison for adult and nestling trace element concentrations (μg g−1 dw) of the six seabird 
species from the Grand Connétable Island, French Guiana. Values are mean ± SD. Species (arranged along increasing 
adult Hg levels) sharing the same letter have burdens that are not significantly different (Tukey HSD, P>0.05). 
Nestlings’ values of Hg and Se, and adults’ values of As, Hg, Mn, Se, and Zn were log10-transformed to achieve the 
requested normality for statistical tests. Species abbreviation: CT = Cayenne tern; LG = Laughing gull; BN = Brown 
noddy; FB = Magnificent frigatebird; RT = Royal tern; ST = Sooty tern. 
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PCA on adults reduced the variation in the concentrations of eight trace elements to two 
principal components (PCs), explaining 55% of the total variance (Fig. 4a). The first axis 
indicated that adults with high PC1 scores are associated with high levels of As 
(loading=0.497) and Se (0.441), and low levels of Cu (-0.396), Mn (-0.383), Pb (-0.371), Zn (-
0.237), and Hg (-0.232), while the second axis indicated that adults with high PC2 scores are 
associated with low levels of Hg (-0.618) and high levels of Zn (0.448), Cu (0.397), Se (0.346), 
Pb (0.280), and As (0.223), as showed in Fig. 4a. The factor species significantly explained the 
variation of trace elements represented by both PC1 (F=75.70; P<0.01) and PC2 (F=47.40; 
P<0.01). Moreover, both PC1 and PC2 were significantly negatively correlated to δ13C (PC1: 
r=-0.61; P<0.01; PC2: r=-0.57; P<0.01) and δ15N (PC1: r=-0.31; P<0.01 and PC2: r=-0.63; 
P<0.01). PCA performed on nestlings also reduced the variation of concentrations for the 
eight trace elements to two PCs, explaining 62% of the total variance (Fig. 4b).  

 
Figure 4. Principal component analysis of trace element exposure in adult (a) and nestling (b) of the six seabird 
species from the Grand Connétable Island, French Guiana. The graphs on the left show species-specific PC values. 
On the right, each arrow represents a contaminant with the direction representing where the contaminants load in 
the principal component space. The length of the arrow represents the magnitude of the loading. 

 
The first axis indicated that nestlings with high PC1 scores are associated with high levels 

of Se (loading=0.458) and As (0.323) and low levels of Mn (-0.444), Fe (-0.380), Hg (-0.366), 
and Zn (-0.353), while the second axis indicated that nestlings with high PC2 scores are 
associated with high levels of Cu (0.629), Pb (0.438), and As (0.339), and low levels of Hg (-
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0.432), as showed in Fig. 4b. The factor species significantly explained the variation of trace 
elements represented by both PC1 (F=132.50; P<0.01) and PC2 (F=104.60; P<0.01). 
Moreover, PC1 was significantly negatively correlated to δ13C (r=-0.66; P<0.01) and δ15N 
(r=0.75; P<0.01), while PC2 was not correlated with δ13C nor δ15N. 

Mercury 

Hg concentrations widely varied among species, ranging from a minimum in a Brown noddy 
nestling (0.1 μg g-1 dw, Table 2) and a maximum value in an adult Frigatebird (7.8 μg g-1 dw, 
Table 2). Concentrations in adults were highest in Frigatebirds (median: 5.6 μg g-1 dw; range: 
3.8-7.8 μg g-1 dw) and lowest in Sooty terns (median: 0.9 μg g-1 dw; range: 0.6-1.1 μg g-1 dw). 
In nestlings, Hg concentrations were highest in Frigatebirds (median: 1.0 μg g-1 dw; range: 
0.7-1.7 μg g-1 dw) and lowest in Brown noddy (median: 0.1 μg g-1 dw; range: 0.1-0.2 μg g-1 

dw). Linear models showed a significant and positive association between Hg concentrations 
and d15N values in nestlings (Table 3, Fig. 5), and between Hg concentrations and δ13C values 
both in adults and nestlings (Table 3). In adult individuals, Hg increased with δ15N in 
Frigatebirds, and Hg also increased with δ13C in all species (Table 3). In nestlings, Hg increased 
with δ15N in all species, while there was no association between Hg and δ13C in any species 
(Table 3). Finally, the molar ratio Hg:Se did not exceed 1 in any sampled individual (both 
adults and nestlings). The Hg:Se ratio showed an average value of 0.053 ± 0.085 (median: 
0.015), ranging from 0.001 in a Sooty tern adult to 0.407 in a Frigatebird adult. 

 
Figure 5. Relationship between Hg concentrations (µg g-1 dw) and δ15N (‰) in adults and nestlings of the six seabird 
species from the Grand Connétable Island, French Guiana. 
 

POPs 

POP measurements were only performed in the Cayenne tern, Frigatebird, and Brown 
noddy, and their concentrations widely varied across these three species in a compound-
specific way. Since p,p’-DDT was not detected in more than half of the individuals per 
species, comparisons were made for p,p’-DDE only. Furthermore, statistics were not 
performed for POP compounds below the LOQ (Table 4). Average, median, ranges along with 
standard deviation (SD) values of POPs are shown in Table 4. Among DDTs, p,p’-DDE was the 
most abundant POP in adult Cayenne tern (median: 1100 pg g-1 ww; range: 160-5100 pg g-1  
ww), while PCBs were the most abundant POP class in adult Frigatebird (median: 640 pg g-1  
ww; range: 330-2700 pg g-1 ww). Adult Brown noddy had very low levels of POPs in 
comparison with the other two species, while p,p’-DDE was the most abundant compound 
in this species (median: 200 pg g-1 ww; range: 5-600 pg g-1 ww). Further statistical analyses 
could be performed only for ∑PCBs and p,p’-DDE because all the other compounds were not 
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detectable in all three species. Log-transformed ∑PCBs values showed significant differences 
among the three species (F=52.14; P<0.01), with Frigatebirds having higher PCB 
concentrations than both the Cayenne tern (t=2.78; P=0.02) and the Brown noddy (t=9.90; 
P<0.01), while the latter had lower PCB concentrations than Cayenne tern (t=7.12; P<0.01). 
Log-transformed p,p’-DDE values also showed significant differences among the three 
species (F=21.68; P<0.01), and concentrations in the Cayenne tern were higher than those 
in Frigatebirds (t=3.09; P<0.01) and Brown noddy (t=6.58; P<0.01), while the latter had lower 
p,p’-DDE concentrations than Frigatebirds (t=3.49; P<0.01). In adults, ∑PCBs did not increase 
with δ15N and δ13C (Table 3), while there was an association between p,p’-DDE and δ13C 
(Table 3). 

 

Table 3: Linear models explaining the association between mercury concentration and stable isotopes and between 
persistent organic pollutants and stable isotopes. 
 

   Adults     Nestlings    

   Slope (SE) t-value df P  Slope (SE) t-value df P 

Hg & δ15N Overall (intercept) 
δ15N 

-0.77 (0.85) 
0.11 (0.07) 

-0.90 
1.65 

86.6 
98.8 

0.37 
0.10 

 -4.78 (0.86) 
0.29 (0.07) 

-5.57 
4.27 

94.1 
100 

<0.01 
<0.01 

 Among  (intercept) -0.54 (0.82) 0.82 94 0.51  -4.39 (0.85) -5.14 95 <0.01 
 species Cayenne tern 

Laughing gull 
Brown noddy 
Frigatebird 
Royal tern 
Sooty tern 

0.05 (0.07) 
0.11 (0.07) 
0.05 (0.07) 
0.17 (0.06) 
0.12 (0.06) 
0.03 (0.08) 

0.70 
1.58 
0.80 
2.78 
1.80 
0.44 

94 
94 
94 
94 
94 
94 

0.49 
0.12 
0.43 
<0.01 
0.08 
0.66 

 0.23 (0.07) 
0.26 (0.07) 
0.22 (0.07) 
0.33 (0.06) 
0.25 (0.07) 
0.26 (0.07) 

3.21 
3.90 
2.89 
5.11 
3.68 
3.46 

95 
95 
95 
95 
95 
95 

<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 

Hg & δ13C Overall (intercept) 
δ13C 

8.79 (1.27) 
0.52 (0.08) 

6.91 
6.52 

90.3 
94.2 

<0.01 
<0.01 

 1.79 (1.49) 
0.19 (0.09) 

1.21 
2.05 

88.6 
93.5 

0.23 
<0.05 

 Among  
species 

(intercept) 
Cayenne tern 
Laughing gull 
Brown noddy 
Frigatebird 
Royal tern 
Sooty tern 

8.13 (1.29) 
0.50 (0.08) 
0.48 (0.08) 
0.50 (0.08) 
0.43 (0.09) 
0.47 (0.08) 
0.49 (0.08) 

6.29 
6.26 
5.70 
6.19 
4.94 
5.56 
6.41 

94 
94 
94 
94 
94 
94 
94 

<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 

 0.52 (1.60) 
0.13 (0.10) 
0.10 (0.10) 
0.14 (0.09) 
0.04 (0.11) 
0.11 (0.10) 
0.12 (0.10) 

0.33 
1.35 
0.99 
1.53 
0.34 
1.10 
1.19 

95 
195 
95 
95 
95 
95 
95 

0.75 
0.13 
0.18 
0.73 
0.32 
0.27 
0.24 

∑PCBs & δ15N Overall (intercept) 
δ15N 

2.11 (4.04) 
0.28 (0.32) 

0.52 
0.88 

50.1 
54.4 

0.60 
0.39 

 ND ND  ND 

∑PCBs & δ13C Overall (intercept) 
δ13C 

12.62 (10.67) 
0.45 (0.68) 

1.20 
0.66 

19.9 
20.2 

0.25 
0.52 

 ND ND  ND 

p,p’-DDE δ15N Overall (intercept) 
δ15N 

3.77 (6.92) 
0.14 (0.55) 

0.54 
0.26 

39.6 
42.3 

0.59 
0.80 

 ND ND  ND 

p,p’-DDE δ13C Overall (intercept) 
δ13C 

-34.38 (18.2) 
-2.54 (1.16) 

-1.89 
-2.20 

18.0 
18.35 

0.08 
<0.05 

 ND ND  ND 

 
Table 4: Values of POPs across species and age classes of the six seabird species from the Grand Connétable Island, 
French Guiana. For each age class, first row values are mean ± SD and second row values represent the range 
(median). Concentrations are expressed as pg g−1 wet weight. ND refers to non-detects. Frigatebirds data are earlier 
reported by (Sebastiano et al., 2016a). 
 

 Adults   Nestlings   

 Cayenne tern Brown noddy Frigatebirds Cayenne tern Brown noddy Frigatebirds 

∑PCBs 510±470 
67-2200 (370) 

91±68 
5-280 (79) 

920±640 
330-2700 (640) 

30±30 
3-110 (15) 

ND 44±39 
14-200 (35) 

∑CHLs 11±9 
4-37 (8) 

ND 10±3 
5-16 (11) 

ND ND 4±7 
2-32 (3) 

HCB 150±140 
3-480 (100) 

ND 12±11 
2-41 (7) 

ND ND 11±6 
2-33 (11) 

p,p’-DDE 1300±1100 
160-5100 (1100) 

200±200 
5-600 (200) 

430±560 
75-2300 (220) 

ND ND 40±45 
13-210 (25) 

HCHs 34±27 
5-120 (29) 

13±13 
3-45 (8) 

ND 20±14 
3-55 (17) 

11±8 
3-26 (9) 

11±7 
2-20 (12) 

∑PBDEs ND ND ND ND ND ND 
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Discussion 

The present study provides unique information on the occurrence and trophodynamics of 
trace elements and POPs in a seabird community from French Guiana on the east coast of 
South America. Our data showed the presence of high levels of Hg and strong associations 
with stable carbon and nitrogen isotopes, indicating that feeding is a driver of inter- and 
intra-specific variation in red blood cell levels of Hg. Furthermore, the strong interspecific 
variation in some trace elements was also explained by both the stable carbon and the 
nitrogen isotopes. Finally, our results confirmed that POPs in French Guiana marine seabirds 
occur at very low concentrations. 

Foraging ecology and trophic niche 

Our study has found an overlap in the trophic niches of adults and nestlings for some species 
only (Fig. 1). Laughing gulls had a wide range of both δ13C and δ15N values, and was the only 
species to show a negative correlation between δ13C and δ15N, likely due to their wide 
foraging area and opportunistic feeding (Fig. 1 and Supplementary Fig. S1). Furthermore, the 
Brown noddy and Sooty tern seem to adopt opposite feeding strategies for their nestlings. 
Specifically, Sooty tern adults showed significantly depleted δ15N values compared to their 
nestlings (Supplementary Fig. S1), which are likely fed with higher trophic level food, a 
strategy to optimize foraging during the chick rearing period (Bugge et al., 2011). Brown 
noddy adults, instead, had much enriched δ15N and δ13C values compared to nestlings 
(Supplementary Fig. S1). This does not mean, however, that Brown noddy were feeding their 
nestlings with low quality diet. For instance, a previous study has found no support for the 
hypothesis that high quality diet contains a greater proportion of upper trophic level prey 
(Morrison et al., 2014). Conversely, this study found nestlings with a diet biased for lower 
trophic level prey to be in a better body condition than nestlings fed with higher trophic level 
prey (Morrison et al., 2014). In Frigatebirds, we would have expected depleted δ13C values 
in comparison to other species, given their attitude to feed far from the breeding colony and 
possibly in southern latitudes (Sebastiano et al., 2016a), but they were not, possibly because 
Frigatebirds also feed on the shrimp fishery discards, a strategy commonly used in this colony 
(Martinet and Blanchard, 2009). Standard ellipse areas also confirmed a difference in the 
foraging ecology of the six species and provided some insight on their feeding habits. Fig. 2 
clearly shows how Frigatebird, Brown noddy and Cayenne tern adults are specialized 
foragers, while the Royal tern, the Sooty tern and especially the Laughing gull adults are 
generalists. This scenario is, however, different for their nestlings. Most species (except 
Sooty tern nestlings for which the sample size is small) seem to have a more generalist 
foraging strategy, especially for Brown noddy and Frigatebirds, which might indicate, for 
instance, that during the reproductive period adults may catch prey items that are not 
generally present in their diet. However, this pattern was not found in Laughing gull 
nestlings, which showed a consistently smaller standard ellipse area than adults. This might 
indicate, for instance, that although the general diet of gulls includes a huge variety of prey 
items and might also include discards from the shrimp fishery and, in some populations, 
human waste products, adults might restrict the variety of food that is given to their nestlings 
during their development. 

Trace elements exposure 

In addition to providing information on the foraging ecology of the entire community, δ15N 
and δ13C values explained interspecific variation in the exposure to trace elements. Indeed, 
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trace element concentrations were significantly different among the investigated species, 
both in adults and in nestlings, especially for As, Hg, and Se (Fig. 3). Adult Sooty tern, Brown 
noddy, and partially the Cayenne tern were more associated with the first PC, while both 
Frigatebird and Sooty tern were more associated with the PC2. Both PC1 and PC2 values 
were significantly correlated to δ15N and δ13C values, indicating that inter-individual 
differences in trace element concentrations in adults can be explained by both the trophic 
level and the foraging areas of the species. This means, for instance, that the accumulation 
pattern of some trace elements might be more related to the foraging area of the species, 
while it might be more dependent on the trophic level of the species for other trace 
elements, and further studies are needed to clarify this aspect.  

Regarding the nestlings, a similar pattern to that of adults was found (Fig. 4b). Most 
species, except the Sooty tern and the Royal tern, were associated with the first PC. 
Frigatebird, Laughing gull and Royal tern, instead, were more associated with the PC2. The 
variation in PC1 values was correlated to δ15N and δ13C values, while PC2 values were not. 
To the best of our knowledge, the present study is the first to show this pattern between the 
levels of As, Hg, and Se in a seabird community. Species with high levels of Hg have also low 
As and Se. Studies have shown that As might be an essential trace element (Nielsen, 1998; 
Uthus, 2003), and a more recent study has highlighted that As might maintain optimal levels 
of S-adenosylmethionine (Uthus, 2003), a common co-substrate which is involved in diverse 
essential metabolic pathways (Lu, 2000). 

Selenium, first known as a toxic element, is an essential element and the main 
component of both selenoproteins, a wide group of proteins with the role of antioxidant 
enzymes (e.g. glutathione peroxidase), and enzymes required to maintain an optimal thyroid 
functioning, as the iodothyronine deiodinases, and thioredoxin reductase (Tapiero et al., 
2003). Over the past years, given its involvement in some crucial physiological functions 
(Rayman, 2012), the knowledge on the relationship between Se bioavailability and health 
status and on the important role that Se supplementation plays in diseases has radically 
increased in humans (Rayman, 2012; Tinggi, 2008). One of the aspects that has been well 
studied is the “protective effect” of Se against Hg toxicity (Ackerman et al., 2016; Polak-
Juszczak and Robak, 2015; Sørmo et al., 2011). Indeed, because of the high affinity between 
these two elements, Hg binds to Se to produce insoluble tiemannite in the liver of many 
mammals and certain birds (Ikemoto et al., 2004). Despite this mechanism is essential for Hg 
detoxification, the formation of this insoluble compound compromises Se biological 
functions and availability, which might pose a threat when Se availability is reduced (Ralston 
and Raymond, 2010).  

Hg varied widely within this seabird community, with the highest concentrations in 
Frigatebirds, Royal tern, and Laughing gull, while Brown noddy, Cayenne tern, and Sooty tern 
had lower concentrations (Table 2). Such a difference among species is related to their 
foraging ecology. The overall positive association between Hg and δ15N in nestlings (Fig. 5) 
and the significant positive association between Hg and δ15N in adult Frigatebirds (Table 3, 
Fig. 5) suggest that Hg is effectively bioaccumulated and biomagnified in this seabird 
community. Furthermore, the positive association between Hg and δ13C suggests that 
variation in Hg concentrations within this community is also related to the foraging location, 
as it has been shown in previous studies (Bearhop et al., 2000a; Blévin et al., 2013). However, 
the association between Hg concentrations and stable isotope values showed a different 
pattern among species. In adults, Hg is effectively bioaccumulated only in Frigatebirds, and 
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Hg concentrations increased with δ13C in all species. The relationship with the carbon stable 
isotope indicates that Hg exposure in oceanic habitats is lower than the exposure in costal 
habitats, likely due to important gold-mining activities in this region. In nestlings, Hg is 
effectively bioaccumulated in all species, while there was no association with δ13C.  

Finally, adult seabirds showed higher Hg concentrations than nestlings did (Table 2). 
Since seabirds are able to excrete Hg in feathers (Dauwe et al., 2003), blood Hg in adults 
reflects the short-term Hg contamination of individuals (Fort et al., 2015), and therefore 
provides information for the sampling period, usually the breeding season in seabirds 
(Goodale et al., 2008). In nestlings, concentrations usually reflect the Hg exposure since 
hatching and maternal transfer of Hg (Ackerman et al., 2016), even if the latter can be also 
excreted in the down. 

Persistent organic pollutants exposure 

Among environmental contaminants, POPs may act as disruptors of endocrine function and 
may stimulate or inhibit the secretion of both reproductive and pituitary hormones (Tartu et 
al., 2015b; Verboven et al., 2010; Verreault et al., 2008). POPs are of concern because they 
are known to bioaccumulate and biomagnify (Bustnes et al., 2013; Elliott et al., 2015; Mello 
et al., 2016). Generally, the concentrations we found are in agreement with the few studies 
that have been recently carried out in this region on sea turtles (De Andres et al., 2016). 

Trace elements and POPs toxicity 

Adults and nestlings of the 6 seabird species from French Guiana did not contain As 
concentrations exceeding 50 μg g-1 dw, a commonly used threshold for direct As toxicity in 
seabirds (Neff, 1997) and should therefore not represent a threat. Furthermore, despite we 
found an association between low concentrations of Se and high concentrations of Hg, the 
molar ratio Hg:Se was much below 1 in all individuals, indicating that Se is in excess 
compared to Hg and thus is not a limiting factor for the detoxification of Hg (Sørmo et al., 
2011). Hg concentrations within the Grand Connétable avian community widely vary among 
species, and were high as compared to literature values for tropical regions. However, they 
are similar to high-contaminated seabirds in other areas whether from temperate, subpolar, 
or polar regions (Supplementary Fig. S2). Our study shows, for instance, that average Hg 
concentration was much higher in French Guiana compared to another tropical seabird 
community in Seychelles archipelago (Catry et al., 2008). Further, despite in Catry et al., 
(2008) Hg analyses were performed using whole blood, which reflects relatively similar 
concentrations than that of red blood cells, Hg concentrations in the Brown noddy were 
much lower than those of French Guiana (Catry et al., 2008). Similar Hg concentrations have 
been previously associated with deleterious effects (Costantini et al., 2014; Tartu et al., 
2016) with consequences at the population level such as reduction of breeding, hatching and 
fledging success, and population decline (Goutte et al., 2014a; Goutte et al., 2014b). Finally, 
as compared to other seabirds exposed to POPs, our results revealed concentrations of 
thousand times lower than those associated with deleterious effects (Erikstad et al., 2013; 
Goutte et al., 2015), which very likely do not pose a health threat to this seabird community. 

Conclusions 

Our study confirms that POPs are present in very low concentrations in French Guiana 
seabird species and likely represent a minor concern. However, it shows the presence of high 
levels of Hg, suggesting a possible health concern for some species, and that the 
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concentrations of trace elements and POPs are associated with the feeding ecology of the 
species. Further efforts should be made to investigate the health impact of Hg exposure on 
these species and the community as a whole. Possibly, the analysis of Hg in other tissues and 
with other non-destructive tools (e.g. feathers), might also provide information on Hg 
exposure at different stages of the breeding period. These investigations should also clarify 
whether the negative relationship between high Hg and low As and Se concentrations might 
lead to side effects due to their potential deficiency, as it has been previously shown in 
captive animals (Fischer et al., 2008; Wang et al., 2009).  
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Species Mean ± SD Median Range Mean ± SD Median Range 

 Adults: δ13C Nestlings: δ13C 

Cayenne tern -16.26 ± 0.15 -16.21 -16.53, -16.07 -16.62 ± 0.14 -16.64 -16.82, -16.36 

Laughing gull -15.30 ± 0.67 -15.38 -16.57, -14.01 -15.75 ± 0.25 -15.70 -16.43, -15.29 

Brown noddy -15.94 ± 0.12 -15.95 -16.16, -15.69 -17.59 ± 0.40 -17.61 -18.53, -16.90 

Frigatebirds -15.01 ± 0.11 -14.99 -15.30, -14.82 -15.19 ± 0.09 -15.20 -15.34, -15.00 

Royal tern -15.36 ± 0.35 -15.41 -15.88, -14.65 -15.84 ± 0.21 -15.87 -16.12, -15.48 

Sooty tern -17.04 ± 0.31 -17.12 -17.38, -16.48 -16.29 ± 0.09 -16.29 -16.36, -16.23 

       

 Adults: δ15N Nestlings: δ15N 

Cayenne tern 11.98 ± 0.45 12.05 11.02, 12.66 11.83 ± 0.23 11.75 11.53, 12.32 

Laughing gull 12.26 ± 0.86 12.18 11.56, 13.52 12.96 ± 0.41 13.01 12.05, 13.53 

Brown noddy 12.30 ± 0.19 12.32 11.95, 12.62 11.43 ± 0.32 11.42 10.70, 11.91 

Frigatebirds 13.37 ± 0.20 13.37 13.04, 13.77 13.41 ± 0.28 13.33 13.07, 14.17 

Royal tern 12.71 ± 0.26 12.78 12.23, 13.03 12.50 ± 0.31 12.60 11.74, 12.87 

Sooty tern 10.71 ± 0.86 10.63 9.61, 12.27 12.68 ± 0.21 12.68 12.53, 12.83 
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Figure S1. Box plot of δ13C and δ15N values (‰) in both adults (white plots) and nestlings (grey plots) of the six 
seabird species from the Grand Connétable Island, French Guiana. Within age classes, species with non-significant 
differences in carbon or nitrogen isotope values share the same letter. Significant differences between adults and 
nestlings are indicated by * next to the name of the species. 

 
 

 
Figure S2: Comparison of blood Hg concentrations and SD expressed as µg g-1 dw in different seabird species. Lighter 
columns represent nestling concentrations. Species abbreviations: AS=Anous stolidus; AT= Anous teniurostis; 
DE=Diomedea exulans; FM=Fregata magnificens; GA= Gygis alba; HC=Hydroprogne caspia; HL=Halobaena caerulea; 
HM=Himantopus mexicanus; LA=Leucophaeus atricilla; MG=Macronectes giganteus; MH=Macronectes halli; 
OF=Onychoprion fuscatus; PA=Procellaria aequinoctialis; PD=Pachyptila desolata; PG=Pelacanoides georgicus; 
PL=Puffinus lherminieri; PLE= Phaethon lepturus; PN=Pagodroma nivea; PU=Pelacanoides urinatrix; 
RA=Recurvirostra americana; SA=Stercorarius antarticus; SF=Sterna forsteri; SM=Stercorarius maccormicki; 
TC=Thalassarche chrysostoma; TM=Thalassarche melanophrys; TS=Thalasseus sandvicensis; TX=Thalasseus 
maximus. References: San Francisco Bay (Eagles-Smith et al., 2008); Grand Connétable (this study); Seychelles 
Archipelago (Catry et al., 2008); Kerguelen Archipelago (Fromant et al., 2016; Goutte et al., 2014b); Bird Island 
(Anderson et al., 2009); Adélie Land (Goutte et al., 2014b; Tartu et al., 2014). Measurements were carried out in 
whole blood for all species in San Francisco Bay, Seychelles, Bird Island, and in the Antarctic prion in Kerguelen 
Archipelago. All other measurements were made in red blood cells. Hg concentration in Seychelles archipelago were 
extrapolated from graphs (Catry et al., 2008). 
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Predicting how species will respond to infectious diseases and whether they have the 
capacity to cope with the pathogens they face remains one of the current priorities in 
conservation physiology and evolutionary ecology. However, our knowledge on the effect of 
outbreaks of diseases on the physiology of wild animals is very limited, and the 
consequences on the short- and long-term population viability are yet to be investigated. 
There is increasing evidence that the appearance of infectious diseases is rapidly increasing 
due to the effect of climate changes (Altizer et al., 2013) and of ecosystem alterations of 
anthropogenic origin that modify the movement of vectors and pathogens and contribute to 
the spread of pathogens (Williams et al., 2002). Thus, understanding the mechanisms 
underlying the occurrence of clinical signs is of fundamental scientific relevance, so that the 
impact of such diseases can be minimized. This thesis has provided evidence (BOX 3) of a link 
between oxidative stress and the occurrence and progress of a disease in nestling 
frigatebirds.  

BOX 3: Main study questions and results 

Main study questions Main results Chapter 

Is a condition of oxidative stress 
associated with herpesvirus infections? 

Yes. We found that herpesvirus infections increase the 
generation of oxidative stress while antioxidants 
reduce the virus yield in vertebrates. 

II-III 

Does the infection cause oxidative stress 
in frigatebird chicks?  

Yes. Chicks with clinical signs showed higher levels of 
oxidative damage to biomolecules and an unbalanced 
oxidative status. 

III 

Do sick birds show negative effects other 
than oxidative stress? 

Yes. The levels of haptoglobin (an inflammation 
protein released during infections) was much elevated 
in chicks with clinical signs of the disease. 

IV 

Are environmental contaminants 
detected in the seabird species breeding 
in French Guiana? 

Yes. We detected diverse persistent organic pollutants 
and some essential and non-essential trace elements. 

VII-VIII 

Are the levels of environmental 
contaminants of concern? 

Yes. Mercury levels in frigatebirds are comparable 
with the most contaminated colonies of seabirds 
worldwide. The other trace elements seem within the 
threshold for safety. Persistent organic pollutants 
show a very low concentration. 

VII-VIII 

Can administration of resveratrol 
protect frigatebird chicks from the 
disease? 

Unclear. Administration of resveratrol had beneficial 
effects on several physiological traits, but had 
negligible effect on clinical signs and survival 
probabilities. 

V 

Are there other possible sources of 
stress for seabirds in French Guiana? 

Yes. Our food-supplementation experiment pointed to 
food limitation as an additional stressor for frigatebird 
chicks. 

VI 

Can food-supplementation act as a tool 
to protect frigatebird chicks? 

Unclear. Food supplementation had a strong 
beneficial effect on frigatebird chicks. However, it is 
unclear if these effects are long-lasting. 

VI 

Can the disease spread to other 
colonies? 

Yes. Adult frigatebirds recently captured in Barbuda 
island (Caribbean) show similar visible clinical signs of 
the disease. 

VI-IX 

Can the disease have a deleterious effect 
on population viability? 

Yes. The high mortality rate of chicks may have 
negative effects on population viability on the long 
term, although direct evidences are lacking. 

V 

 
Linking oxidative stress to herpesvirus replication 

Although herpesviruses are one of the most common infectious pathogens in humans and 
in both wild and domestic animals, little is known about the patho-physiological 
consequences they have on wild animal populations. In Chapters III and IV we have analysed 
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multiple markers of the physiological status of frigatebird chicks (stress hormone, telomeres, 
biomarkers of oxidative stress, inflammation and immune response, BOX 4), which enabled 
us to understand how the disease and the appearance of clinical signs are associated with 
an alteration of different physiological pathways.  

BOX 4: List of the biomarkers of physiological state that have been analysed in this study  

Biomarker Description Trait 

Reduced glutathione (GSH) 
Oxidized glutathione (GSSG) 
Ratio GSH/GSSG 
OXY adsorbent test 
Superoxide dismutase (SOD) 
Glutathione peroxidase (GPX) 
Catalase (CAT) 
Protein carbonyls (PC) 
Damage to lipids (TBARS) 
Antioxidant power (TAC) 

Diverse biomarkers have been analysed because each 
biomarker of oxidative stress has its own biological meaning. 
This enabled me to investigate the level of oxidative damage 
to biomolecules, the level of endogenous antioxidants, and the 
enzymatic antioxidant activity. Some biomarkers of oxidative 
stress were associated with the disease (GSH, SOD, TBARS, 
TAC), while others were apparently not associated with the 
health status of chicks. Some biomarkers were significantly 
associated with the status of the chicks in one year (e.g. higher 
GSH levels associated with the occurrence of clinical signs, 
Chapter III) but this association was not found the following 
year (Chapter 5). The analysis of oxidative stress biomarkers 
across different years and conditions may be challenging 
because some environmental variation may occur, obscuring 
potential patterns. 

Oxidative 
status 

Corticosterone (CORT)  The stress hormone CORT should reflect the exposure to 
environmental stress in birds. However, despite some among-
individual variation occurred, this biomarker was not 
associated with the health status of chicks and was not 
influenced by our treatments. Further studies should 
investigate whether this variation is associated with other 
unknown environmental factors. Furthermore, because we 
cannot definitely exclude that our presence on the island was 
a source of stress that masks the true levels of baseline CORT, 
future work should consider to analyse the levels of CORT in 
fecal samples, which would not be influenced so rapidly as 
blood levels of CORT are.  

Stress 

Haptoglobin (Hp) 
Nitric Oxide (NO) 
Hemagglutination (HA) 
Hemolysis (HL) 

Haptoglobin was the most informative among the measured 
biomarkers of immune response and inflammation. Future 
work should consider to analyse different biomarkers because 
the measurement of HA and HL, as an example, did not provide 
clear indication of the immune response of the birds during the 
disease. 

Immunity & 
Inflammation 

Telomere length Telomere length was analysed because herpesviruses can 
modify the dynamics of telomeres and integrate into the 
telomeres (Chapter IV). Because we found no clear association 
between the health status of chicks and telomere length, the 
analysis of this biomarker should be carried out only if a longer 
period of time elapses from the first to the second 
measurement. Due to the very slow development of 
frigatebird chicks, the dynamic of telomeres may also change 
at a slow pace. 

DNA damage 

 
Specifically, findings reported in Chapters II and III suggest that a condition of oxidative 

stress might be associated with viral replication, as it has been shown by previous work (Li 
et al., 2011). Oxidative stress is defined as the rate at which oxidative damage is generated 
(Costantini and Verhulst, 2009) and it is characterized by an unbalance between the levels 
of antioxidants and oxidant molecules (e.g. reactive oxygen species ROS). ROS are the end 
product of metabolic processes and act as secondary messengers in diverse physiological 
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pathways (Valko et al., 2007). However, when ROS levels are high due to overproduction or 
deficiency in antioxidants they can damage cellular components (Li et al., 2011) and can 
cause oxidative stress (Schieber and Chandel, 2014). A condition of oxidative stress may 
activate and/or enhance the transcription of the nuclear factor-kappaB (Bowie and O'Neill, 
2000; Chen et al., 2010; van den Berg et al., 2001), which is suspected to be essential for viral 
pathology and replication (Kumar et al., 2012; Patel et al., 1998). Although in our meta-
analytical work we did not prove the causal link between a condition of oxidative stress and 
herpesvirus load, we found that herpesvirus infections are associated with oxidative stress 
in various tissues of diverse vertebrate species. These findings, however, are primarily based 
on in vitro studies and a few domestic species. Herpesviruses can be relatively easily 
detected and quantified using plaque forming unit PFU assay on cell cultures or quantitative 
polymerase chain reaction qPCR using the sequence of known viruses as human herpesvirus 
strains (Bhullar et al., 2014; Langlois et al., 1986), while the quantification becomes much 
more complex for domestic and wild animals of which the sequence of the virus is unknown. 
This is the reason why previous studies on herpesviruses (Docherty et al., 2004) and other 
diseases (Gross et al., 2010; McCoy et al., 2017) are based on the quantification of clinical 
signs rather than the virus itself. This is also the reason that led us, in our studies, to use 
visible clinical signs (i.e. skin crusts) as a measure of the severity of the infection. Due to the 
fact that herpesviruses are difficult to quantify in vivo, the second part of our meta-analysis, 
which tested the effect of different antioxidants on viral load, has also been mainly based on 
in vitro experiments. Nonetheless, this second part of the work emphasized that i) using 
antioxidants against herpesvirus infections would prove useful since antioxidants are known 
to block herpesvirus infections (Civitelli et al., 2014; Docherty et al., 2006; Palamara et al., 
1995) likely due to the capacity to suppress the nuclear factor-kappaB needed for 
herpesvirus replication (Faith et al., 2006); and ii) resveratrol is more efficient than other 
antioxidants in reducing the viral load. For these reasons, we have designed an experiment 
aimed to manipulate the oxidative status of frigatebird chicks through resveratrol 
supplementation (Chapter V).  

Our first experiment provides evidence that resveratrol supplementation of chicks 
increased the non-enzymatic antioxidant capacity, stimulated inflammatory processes and 
limited the generation of oxidative stress during the progress of the disease. Although our 
study is to the best of our knowledge one of the few studies that demonstrated how the 
availability of dietary molecules constrains the capacity of animals to face a viral disease, our 
experiment could not clarify whether the beneficial effects of resveratrol are due to its 
antioxidant action or to the known antiviral capacity against diverse human and animal 
viruses (Abba et al., 2015). Using an antiviral medication that is widely acknowledged for the 
treatment of herpesvirus infections (i.e. acyclovir; Kimberlin and Whitley, 2007) on a group 
of birds, in combination with the use of molecules that stimulate the immune response (i.e. 
carotenoids; Chew and Park, 2004) in another group of birds at the same time would prove 
useful to assess whether antioxidant and antiviral molecules have similar effects. 

Mercury and/or food limitation as the main drivers of disease outbreaks  

Chemicals that may have immunosuppressive effects are constantly poured into water 
streams or released into the atmosphere. It has been previously shown that both organic 
and non-organic pollutants compromise the immune system (Dunier and Siwicki, 1993; 
Sattar et al., 2016; Snoeijs et al., 2004), making animals more prone to infectious diseases 
(Keller et al., 2014; Sattar et al., 2016). Specifically, exposure to mercury has been associated 



General discussion 
 

  Part IV |147   
 

with decreased immune function (Lewis et al., 2013; Moszczynski, 1997). Birds are 
particularly sensitive to mercury exposure because they are often subjected to elevated 
methylmercury concentrations (Cristol et al., 2008; Eagles-Smith et al., 2009; Rowe, 2008). 
Accordingly, a recent study has reported that 72% of field studies and 91% of laboratory 
studies found evidence of deleterious effect of mercury on diverse physiological and fitness 
related traits in birds (Whitney and Cristol, 2018b), due to its interference with the 
production of hormones that regulate parental investment and reproductive behaviour 
(Tartu et al., 2015b; Tartu et al., 2016; Tartu et al., 2013).  

Our results of Chapter VII and VIII have highlighted that the high concentrations in 
mercury are driven by the trophic ecology of frigatebirds. In comparison to the other species 
breeding on Grand Connétable island, frigatebirds show larger body size and higher life 
expectancy (30 years or even longer; Weimerskirch et al., 2016), which are amongst the 
major factors influencing the accumulation patterns of mercury (Ackerman et al., 2011). 
Thus, chicks should be expected to be exposed to relatively low levels of mercury. Chicks also 
excrete mercury through developmental feathers resulting in a decrease in both internal 
tissues and mercury burden (Ackerman et al., 2011; Lewis and Furness, 1991; Monteiro and 
Furness, 2001). However, although frigatebird chicks showed blood mercury levels five to six 
times lower than adults, these concentrations may be of concern during the developmental 
period of chicks (Kenow et al., 2010). As explained above, French Guiana is one of the regions 
that it is experiencing a dramatic increase of mercury contamination due to artisanal gold-
mining (Legg et al., 2015). Thus mercury contamination in French Guiana has recently raised 
concerns for both wildlife and humans (Laperche et al., 2014; Legg et al., 2015).  

High concentrations of mercury have been previously associated with oxidative stress 
due to the deleterious effect on the antioxidant machinery (Costantini et al., 2014; Whitney 
and Cristol, 2018a). Previous work has also found an association between exposure to 
mercury and viral diseases (Koller, 1975), while more recent studies found mercury to 
increase vulnerability to infectious agents and tumor cells (Moszczynski, 1997), and to 
aggravate the infection and increase viral replication in mice infected with herpesvirus 
(Christensen et al., 1996). The outbreaks of disease make the study population a highly 
relevant biological model to investigate the potential relationship between mercury 
exposure and viral outbreaks. However, in our work we can only speculate that mercury 
exposure of chicks is tied to the appearance of clinical signs because our project could not 
investigate this link. We regret the fact that blood samples analysed in Chapters VII and VIII 
were collected in 2013, therefore prior the start of this project. Red blood cells were used 
for the analysis of essential and non-essential trace elements including mercury while plasma 
was used for the quantification of persistent organic pollutants. Therefore, neither red blood 
cells nor plasma were available to analyse physiological traits of adults and nestlings and to 
relate them to the levels of pollutants in blood. Furthermore, blood samples were taken 
when chicks were about 30 days old (in most cases skin lesions seem to appear after this 
timeline; personal observations), and no data on the health status of chicks was available 
(e.g. presence of skin crusts).  

At present, although our work did not investigate mercury toxicity in frigatebirds, a 
simple correlational study could be easily performed in the future and could clarify whether 
chicks either showing or not showing clinical signs differ in the levels of environmental 
contaminants in blood, which would suggest that mercury is involved in the occurrence of 
pathological statuses of frigatebirds. Furthermore, an experiment aimed to reduce mercury 
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toxicity would prove useful to understand whether a causal link between mercury exposure 
and outbreaks of disease exists. As an example, previous studies have tested the effect of 
selenium, an essential trace element that is involved in the detoxification processes from 
heavy metals, particularly mercury (Ikemoto et al., 2004; Polak-Juszczak and Robak, 2015; 
Ralston and Raymond, 2010; Siscar et al., 2014; Sørmo et al., 2011). Performing an 
experiment during which we administer selenium-based molecules in frigatebird chicks (e.g. 
selenium pills) would be also emphasized by the strong negative association between 
mercury and selenium described in Chapter VII, which could indicate a deficiency of the 
latter. Because selenium is the constituent of selenoproteins, which are involved in oxido-
reduction and antioxidant defense processes (Lu and Holmgren, 2009), we might also be able 
to assess the effect of selenium on the oxidative status of birds. By quantifying the circulating 
levels of mercury and selenium before and after the treatment we would clarify in detail the 
physiological mechanisms in which dietary selenium is involved. If the levels of mercury from 
pre- to post- treatment are unchanged, this would suggest that the beneficial effects are 
mainly due to the increased availability of selenium, which might be deficient in frigatebirds’ 
diet.  

Malnourishment and food shortage are amongst the major causes of bird’s mortality in 
both adults and chicks (Ashbrook et al., 2008; Balk et al., 2009; Velando et al., 1999), yet we 
still know very little on the connection between nutritional stress in early-life and the 
appearance of disease outbreaks. In Chapter VI we tested the previously suggested 
hypothesis that nutritional stress is linked to the appearance of clinical signs in frigatebird 
chicks (Martinet and Blanchard, 2009). This hypothesis has been reinforced by our 
experimental evidence that administering fish protected all healthy chicks from a loss of 
body condition and the occurrence of clinical signs during the experimental period, whereas 
it also reduced mortality probabilities of sick chicks.  

Our results are novel and open to the possibility that viral outbreaks in wild animal 
populations may be associated with nutritional stress. However, before we can formulate 
solid conclusions, we are aware that there is still a lot to do in this direction. For instance, 
we lack evidence that chicks that showed the occurrence of clinical signs are those that were 
fed the less. The use of multiple single-nest cameras that continuously monitor nest activity 
would prove valuable to establish whether healthy and sick chicks receive a different supply 
of food, a result that would point to the behaviour of adults as the main cause of their 
malnutrition and the appearance of the first clinical signs. As explained in the box below 
(BOX 5), males’ commitment is highly variable and some males may abandon the female 
early during chick’s development, a behavior that might act as a natural stressor and has the 
potential to negatively impair the health status of chicks. Although our food-
supplementation experiment showed that nutritional stress might be involved in the 
appearance of clinical signs but did not prove a causal link, we are also unable to exclude the 
possibility that these results originated from the combined effect of fish administration and 
decreased mercury toxicity due to the administration of mercury-free fish.  

Our results indicated that frigatebird chicks might be exposed to both a strong nutritional 
stress and high mercury concentrations, so we do not exclude that they can have combined 
negative effects that lead to the appearance of clinical signs in our species. Our findings are 
particularly valuable because are often challenging to obtain and still scarce in the literature, 
but should be interpreted with cautions. We did not demonstrate a causal link between 
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environmental stress and the appearance of clinical signs in our population, and we warrant 
further studies to investigate this aspect in detail.  

BOX 5: The possible combined effect of food shortage and mercury 

In all frigatebird species, males and females equally share the long period of parental care, but the Magnificent 
frigatebird is the only species in which males desert the nest when the chick is 18-160 days old (Osorno, 1996). 
After abandoning the nest, males can visit other colonies and mate with a new partner or come back to the 
colony after a few months, while the female is still raising the chick. Although this behavior enables males to 
breed each year, because chick survival is correlated with chick size, then males jeopardize current chick 
survival for future reproductive success (Osorno, 1996). The high variability in male commitment is however 
not fully understood. A lower commitment of males can have fundamental implications for our colony because 
the females that are left alone earlier during the breeding season might struggle to feed their chicks. 
Considering the high level of mercury to which frigatebird adults are exposed to, we could hypothesize that 
mercury might affect the production of the hormones that regulate parental care. Mercury has neurotoxic 
effect on birds (Scheuhammer, 1987) and can alter the production of steroid hormones including testosterone 
(Heath and Frederick, 2005; Tartu et al., 2015b) as well as the hormone that regulates parental care, prolactin 
(Tartu et al., 2016; Tartu et al., 2013) through the mechanism of action described in the picture. Quantifying 

the reproductive behavior 
of males would prove 
whether males with a 
higher burden of mercury 
are less committed and 
abandon the colony earlier, 
as recently has been 
described in male snow 
petrels (Tartu et al., 
2015b), which would 
suggest a combined effect 
of mercury and food-
shortage for the 
appearance of clinical signs 
in our population. 

 
Considerations on the current status of the studied colony and possible spread of the 
disease 

Despite the high mortality of chicks which has characterized the past few years, the 
population size has increased after the appearance of the first mortality events of nestlings 
in 2005 (de Thoisy et al., 2009). From 1981 to 2016 the population showed fairly constant 
number of breeding pairs except sporadic fluctuations, but the number of breeding pairs has 
increased rapidly in recent years, thus it does not appear to suffer negative demographic 
effects (Figure 1). However, as explained by a previous study, even a low juvenile mortality 
in long-lived seabirds with low fecundity could lead to significant negative demographic 
effects (Finkelstein et al., 2010). We cannot rule out that important negative effects have yet 
to come. 

Because of the long period of parental care and the extremely long post-fledging 
dependence of chicks, females can only reproduce biennially (Osorno, 1996). But 
unsuccessful females might decide to remain on the breeding ground and to try to reproduce 
again the same or the following season. This, in addition to the probable annual immigration 
of sexually mature individuals from neighbouring colonies, might contribute to the 
increasing number of breeding pairs. The first colony towards the north is 1200 kilometers 
away from Grand Connétable island, in Trinidad and Tobago, while the first colony towards 
the south is located in Fernando de Noronha, the Brazilian archipelago at 2400 kilometers 
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from French Guiana. An exchange of individuals was confirmed visually by the sightings of 
frigatebirds previously wing-tagged in Barbuda island in the Caribbean (Trefry et al., 2012). 
Moreover, a recent study has shown that the frigatebird population of French Guiana is the 
genetic link between the Brazilian and Caribbean colonies, implying that an exchange of 
individuals is ongoing (Nuss et al., 2016). 

 
Figure 1: Number of breeding pairs of frigatebirds Fregata magnificens (Grand Connétable island, French Guiana) 
from 1981 to 2016. 

 

On the one hand, the exchange of individuals might guarantee the long-term survival of 
the population through the immigration of young, healthy individuals. On the other hand, 
the exchange of individuals could also lead to the spread of the disease. Until 2016 we were 
almost certain that chicks on our study island were the only ones showing clinical signs of 
the disease. However, during the capture of adult individuals in French Guiana during the 
breeding season of 2016, we found the same clinical signs (i.e. skin crusts) under the plumage 
of both adult males and females and on the gular pouch of adult males (unpublished results). 
This discovery has opened to the possibility that the disease could potentially spread to other 
colonies, and therefore prompted us to investigate further. During the same breeding 
season, I have visited the frigatebird population located in Barbuda, where together with the 
rangers of the nature reserve (Frigatebird sanctuary, Codrington lagoon, Barbuda) we 
captured and sampled 25 chicks and 22 adult frigatebirds. Skin crusts were found under the 
plumage of some captured adults of both sexes, while males also showed skin crusts on the 
gular pouch (unpublished results, Figure 2).  

We might hypothesize that adults have a stronger immune system so they might be able 
to keep the disease under control and the consequences of the infection to a minimum. This, 
however, may have further implications because migration of infected animals can be 
expected to enhance the spread of pathogens (Altizer et al., 2011). Reservoir competence of 
adult individuals can critically increase contact rates and act as “superspreaders” (Fritzsche 
McKay and Hoye, 2016). However, we have no indications of the impact that the disease is 
having on their survival (unlike chicks, adults may die far from the colony without being 
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identified) nor are we aware of the sub-lethal effects to which infected adults may be 
exposed to, as decreased fecundity. The consequences of the disease on adult individuals 
are unclear and need further investigation.  

Figure 2: Two frigatebird males captured in French Guiana (above) and Barbuda (below) with similar skin crusts on 
the gular pouch. 

Concluding remarks 

Many seabird species are classified as “Least Concern” but are facing environmental stress 
(e.g. Fregata magnificens) while many others are currently threatened with extinction. 
Climate change, overfishing, bycatch, infectious diseases, marine litter, and invasive alien 
species jeopardize the survival of many seabirds worldwide. We must not remain 
uninterested towards the changes that our ecosystems are facing and we must strive to fully 
understand how to mitigate the negative effects that we ourselves have created. The efforts 
made by scientists all over the world should not be limited to the “understanding of the 
mechanisms” but should be conveyed towards the development of new solutions and 
treatments. For instance, the creation of vaccines for wild animals might be a successful 
strategy in specific circumstances but is an approach yet too limited (Bourret et al., 2018; 
Gomes et al., 2018). Vaccines are however limited to very specific infections and could prove 
useless if the environmental conditions that contribute to disease outbreaks remain 
unchanged.  

Our work represents a step forward to foster our understanding of the proximate 
mechanisms that underlie the appearance of clinical signs in wild animal populations, 
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although further research is needed to identify the mechanisms that link environmental 
stressors to the physiology of chicks, and the appearance of clinical signs (Figure 3).  

 

Figure 3: Schematic representation of the results (in red) obtained with the present study.  

We have identified physiological markers that are associated with the appearance of 
clinical signs and we described in detail the physiological status of chicks during the progress 
of the disease. We emphasize future studies to develop non-invasive sampling protocols for 
early diagnosis of infectious diseases that this and other populations are facing.  

Finally, although we have not demonstrated whether outbreaks of disease are caused by 
poor nutrition, mercury exposure, or a combination of these two factors, we strongly 
recommend future studies to investigate the potential link between environmental stress 
and outbreaks of diseases in this population. If environmental stress were contributing to 
the outbreaks of disease, local authorities should implement restrictive measures 
concerning the emission of mercury and overfishing in French Guiana. 
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