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Abbreviations: VeDBA as a proxy for rate of oxygen consumption, plasma non-enzymatic 
antioxidant capacity (OXY) as a proxy of antioxidants, reactive oxygen metabolite (ROM) as a 
proxy of oxidative damage, triglycerides (TRI), maximum distance flown in km (MDF) and the 

Abstract 22 

Habitat characteristics determine the presence and distribution of trophic resources shaping seabirds’ 23 

behavioral responses which may result in physiological consequences. Such physiological consequences 24 

in relation to foraging strategies of different life-history stages have been little studied in the wild. Thus, 25 

we aim to assess differences in oxidative status, condition (fat stores, i.e. triglyceride levels, TRI), stress 26 

(Heterophil/Lymphocyte (H/L) ratio), and leukocyte profiles between incubation and chick rearing 27 

highlighting the role of foraging strategies in a seabird (Calonectris diomedea). Chick rearing was more 28 

energetically demanding and stressful than incubation as demonstrated by high stress levels (H/L ratio 29 

and leukocytes) and lower body stores (assessed by TRI and the increment of weight) due to the high 30 

energy requirements of rearing chicks. Also, our results make reconsider the simplistic trade-off model 31 

where reproduction increases metabolism and consequently the rate of oxidative stress. In fact, high 32 

energy expenditure (VeDBA) during chick rearing was correlated with low levels of oxidative damage 33 

likely due to mechanisms at the level of mitochondrial inner membranes (uncoupling proteins or low 34 

levels of oxygen partial pressure). Further (more distant) and longer (more days) foraging trips were 35 

performed during incubation, when antioxidants showed low levels compared to chick rearing due to 36 

incubation fasting, a change in diet, or a combination of these factors; but unlikely because of oxidative 37 

shielding since no relation was found between oxidative damage and antioxidant capacity. Males showed 38 

higher numbers of monocytes which were positively correlated with antioxidant capacity compared to 39 

females, suggesting sexual differences in immune profiles. Species-specific costs and energetic demands 40 

of different breeding phases trigger behavioral and physiological adjustments. 41 

 42 
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Introduction 47 

Habitat characteristics determine the presence and distribution of trophic resources, and both shape the 48 

way seabirds respond to resource availability (Quillfeldt et al. 2015). Behavioural responses may result in 49 

physiological consequences (Colominas-Ciuró et al. 2017a), and differences in foraging behaviour and 50 

diet have been associated with variations in oxidative status (Beaulieu et al. 2010, Hipfner et al. 2010, 51 

García-Tarrasón et al. 2014, Beaulieu et al. 2015, Colominas-Ciuró et al. 2017a, Costantini et al. 2017), 52 

but recently no common relationship apparently occurred across penguin species between oxidative status 53 

and foraging habitats, diet, and dietary antioxidants (Colominas-Ciuró et al. 2021). 54 

Reproduction drives multiple physiological changes as it is one of the most energy-demanding 55 

life history stages (Green et al. 2009). Changes in oxidative stress have been suggested to represent a 56 

suitable proxy for the costs associated with reproduction by both captive and field experiments (Alonso-57 

Alvarez et al. 2004; Bize et al. 2008; Monaghan et al. 2009; Colominas-Ciuró et al. 2017b; Beaulieu et al. 58 

2011; Wiersma et al. 2004; Costantini et al. 2014a; Christe et al. 2012). This suggestion rises from the 59 

idea that reproduction increases metabolism and consequently the rate of oxidative stress. ATP produced 60 

during oxidative phosphorylation leads to by-production of reactive oxygen species (ROS; Finkel and 61 

Holbrook 2000; Harman 1956) which can result in oxidative damage in biomolecules (e.g. lipids, 62 

proteins, and DNA, Finkel and Holbrook 2000). However, organisms have evolved strategies to 63 

counteract the effects of free radicals with exogenous and endogenous antioxidant defences (Beckman 64 

and Ames 1998). Therefore, oxidative stress is biochemically defined as the imbalance between pro-65 

oxidants (chemicals that induce oxidative stress, either by generating ROS or by inhibiting antioxidant 66 

systems) and antioxidant defences as well as the disruption of redox signalling and control (Costantini 67 

2019). Oxidative stress can increase in an organism due to higher production of oxidative molecules (e.g., 68 

ROS or reactive molecules resulting from oxidation) leading to oxidative damage, decrease in antioxidant 69 

defences and repair systems (Halliwell & Gutteridge 2007) and/or disruption of redox signalling and 70 

control (Beckman & Ames 1998, Finkel & Holbrook 2000, Halliwell & Gutteridge 2007, Costantini 71 

2019). The association between reproductive effort and oxidative stress has been supported by 72 

contradictory evidence (Oldakowski et al. 2012; Garratt et al. 2011; Bergeron et al. 2011) indicating 73 

individual-specific responses to oxidative stress (e.g. age, pollutants, etc.; Costantini et al. 2014c; 74 

Isaksson 2010). 75 
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The cost of reproduction may also trigger other physiological responses apart from oxidative 76 

stress. For instance, it may generate chronic stress if disrupts the organisms’ homeostasis (Colominas-77 

Ciuró et al. 2017b) with release of glucocorticoids (stress hormones) which trigger quantifiable changes 78 

in leukocytes (Davis et al. 2008). In Spotless starlings (Sturnus unicolor), for example, brood sizes 79 

negatively affected lymphocytes and monocytes (Muriel et al. 2021), suggesting lower immune status 80 

with higher breeding costs. The heterophil/lymphocyte (H/L) ratio has been extensively used as an 81 

indicator of stress in birds, as it has been found to increase with parental effort (Ilmonen et al. 2003; 82 

González-Medina et al. 2015; but see Suorsa et al. 2004). 83 

In seabirds, as in other animals, reproduction is composed of several phases with different 84 

energetic requirements (Colominas-Ciuró et al. 2019, Green et al. 2009). Chick rearing seems to be the 85 

most energetically-demanding phase of the whole annual energetic cycle (Gales and Green 1990). For 86 

example, foraging effort is higher during brooding than during incubation in Wandering Albatrosses 87 

(Diomedea exulans) to minimize time at sea and maximize food delivered to chicks (Shaffer et al. 2003). 88 

Contrary, egg formation and incubation may also produce costs (Astheimer and Grau 1985) and in some 89 

cases, even similar to those of chick rearing (Green et al. 2009). Though variation of oxidative stress has 90 

been studied during reproduction (Alonso-Alvarez et al. 2004; Bize et al. 2008; Monaghan et al. 2009; 91 

Colominas-Ciuró et al. 2017b; Beaulieu et al. 2011; Wiersma et al. 2004; Costantini et al. 2014a; Christe 92 

et al. 2012), little attention has been given to specific breeding phases (Kulaszewicz et al. 2018; 93 

Colominas-Ciuró et al. 2017a). Just recently, incubation appeared to be a highly demanding phase in 94 

terms of oxidative status in seabirds (Kulaszewicz et al. 2018; Colominas-Ciuró et al. 2017a).  95 

Many seabirds also present sexual segregation based on both social dominance and competitive 96 

exclusion, and niche specialization due to differences in morphology and reproductive role (Clarke et al. 97 

1998; Cook et al. 2007; Dehnhard et al. 2011; Quintana et al. 2011; Rey et al. 2012). Thus, behavioural 98 

differences between the sexes (e.g., nest defences, Amat, Carrascal & Moreno 1996; foraging strategies 99 

and habitat use, Beaulieu et al. 2010; Quillfeldt et al. 2011; Rey et al. 2012; Widmann et al. 2015; diet, 100 

Paredes et al. 2008; Dehnhard et al. 2011) result in different physiological costs (e.g. different oxidative 101 

status and H/L ratios; Colominas-Ciuró et al. 2017b; Wiersma et al. 2004; Alonso-Alvarez et al. 2004; 102 

Costantini et al. 2014b; van der Meer and van Oers 2015). 103 

 Here, we aim to evaluate the relationship among oxidative status, condition (fat stores), stress 104 

(H/L ratio) and immune status (leukocyte profiles) occurring in two breeding phases, incubation and 105 
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chick rearing, in a pelagic seabird, the Scopoli’s shearwater (Calonectris diomedea). As a novelty, we 106 

related the aforementioned parameters to foraging movements (maximum distance flown and trip length) 107 

determined by GPS tracking of the birds and energy expenditure assessed by accelerometry (vectorial 108 

dynamic body acceleration, VeDBA as a proxy of energy consumption; Gleiss et al. 2011, Cianchetti-109 

Benedetti et al. 2017, but see Halsey 2017). Scopoli’s shearwater is considered a flexible forager since it 110 

can exploit a wide range of prey, including fisheries discards (Cianchetti-Benedetti et al. 2018). It mainly 111 

breeds on remote and barren off-shore islands (Warham 1990), with single-egg clutches laid at the end of 112 

May and sharing parental duties during breeding (Warham 1990). Incubation lasts around 50 days and, 113 

from the second half of July, parents engage in chick provisioning throughout the summer until fledglings 114 

leave the nests (mid to late October; Müller et al. 2015).  115 

Energy requirements increase during chick rearing because it involved more demanding duties 116 

(e.g. chick feeding) compared to incubation and thus, a likely greater susceptibility to oxidative stress 117 

because ROS production may increase and antioxidant defences decrease (Alonso-Alvarez et al. 2004; 118 

Costantini et al. 2008; Costantini 2008; but see Speakman and Garratt 2014; Salin et al. 2015 for recent 119 

contrasting results showing how complex the link might be). Recent results suggested the contrary, 120 

showing incubation as a highly demanding reproductive phase in terms of oxidative balance compared to 121 

chick rearing (Kulaszewicz et al. 2018; Colominas-Ciuró et al. 2017a) and thus, the prediction on which 122 

breeding phase is oxidatively more demanding in seabirds has no clear direction. Nevertheless, a recent 123 

study showed increased foraging effort during early chick-rearing compared to late-chick rearing and 124 

incubation in the studied population (Cianchetti-Benedetti et al. 2017), which allowed us to predict 125 

greater oxidative stress (higher oxidative damage and lower antioxidant defences) during chick rearing. 126 

Similarly, we predicted higher H/L ratios during chick rearing compared to incubation due to increased 127 

parental effort (Ilmonen et al. 2003; González-Medina et al. 2015; but see Suorsa et al. 2004). We also 128 

predicted shorter (less time and distance) and more costly (greater VeDBA) foraging trips during chick-129 

rearing than during incubation. Finally, body stores and immune status (leukocyte profiles) were 130 

predicted to be worse when rearing chicks because of the high energetic demands of this period (Gales 131 

and Green 1990).  132 

 133 

Materials and methods 134 

Data collection 135 
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The study was approved by Regione Siciliana, Assessorato Agricoltura e Foreste, Prot. 65887 dated 23th 136 

July 2007 and Prot. 17233 dated 1st December 2010 and subsequent updates. This research complies with 137 

the IUCN Policy Statement on Research Involving Species at Risk of Extinction (Scopoli’s shearwater 138 

Calonectris diomedea is classified as “Least concern” in 2016). 139 

This study was carried out on Linosa, a small island (5.43 km2) located in the Sicilian Channel 140 

(35°51′33″N; 12°51′34″E) which is home to the largest European colony of Scopoli’s shearwater with 141 

around 10,000 breeding pairs (Baccetti et al. 2009). Here, shearwaters nest in natural cavities and caves 142 

formed in volcanic rock in the northern part of the island known as “Mannarazza”. Fifty-eight adults were 143 

captured at the nest during breeding in 2016, 29 incubating and 29 rearing chicks (76.3% of them were 144 

couples from the same nest and one couple was sampled during both studied periods). All of them were 145 

incubating one egg or rearing one chick. Both eggs and chicks were kept safe while adults were being 146 

handled and, after manipulation, adults were returned to the nest and resumption of parental care was 147 

confirmed. Adults were captured twice during both studied periods, on average 20-25 days apart during 148 

mid and late incubation and early chick rearing (1st capture: incubation, 26.06.2016, chick rearing, 149 

21.07.2016; 2nd capture: incubation, 10.07.2016, chick rearing, 30.07.2016). First, they were weighed (to 150 

the nearest 5 g with a spring balance) and equipped with a data-logger that included a tri-axial 151 

accelerometer (sampling interval: 25 Hz), a GPS (sampling interval: 5 min) and a TDR (Temperature 152 

Depth recorder; sampling interval: 1 sec) logger (36 x 22 x 10 mm, 14 g; Axy-Trek, Technosmart, Rome). 153 

The logger was attached with Tesa® tape on the back feathers (procedure ≤ 10 min; Wilson and Marie-154 

Pierre 1989). Each bird was marked using non-toxic colour to distinguish it from the partner and avoid 155 

handling it again. During incubation, the birds were captured during the day, to avoid interfering with 156 

nocturnal turn-over of parents; whereas during chick rearing, they were captured when returned to the 157 

colony to feed the chicks. Nests were checked daily for recapturing the birds and retrieving the device. On 158 

average, behaviours were recorded for 9.3 (±2.35) days during incubation and 1.9 (± 2.04) days in chick 159 

rearing. Immediately after the second capture, birds were weighed again and a blood sample (0.5 ml) was 160 

taken with a syringe from the tarsal vein. One drop was smeared on individually microscope slides, 161 

airdried, and later fixed in 96% ethanol for 5 minutes, and finally stained with Giemsa pH 7.2 for 40 162 

minutes. The remaining blood was kept in a cool bag and later centrifuged at 12,000 rpm for 15min to 163 

separate plasma from red blood cells, and both were stored at -20ºC until lab processing. We observed no 164 
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nest desertion due to our manipulation during the study. Finally, birds were sexed according to bill 165 

measurements (Lo Valvo 2001) and vocalizations.  166 

 167 

Laboratory analyses 168 

The oxidative status in blood plasma was assessed by measuring both antioxidant and oxidant 169 

components using the oxy-adsorbent and d-reactive oxygen metabolites (d-ROM) tests (Diacron 170 

International, Grosseto, Italy), respectively. The oxy-adsorbent test measures the plasma non-enzymatic 171 

antioxidant capacity (OXY), quantifying the contribution of a large section of exogenously and 172 

endogenously synthesized antioxidants by adding hypochlorous acid (HOCl), a highly potent oxidant. 173 

Unreacted HOCl can then be measured photometrically in a reaction with a chromogenic substrate. The 174 

d-ROMs test measures reactive oxygen metabolite (ROM) resulting from oxidative damage (ROS attack 175 

on organic substrates such as amino acids, proteins, nucleotides, etc.), mainly detecting hydroperoxides 176 

but also other oxidative metabolites such as organic chloramines or endoperoxides (Costantini 2016). 177 

Both tests were carried out following Beaulieu et al. (2010) with minor modifications, such as using a 178 

vortex machine (15 sec.), short spins for thawed plasma and mixtures (plasma-reagent, calibrator-reagent 179 

and blank-reagent), and incubation with soft shaking for better homogenization. Absorbance was read at a 180 

wavelength of 490 nm with a spectrophotometer at 37ºC and soft shaking the microplate for one minute 181 

before reading (Multiskan GO, Peqlab). Measurements were expressed as µmol HClO/ml and mg H2O2/dl 182 

sample for the oxy-adsorbent and d-ROMs tests, respectively. Both were performed using microplates 183 

where all treatments were evenly distributed along with duplicate samples, blanks and calibrators. Intra-184 

assays coefficients of variation for OXY and d-ROMs for plates I and II were 6.99%, 5.74% and 7.88%, 185 

3.4%, respectively; and inter-assay coefficients of variation for OXY and d-ROMs were 6.29% and 186 

3.49%.  187 

Triglycerides (TRI) were determined using standard spectrophotometric test combinations 188 

modified for small amounts of plasma (6 μL plasma per determination, Thermo Fisher Scientific Clinical 189 

Diagnostics). Measurements were expressed as mg/dL. TRI analyses were performed using microplates 190 

where all treatments were evenly distributed along with duplicate samples. Intra-assay coefficients of 191 

variation for plates I and II were 3% and 2.95%, and inter-assay coefficients of variation were 7.40%. In 192 

addition to TRI levels, weight increment between captures (i.e., weight of the second capture subtracted 193 

from the weight of the first capture; N= 57 of 58 birds) were used to assess body stores. 194 
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Leukocyte profiles were acquired by examining blood smears under a 1000x magnification using 195 

an oil immersion objective (optical microscopy), and the proportion of different types of leukocytes was 196 

determined by evaluating a total of 100 leukocytes per slide. Then, the heterophil/lymphocyte (H/L) ratio 197 

was calculated (see Moreno et al. 1998 for method reliability). All leukocytes were counted in a part of 198 

the smear where cells had separated in a monolayer crossing the sample from bottom to top or from left to 199 

right to minimize differences in blood smear thickness. For two individuals we could not obtain a blood 200 

smear, therefore 56, instead of 58, were analysed. All smears were examined by the same person (RCC). 201 

 202 

Statistical analyses  203 

We recorded complete foraging trips for 65.5% of birds which allowed to obtain maximum linear 204 

distance flown (km; MDF), trip length, and daily VeDBA. We usually recorded multiple foraging trips in 205 

tracked birds, especially during the chick rearing phase. Foraging trips were considered since birds went 206 

out from the colony until they came back, and to determine the beginning and the end of each as well as 207 

their duration, they were split using birds’ spatio-temporal position. The maximum linear distance flown 208 

was calculated considering the most distant GPS point from the colony recorded for each foraging trip. 209 

We also calculated trip length, or mean trip length (in case an individual performed multiple trips) and 210 

daily VeDBA per individual and period. Since accelerometer data was recorded in three axes (X, head–211 

tail; Y, right–left; and Z, dorso–ventral), the vectorial dynamic body acceleration was calculated (VeDBA 212 

(g) =√ a2 x + a2 y + a2 z ) where ax, ay, and az represented dynamic acceleration values from X, Y, and 213 

Z axes. Also, from birds’ GPS positions Kernel analysis were performed using a smoothing factor chosen 214 

according to the Least Square Cross Validation method (Girard et al. 2002) and QGIS 2.9 to represent 215 

birds’ home ranges and foraging areas (95%, 75% and 50%). 216 

Statistical analyses included simple regressions and general linear mixed models (GLMMs). All residuals 217 

from GLMMs performed followed a normal distribution except for ROM, TRI and Trip length which 218 

were log-transformed and monocytes which was squared rooted-transformed to achieve a normal 219 

distribution of residuals prior to analyses (Kolmogorov-Smirnov test ≥0.13). GLMMs were performed on 220 

OXY, log-transformed ROM (log10ROM), log-transformed TRI (log10TRI), Weight increment, MDF, 221 

averaged daily VeDBA, log-transformed (log10) Trip length, heterophils, lymphocytes, H/L ratio, 222 

eosinophiles, and squared rooted monocytes with breeding periods (incubation and chick rearing) and sex 223 

as fixed factors as well as its interaction, laying date (out of all samples: 86.21% exact days or ± 1-2 days, 224 
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10.35% ± 4-5 days and 3.45% missing data) as a covariate and nest and individual as random factors. In 225 

addition, plate used during lab analyses was added as a random factor for OXY, log-transformed ROM, 226 

and log-transformed TRI, to control for possible inter-assay variability. Significance was determined at p 227 

< 0.05. We used lmer, summary and anova functions of R packages lme4 and lmerTest (Kuznetsova et al. 228 

2014; Bates et al. 2015) run under R 3.3.1 to perform the GLMMs (R Core Team 2014). 229 

 230 

Results  231 

All dependent variables analysed were significantly different between studied periods 232 

(incubation and chick rearing) except for log10ROM, mean daily VeDBA and squared rooted monocytes 233 

(Tables 1, 2, 3 and 4; Figs. 1 and 2). Specifically, non-enzymatic antioxidant capacity (OXY), 234 

heterophils, H/L ratio and eosinophils were significantly lower during incubation than chick-rearing; in 235 

contrast to log10TRI, weight increment, MDF, log10 Trip length and lymphocytes which were significantly 236 

higher during incubation (Tables 1, 2, 3 and 4; Figs. 1 and 2). Moreover, the interaction term period*sex 237 

had a significant effect on OXY, mean daily VeDBA, and log10TRI, although did not stand for further 238 

sexual differences. Kernel distributions representing the home range and foraging areas (95% and 50% 239 

fixed kernel density, respectively) of individuals during both breeding periods reinforced the differences 240 

found in terms of MDF and log10 Trip length (Fig. 3). In fact, individuals flew during incubation larger 241 

distances (mean ± SDincubation = 423.42km ± 124.5; mean ± SDchick rearing = 179km ± 122.48) performing 242 

longer foraging trips (mean ± SDincubation = 9.33days ± 2.35; mean ± SDchick rearing = 1.99days ± 2.04) 243 

compared to chick rearing. Also, incubating shearwaters were leaner than those rearing chicks when 244 

devices were attached (mean ± SDincubation = 533g ± 45.9; mean ± SDchick rearing = 611g ± 75.5; F1,14.1 = 245 

21.835; p < 0.001). Moreover, a negative and significant correlation was found between mean daily 246 

VeDBA and oxidative damage (log10ROM; N=38, r=-0.333, p=0.041*); but truly, such only occurred 247 

during chick rearing (N=26, r=-0.463, p=0.017*; Incubation: N=12, r=-0.036, p=0.911; Fig. 4). Finally, 248 

males had a significant higher number of monocytes than females (Table 3; Fig. 5a). Also, monocytes 249 

significantly and positively related with OXY in males (N=26, r=0.486, p=0.012) but not in females 250 

(N=29, r=0.042, p=0.833; Fig. 5b).  251 

 252 

Discussion 253 
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Here we investigated the relationship among foraging effort, oxidative status, stress (H/L ratio), body 254 

stores and immune status between incubation and chick rearing on the Scopoli’s shearwater. Foraging 255 

effort was assessed using tracking devices to better understand its physiological consequences 256 

(Colominas-Ciuró et al. 2017a), which allowed to determine maximum distance flown, trip length, and 257 

VeDBA (a proxy of energy expenditure). On this regards, individuals flew during incubation larger 258 

distances performing longer foraging trips compared to chick rearing (see Results) and thus, agreeing 259 

with recent results (Cianchetti-Benedetti et al. 2017).  260 

In terms of oxidative status, we predicted greater oxidative stress (higher oxidative damage and 261 

lower antioxidant defences) during chick rearing than incubation based on the high energy requirements 262 

seabirds must face while rearing their chicks (Gales and Green 1990, Shaffer et al. 2003). However, the 263 

prediction on which breeding phase is more demanding in terms of oxidative status in seabirds has no 264 

clear direction because other recent studies in seabirds found the contrary (Kulaszewicz et al. 2018; 265 

Colominas-Ciuró et al. 2017a). Our results showed significantly lower non-enzymatic antioxidant 266 

defences (OXY) during incubation than during chick rearing, and no differences for oxidative damage 267 

(ROM). But, during chick rearing, oxidative damage negatively correlated with energy expenditure (mean 268 

daily VeDBA). Antioxidant defences fight off oxidation (ROS production) avoiding oxidative damage by 269 

preventing pro-oxidants and blocking them once formed (Sies 2007), although effectiveness is not 270 

completely achieved and thus, ROS may damage biomolecules (e.g. lipids, DNA and proteins; Beckman 271 

and Ames 1998; Sies 2007; Pacifici and Davies 1991; Davies 2000). At first glance, our results could 272 

therefore suggest incubation as a more oxidative demanding phase compared to chick rearing because 273 

antioxidants would have avoided oxidative damage by fighting ROS. But this is improbable because no 274 

relationship occurred between antioxidant capacity and oxidative damage (N=56, r=-0.175, p=0.198). 275 

Thus, our results of decreased antioxidants may be possibly explained as a consequence of fasting during 276 

incubation shifts rather than by oxidative shielding, what would differ with the recent suggestions where 277 

incubation is highly demanding in terms of oxidative status (Kulaszewicz et al. 2018; Colominas-Ciuró et 278 

al. 2017a). Reduction of body mass and antioxidants are known to occur during prolonged fasting in 279 

seabirds (Sylvie et al. 2012; Barbosa et al. 2013; Schull et al. 2016) and, in our case, incubating 280 

shearwaters showed lower mass than those rearing chicks when devices were attached (see Results). One 281 

caveat though is that in the present study only non-enzymatic antioxidant defences were measured and 282 

hence, there is no information on the role of enzymatic antioxidants. Perhaps the lack of relationship 283 
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between OXY and ROM does not capture a possible coordinated response between both enzymatic and 284 

non-enzymatic antioxidant defences (see Cooper-Mullin et al. 2019 as an example). Furthermore, 285 

antioxidant differences might also result from distinct diets during both studied periods because dietary 286 

antioxidants (e.g., carotenoids and vitamins), cannot be synthesized by birds and thus its efficiency 287 

depends on the diet itself (Goodwin 1984; Catoni et al. 2008; Cohen et al. 2009). Recent results at the 288 

same studied population showed a diet based on fish, but at the beginning of incubation, fish items had 289 

higher trophic levels (e.g. predatory fish) than at the end of the breeding season (Costantini et al. 2017). 290 

Hence, even if fish would be the main item, distinct fish species, also those from fisheries discards 291 

(Cianchetti-Benedetti et al. 2018), could differently contribute in terms of antioxidant absorption partially 292 

explaining our results.  293 

The absence of oxidative damage differences between breeding phases could be due to a lack of 294 

time to detect ROMs in birds’ plasma or because damage would have been cleaned up after its production 295 

by antioxidant defenses, but this is unlikely since no relationship occurred between them (see above). 296 

Nevertheless, despite this absence of relation, oxidative damage has been found to negatively relate with 297 

energy expenditure (mean daily VeDBA) during chick rearing. This relationship reveals that greater 298 

energy expenditure while rearing chicks (e.g., higher foraging effort), produced lower levels of oxidative 299 

damage. This result disagrees with the simplistic trade-off model and our prediction that increasing 300 

energy requirements and thus, metabolism, likely increases the rate of oxidative stress because ROS 301 

production may increase resulting in more oxidative damage (Alonso-Alvarez et al. 2004; Costantini et al. 302 

2008; Costantini 2008). The simple relationship where increased metabolism leads to oxidative stress 303 

because ATP produced during oxidative phosphorylation results to by-production of ROS (Finkel and 304 

Holbrook 2000; Harman 1956), is complex and still under discussion; and in some cases, depends on 305 

mechanisms at the level of mitochondrial inner membranes (Speakman and Garratt 2014; Salin et al. 306 

2015; Koch et al. 2021). Therefore, our negative correlation between oxidative damage and VeDBA 307 

during chick rearing could be explained by the following mechanisms which all contribute to reduce ROS 308 

production when metabolism increases (Speakman and Garratt 2014, Koch et al. 2021): (i) a reduction in 309 

the inner-membrane potential by uncoupling proteins (increasing the flow of protons back through the 310 

inner membrane to the matrix), reducing free-radical production without generating ATP (Speakman and 311 

Garratt 2014); (ii) increments in metabolic rate (ATP production) which might lower local levels of 312 

oxygen partial pressure also reducing ROS production (Barja 2007); (iii) other impacts of uncoupling 313 
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proteins to ROS production (e.g. altering substrate utilisation patterns; Speakman and Garratt 2014). 314 

Overall, our results seem to partially agree with our prediction because only during the most energetically 315 

demanding phase (chick rearing; Gales and Green 1990, Cianchetti-Benedetti et al. 2017), a link between 316 

energy expenditure and oxidative stress occurred. But, instead of increasing, oxidative damage decreased 317 

with an increment of energy expenditure, highlighting the role of, for example, uncoupling proteins. This 318 

would also agree with the statement in seabirds that short distance foraging (during chick rearing in our 319 

study) results in greater foraging costs compared to longer movements (during incubation in the present 320 

study; Weimerskirch et al. 2003) although no differences were found for VeDBA between breeding 321 

phases. Finally, oxidative stress has been also related to pollutants (Isaksson 2010), but pollutants are an 322 

unlikely driver here because little impact has been previously found in the same studied population 323 

(including oxidative status; see Costantini et al. 2017). 324 

To solve the conflict between self-feeding and feeding the chick, pelagic seabirds present a dual 325 

strategy using long and short foraging trips, respectively (Weimerskirch et al. 1994). In our study, 326 

individuals during incubation flew about 2.3 times further away compared to chick rearing (Table 2 and 327 

Fig. 3). Recent results showed that the studied population maximized their foraging effort (short foraging 328 

trips and more frequent dives) during early chick-rearing compared to late-chick rearing and incubation 329 

(Cianchetti-Benedetti et al. 2017). Thus, our results (higher TRI levels and greater weight increment in 330 

incubation than chick rearing) agree with the previous because body stores could have been acquired 331 

during self-feeding long trips in incubation, and they could have been used for the success of short trips 332 

during chick rearing to feed the descendants, where the self-feeding energy seems minor. Alternatively, 333 

higher TRI and greater weight increment during incubation might suggest a diet based on high quality 334 

prey items during incubation than while rearing chicks, probably because long trips allowed shearwaters 335 

to reach richer foraging grounds. Due to chick rearing demands (i.e. foraging must be close to the colony 336 

to enable frequent feeding trips for chicks, see Fig. 3), prey items encountered at this time would present 337 

lower quality reducing fat stores (TRI) and increase their loss of weight.  338 

The different activities of incubation and chick rearing may generate different costs in terms of 339 

stress due to the effects of homeostasis disruption on hematological parameters such as production of 340 

leukocytes (Kulaszewicz et al. 2018). Changes in leukocytes can be triggered by stress hormones (e.g. 341 

glucocorticoids) when homeostasis is disrupted, as occurred in other seabird species (e.g. Little auk, Alle 342 

alle) when most energetically demanding activities (chick rearing) increased stress hormones and 343 
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consequently, H/L ratios (Wojczulanis-Jakubas et al. 2015). Thus, H/L ratio have been extensively used 344 

as a marker of stress in birds (Davis et al. 2008), and has been also seen to increase with parental effort in 345 

birds (Ilmonen et al. 2003; González-Medina et al. 2015; but see Suorsa et al. 2004). Our results showed 346 

greater H/L ratios, heterophils and eosinophils, but lower lymphocytes during chick rearing than 347 

incubation. Nevertheless, monocytes did not differ between studied periods. These results agrees with our 348 

prediction because chick rearing in our study species demanded higher energy requirements due to 349 

parental duties (e.g. higher diving rates, especially during the early stage; Cianchetti-Benedetti et al. 350 

2017) compared to incubation, which is considered as a less energy demanding period although presents 351 

some costs (e.g., fasting, egg formation and thermal demands; Astheimer & Grau 1985; Davis, Croxall & 352 

O'Connell 1989; Moreno & Carlson 1989; Gales & Green 1990; Monaghan & Nager 1997 and references 353 

therein; Reid, Monaghan & Ruxton 2000; Visser & Lessells 2001, Schull et al. 2016). Thus, shearwaters 354 

seem to incur higher physiological costs with the progress of the breeding season due to increasing 355 

parenting demands from incubation to chick rearing and consequently, also decreasing their immune 356 

condition. Heterophils and eosinophils showed opposite trends than lymphocytes during chick rearing, 357 

being high and low, respectively. Birds respond to stress by redistributing heterophils to the blood and 358 

lymphocytes from the blood to other body compartments (Davis et al. 2008 and references therein), which 359 

again makes our results support the hypothesis that chick rearing is one of the most energetically 360 

demanding phases of the whole annual energetic cycle (see Gales and Green 1990 for an example in 361 

penguins). The vertebrate immune system consists of two major components: the innate immunity and the 362 

acquired immunity (Norris and Evans 2000; Roitt et al. 2001). Heterophils, included in the former, are 363 

phagocytic cells that react non-specifically to a variety of pathogens (e.g. bacteria and fungi), whereas 364 

lymphocytes, included in the latter, are antigen-specific with immunological memory producing cell-365 

mediated and humoral (antibody) responses. Thus, as the numbers of heterophils increased and those of 366 

lymphocytes decrease along chick rearing compared to incubation, each breeding phase may drive either 367 

to a different immunological investment (more innate towards chick rearing and acquired towards 368 

incubation) or to a distinct immunological trade-off based on the energy requirements of each stage.  369 

Many seabird populations show sexual segregation due to differences in morphology and 370 

reproductive role (Clarke et al. 1998; Cook et al. 2007; Dehnhard et al. 2011; Quintana et al. 2011; Rey et 371 

al. 2012). Consequently, such dissimilarity might lead to behavioural differences (e.g. nest defence, 372 

Amat, Carrascal & Moreno 1996; foraging strategies and habitat use, Beaulieu et al. 2010, Quillfeldt et al. 373 



14 

2011, Rey et al. 2012, Widmann et al. 2015; or diet, Paredes et al. 2008, Dehnhard et al. 2011) and, 374 

ultimately, may have an effect on physiology (Wiersma et al. 2004; Alonso-Alvarez et al. 2004; 375 

Costantini et al. 2014b; van der Meer and van Oers 2015). For example, Colominas-Ciuró et al. 2018 376 

found sexual segregation in foraging strategies to be the reason why Adélie penguins showed different 377 

strategies for coping with increased reproductive costs in terms of oxidative status and stress (H/L ratio) 378 

depending on their sex (see scenarios proposed by Colominas-Ciuró et al. 2017b). Although sexual 379 

dimorphism is known in our studied species (larger males than females), sexes do not apparently differ in 380 

their feeding ecology (Navarro et al. 2009; Cianchetti-Benedetti et al. 2017; Cianchetti-Benedetti et al. 381 

2018; but see Paiva et al. 2017 because sexual segregation in foraging may occur in years of great 382 

environmental stochasticity). Therefore, our results did not show sexual differences except for the number 383 

of monocytes which were higher in males than females along the whole study period. Higher numbers of 384 

monocytes have been associated with the presence and severity of a bacterial diseases in birds (Davis et 385 

al. 2004). Thus, the influence and presence of pathogens may differ between sexes. In addition, 386 

antioxidants are relevant when mounting an immune response, not only for mitigating oxidative stress in 387 

host tissues when fighting against pathogens and/or parasites, but also because dietary antioxidants (e.g. 388 

vitamin E or carotenoids) may stimulate the immune response (Qureshi et al. 2000, Blount et al. 2003, 389 

Segal 2005, Halliwell 2006). Hence, the idea of pathogens influencing shearwaters depending on their sex 390 

is reinforced by the positive relationship between the number of monocytes and OXY found in males (see 391 

Fig. 5b).  However, special caution must be taken here regarding the low number of monocytes with 392 

respect to all leukocytes (see Table 1 in the Electronic Supplementary Material).  393 

 394 

Conclusions 395 

Our results seem to support chick rearing to be more energetically demanding than incubation as 396 

demonstrated by high stress levels (H/L ratio) during the former. Also, the high energetic demands of this 397 

period were expected to increase metabolism and the rate of oxidative stress, but surprisingly, the levels 398 

of oxidative damage decreased with an increment of energy expenditure (VeDBA), likely due to 399 

uncoupling proteins or low levels of oxygen partial pressure at the level of mitochondrial inner 400 

membranes. Further (more distant) and longer (more days) foraging trips were performed during 401 

incubation, when antioxidants showed low levels compared to chick rearing due to incubation fasting, a 402 

change in diet, or a combination of these factors, but unlikely because of oxidative shielding since no 403 
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relation was found between oxidative damage and antioxidant capacity. Higher fat stores and mass gain 404 

during incubation suggested that body stores were obtained during self-feeding long incubation trips and 405 

could have been used for the success of short trips when rearing chicks. An alternative explanation is 406 

based on diet quality (better during incubation than during chick rearing) and provisioning requirements 407 

(greater during chick rearing). Finally, monocyte results suggested sexual differences in immune profiles 408 

that requires further research. Overall, we can conclude that physiological adjustments occur during 409 

different breeding phases in Scopoli’s shearwaters and reflect energetic demands and costs associated 410 

with different species-specific breeding activities (e.g., foraging strategies affected by habitat 411 

characteristics and the availability and distribution of trophic resources). 412 
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Tables and table legend 674 

Table 1. Results of a general linear mixed models (GLMMs) examining the effects of Scopoli’s shearwaters breeding periods, sex, its interaction and 675 

laying date on oxidative status (total plasma antioxidant capacity, OXY; and oxidative damage, ROM) and triglycerides (TRI). For more details, see the 676 

Material and Methods section. 677 

 678 
 679 
 680 
 681 
 682 
 683 
 684 
 685 
 686 
 687 
 688 
 689 
 690 

*indicate significant difference (P < 0.05) 691 
  692 

 OXY  Log10ROM  Log10TRI 

 Estimate DF F p  Estimate DF F p  Estimate DF F p 

Period 44.766 1,31.483 3.6e+5 <0.001*  -0.045 1,27.393 1.129 0.297  -0.013 1,34.296 16.446 <0.001* 

Sex -3.664 1,25.536 0.439 0.514  0.013 1,25.596 0.118 0.734  0.001 1,28.794 0.106 0.747 

Laying 

date 
0.635 1,30.124 0.155 0.697  -0.004 1,31.365 0.123 0.728  0.001 1,32.133 2.169 0.151 

Period*  

Sex  
2.883 1,31.487 1507.5 <0.001*  -0.012 1,25.934 0.103 0.751  0.009 1,28.955 9.77 0.004* 
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 693 

Table 2. Results of a general linear mixed models (GLMMs) examining the effects of Scopoli’s shearwaters breeding periods, sex, its interaction and laying date on the 694 

increment of weight between studied period, maximum distance flown, energy expenditure (VeDBA) and length of the foraging trips. For more details, see the Material 695 

and Methods section. 696 

*indicate significant difference (P < 0.05) 697 
 698 
 699 
  700 

 Weight increment  Maximum distance flown  mean daily VeDBA  Log10Trip length 

 Estimate DF F p  Estimate DF F p  Estimate DF F p  Estimate DF F p 

Period -61.648 1,52 87.885 <0.001*  -118.987 1,33 27.581 <0.001*  0.402 1,35 0.326 0.571  -0.369 1,35 73.801 <0.001* 

Sex 0.819 1,52 0.016 0.901  13.512 1,33 0.339 0.564  -0.55 1,35 0.585 0.45  0.05 1,35 1.273 0.267 

Laying 

date 
-1.4 1,52 0.691 0.41 

 
6.293 1,33 1.457 0.236  0.191 1,35 1.609 0.213  0.004 1,35 0.149 0.702 

Period*  

Sex 
4.102 1,52 0.39 0.535 

 
1.690 1,33 0.005 0.944  1.533 1,35 4.42 0.043*  -0.005 1,35 0.013 0.91 
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Table 3. Results of a general linear mixed models (GLMMs) examining the effects of Scopoli’s shearwaters breeding periods, sex, its interaction and 701 

laying date on heterophils, lymphocytes and stress (H/L ratio). For more details, see the Material and Methods section. 702 

*indicate significant difference (P < 0.05) 703 
 704 
 705 
 706 
  707 

 Heterophils  Lymphocytes  H/L ratio 

 Estimate DF F p  Estimate DF F p  Estimate DF F p 

Period 3.139 1,36.889 5.775 0.021*  -7.982 1,17.945 26.792 <0.001*  0.176 1,51 17.19 <0.001* 

Sex -0.636 1,27.127 0.311 0.582  0.149 1,25.573 0.011 0.917  -0.023 1,51 0.283 0.597 

Laying date -0.021 1,31.858 0.004 0.953  -0.23 1,31.489 0.273 0.605  0.009 1,51 0.629 0.431 

Period*  Sex -1.413 1,27.239 1.515 0.229  0.177 1,18.877 0.018 0.896  -0.049 1,51 1.33 0.254 
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Table 4. Results of a general linear mixed models (GLMMs) examining the effects of Scopoli’s 708 

shearwaters breeding periods, sex, its interaction and laying date on eosinophils and monocytes. 709 

For more details, see the Material and Methods section. 710 

*indicate significant difference (P < 0.05) 711 

 Eosinophils  squared rooted Monocytes 

 Estimate DF F p  Estimate DF F p 

Period 4.615 1,18.293 12.866 0.002*  -0.007 1,0.028 0.029 0.976 

Sex 1.574 1,49.705 1.208 0.277  -0.286 1,27.824 6.639 0.016* 

Laying date 0.388 1,50.175 1.083 0.303  -0.022 1,29.098 0.565 0.458 

Period*Sex  1.375 1,18.383 1.145 0.299  -0.108 1,028 7.53 0.908 
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Figure Legends 712 

Fig. 1 Differences in antioxidant capacity (a), triglycerides (b), weight increment (c), maximum distance 713 

flown (d) and trip length (e) between reproductive periods (incubation and chick rearing) of Scopoli’s 714 

shearwaters breeding in 2016 at Linosa (Italy). Circles show model-predicted means ± standard errors.     715 

Fig. 2 Differences in heterophils (a), lymphocytes (b), H/L ratio (c) and eosinophils (d) between 716 

reproductive periods (incubation and chick rearing) of Scopoli’s shearwaters breeding in 2016 at Linosa 717 

(Italy). Circles show model-predicted means ± standard errors.     718 

Fig. 3 Kernel distributions representing the home range and foraging areas (95%, 75% and 50%, from the 719 

lighter to darker colour) calculated from GPS positions of Scopoli’s shearwaters during two different 720 

periods of the breeding season 2016 at Linosa (Italy). a) incubation, in orange to dark red and b) chick 721 

rearing from light to dark green. 722 

Fig. 4 Relationships between oxidative damage (log10 ROMs) and energy expenditure (average daily 723 

VeDBA) of Scopoli’s shearwaters during incubation (white circles and dash line) and chick rearing (black 724 

circles and solid line) in 2016 at Linosa (Italy).  725 

Fig. 5 Sex differences in monocytes of Scopoli’s shearwaters breeding in 2016 at Linosa (Italy) (a), circles 726 

show model-predicted means ± standard errors. Also, male (black circles and solid line) and female (white 727 

circles and dash line) relationships between antioxidant capacity and monocytes (b). 728 

 729 
















