

Energy expenditure of Adélie penguins during the breeding season: females pay the cost in low food availability years
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[bookmark: _gyopyyjelf6r]Changes in prey availability can lead to mismatches between consumers and resources, decreasing the fitness of consumers, especially during periods of high energy demand such as reproduction. We investigated inter-seasonal variations in the foraging behaviour of chick-rearing Adélie penguins (Pygoscelis adeliae) in a declining colony in the West Antarctic Peninsula to assess the impact of changes in prey abundance. Specifically, we analysed how these changes affect the energetic cost of males and females during the breeding season. Using information from foraging trips, diet, body condition, and daily energy expenditure of 38 Adélie penguins breeding in Ardley Island, King George Island, in 2019/20 and 2021/22, we found that during low food availability conditions, penguins were forced to increase their foraging effort, and the body mass was lower. Specifically, females extended their foraging trips, resulting in 40% higher energy expenditure compared to a year with high prey availability. We observed no significant changes in physiological condition, breeding success, or trophic niche. The lower fat reserves and higher energy expenditure of females during the breeding season with low food availability may render them more vulnerable to the challenging conditions of the winter season, with potential negative consequences on population trends.
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1. Introduction
Behaviour is a key determinant of the resilience of animal species to a rapidly changing climate (Buchholz et al., 2019). Unusual weather conditions provide valuable opportunities to understand the role of behavioural flexibility in the ability of animals to cope with novel conditions and hence, the role of behaviour in buffering the impacts of climate change on population persistence. The annual cycles of seasonally breeding birds involve key life history events such as reproduction, migration and winter survival, shaped by fluctuating resources and environmental conditions (Buehler and Piersma, 2008). To cope with the challenge of seasonal survival, animals must adjust their behaviour and balance their energy acquisition and expenditure (Karasov, 1986; Dunn et al., 2020). At high latitudes, the temporal window for the breeding season is limited and often strongly coupled with seasonal peaks in food availability (Forcada and Trathan, 2009; Chapman et al., 2010). The match-mismatch hypothesis predicts that predators breed more successfully in years in which the most energetically demanding phase of their breeding cycle overlaps extensively with the seasonal peak in prey availability (Cushing, 1990; Durant et al., 2007). This means that a temporary mismatch between food supply and energy demand must be addressed by parents, affecting foraging costs and individual fitness (e.g., Nicol et al., 2008; Forcada and Trathan, 2009; Chapman et al., 2010; Joly et al., 2022).
Biparental care is essential for offspring success and is widespread among birds. Parental investment is often not equally shared, with sex-related differences in foraging and provisioning behaviour (Lack, 1968). These differences are particularly pronounced in sexually dimorphic species, yet sex-specific foraging patterns have been widely reported in monomorphic or slightly size-dimorphic seabird species (e.g., Gray and Hamer 2001; Lewis et al., 2002; Welcker et al., 2009). Sex-specific foraging behaviours are generally considered to result from different energetic or nutritional needs between the sexes (Gray and Hamer 2001; Lewis et al., 2002; Welcker et al., 2009); from intersexual competition, causing one sex to be spatially displaced or to forage in different niches (González-Solís et al., 2000; Miller et al., 2018); and differences in nest attendance rhythms (Aguilera, 1990).
Reproduction is an energetically costly period for central-place foragers, such as seabirds (Ellis and Gabrielsen, 2002; Dunn et al., 2018). During this time, they must frequently return to the colony to incubate their eggs or to feed their offspring. Their movements are thus spatially and temporally restricted to exploit resources within a given range around the colony (Orians and Pearson, 1979). Therefore, parents incur high values of energy expenditure by making physiological and behavioural adjustments to maintain their body condition while meeting the increasing energetic requirements of their chicks (Drent and Daan, 1980; Dunn et al., 2020). In a context of global environmental changes, understanding animals' capability to modify their trophic niche or foraging behaviour in response to changes in food availability, while meeting parental energy demands, is essential to assess the potential impact of these changes on populations. Here we assess the impact of changes in food availability on the trophic niche and foraging behaviour of one of the most widespread vertebrates of Antarctica, in one of the regions of the globe most affected by climate change: Adélie penguins (Pygoscelis adeliae) in the Antarctic Peninsula. 
The Adélie penguin is a migratory and pagophilic species (Ainley, 2002), considered an indicator species as it is highly sensitive to changes in the ecosystem (Boersma, 2008). In western Antarctic Peninsula (WAP), a large decline in their breeding populations had been reported at several colonies and linked to rapid environmental changes in the region (Trivelpiece et al., 2011; Fraser et al., 2013; Lynch and LaRue, 2014; Juáres et al., 2015). Climate change have profound effects on both marine and terrestrial environments, impacting penguins' overwinter pack-ice habitat, food resources, and physical conditions of nesting sites (Massom et al., 2006; Hinke et al., 2007, 2012, 2017; Trivelpiece et al., 2011; Fraser et al., 2013; Cimino et al., 2023; Salmerón et al., 2023). Overall, the limited flexibility of Adélie penguins to adapt their breeding chronology according to local conditions, the decline in prey availability during the breeding season, and overwintering processes affecting the survival of juveniles and adults have been proposed as the main factors determining such declines (Hinke et al., 2007, 2012; Emmerson et al., 2011; Lynch et al., 2012; Juáres et al., 2013; Cimino et al., 2016).
The Antarctic krill (Euphausia superba) currently constitutes the main prey for Adélie penguins breeding populations of the northern WAP (Trivelpiece et al., 2011; Negrete et al., 2016; Juáres et al., 2018). In this region, Antarctic krill is being affected by ongoing environmental changes, with a decrease in recruitment and abundance, and a southward contraction associated with the continuous decline in the winter sea-ice extent, increase in the sea surface temperature and decline in marine primary production (Montes-Hugo et al., 2009; Hill et al., 2019; Atkinson et al., 2019, 2022). Furthermore, in recent years, Bransfield Strait and the South Shetland Islands have become a hotspot for the krill fishery (Santa Cruz et al., 2018), leading to interference competition with krill predators (Watter et al., 2020). Coupled climate events and fisheries may exacerbate local effects on krill abundance (Watters et al., 2020; Krüger et al., 2021), highlighting the urgent need to understand how fluctuations in krill abundance may impact on dependent marine predators in this region (Hogg et al., 2020; Watters et al., 2020; Krüger et al., 2021; Trathan et al., 2022). Chapman et al. (2011) also postulates that the absence of Antarctic silverfish (Pleuragramma antarctica) in the diet of Adélie penguins in the Antarctic Peninsula may have resulted in lower quality (energy content) chick diets, making it difficult for adult Adélie penguins to produce chicks that will recruit. Under  current and projected climate change scenarios in the WAP, Adélie penguins, as a species with limited flexibility in the timing of breeding and high dependence on Antarctic krill provide an exceptional case study to understand the potential consequences on populations persistence of climate-driven mismatches between the periods of highest energy demand and maximum food availability (Chapman et al., 2010; Cimino et al., 2023).
Adélie penguins show considerable foraging behavioural flexibility in response to fluctuations in food availability, modifying the distance and duration of foraging trips (Watanuki et al., 1993; Nicol et al., 2008; Lescroël et al., 2020) and the depth of dives (Ainley et al., 2015; Lescroël et al., 2023). With a slight sexual size dimorphism (Ainley and Emison, 1972) their feeding ecology also shows sex-specific differences. Females tend to forage farther, longer, and dive shallower, while males exploit waters closer to the colony and dive deeper (Clarke et al., 1998; Watanuki et al., 2002; Ballard et al., 2010; Lescroël et al., 2010; Widmann et al., 2015). These differences have been attributed to the different energetic needs of females (Chappell et al. 1993a; Clarke et al. 1998; Colominas‑Ciuró et al., 2018), differences in diving capacity and to intra-specific competition for segregation in foraging habitats or diet (Widmann et al., 2015; Massaro et al., 2020). In some colonies, foraging success has been suggested as a determinant factor of their survival and reproductive success (Ballard et al., 2010; Lescroël et al., 2010), with episodes of total breeding failure or low offspring survival linked to poor foraging conditions (Emmerson and Southwell, 2008; Ropert-Coudert et al., 2015; Cimino et al., 2023).
Some studies have analysed the energetic cost of changes in foraging behaviour in response to fluctuations in krill availability for Adélie penguins (e.g., Nagy and Obst, 1992; Chapell et al., 1993; Ballance et al., 2009; Watanabe et al., 2020), however, none of them address how changes in prey availability affect the energy cost of males and females. Therefore, the main objective of our study is to analyse differences in energy expenditure during the breeding season of Adélie penguins from a colony in King George Island/Isla 25 de Mayo in two seasons with large differences in krill availability (Salmerón et al., 2023). We also explore whether this energetic cost differs between males and females. We combined information from previous work on the characteristics of their foraging trips (Machado-Gaye et al., 2024), diet (based on stable isotope analysis), body condition, and daily energy expenditure derived from accelerometry data. The findings reported for the same colony showed differences in foraging behaviour between seasons with differences in prey availability, so here we aim to test the following hypotheses: a) changes in foraging behaviour due to reduced food availability increases the energy expenditure of Adélie penguins, b) Adélie penguins modify their trophic niche to buffer the effects of differences in krill availability, and c) the increase in energy expenditure associated with increased foraging effort exhibits sex-specific differences.
2. Materials and Methods
2.1 Field work
Fieldwork was conducted at Ardley Island (62°13′ S, 58°56′ W), in the southwest of King George Island/Isla 25 de Mayo, South Shetland Islands, within the Antarctic Specially Protected Area (ASPA) N°150, during the early guard stage of the 2019/20 and 2021/22 breeding seasons (Fig. 1). Between December 6th and 24th, a total of 38 breeding Adélie penguins (19 in 2019/20; 19 in 2021/22) were equipped with data-loggers (Axy-Trek, 70 x 40 x 15 mm, 69 g; TechnoSmart, Italy) including GPS, accelerometer, and both pressure and temperature sensors. We captured only one member of the pair in nests with two chicks, mainly by hand, with the occasional aid of a long-handled net. We also captured chicks during adult handling to protect them from predators. The recorders were attached on the birds’ lower back feathers using black Tesa® 4651 tape (Wilson et al., 1997). The loggers used represent about 1% of the body mass of an adult Adélie penguin (mean for birds in this study 5112 ± 1431 g). The loggers were programmed to record positions every 5 min, pressure (in millibars) and temperature at 1 Hz and acceleration along the 3 body axes of the penguins: longitudinal (surge), dorso-ventral (heave) and lateral (sway) at 50 Hz. After the deployment procedure and immediately before the release of the adult bird, we returned the chicks to the nest, and released the adults some 10 m from their nests. All birds returned to their nests and attended their chicks shortly after being released.
Individuals were recaptured in the nest to recover the devices after 3-7 days and the body mass was weighed. Blood samples were collected immediately after capture via a peripheral foot vein using a sterilized needle and heparinized capillary tubes and five body feathers were plucked from the belly. A small amount of blood was collected in FTA cards for molecular sex determination and one drop of blood was smeared on microscope slides, air-dried and fixed in 96% ethanol for 5 min for measurement of body condition estimates. Remaining blood was preserved in ethanol for subsequent δ13C and δ15N analyses. During the study seasons, we also counted the number of active nests at the end of November (before hatching) and the number of surviving chicks in early January (in the crèche stage close to fledging), to calculate the breeding success of the colony (defined as the number of fledglings divided by the number of active nests).
Finally, in order to describe differences in prey abundance in the area, we used the information on krill acoustic reported by Salmerón et al. (2023) in the surroundings of Nelson Island. In the study, the authors conducted acoustic transects between December 2019 and January 2020, and during January 2022. Although the transect analysed by these authors slightly differs with foraging area used by the penguins tagged in Ardley Island, we assume it reasonably reflects krill abundance in our study area (Fig. 1; but also see Fig. 1 in Salmerón et al. (2023)). The authors found that in 2019/20 krill were more abundant but also more available to penguins, as swarms were found at a shallower depth than in 2021/22.
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Figure 1. Tracking locations of Adélie penguins breeding in Ardley Island (red dot) (King George Island/Isla 25 de Mayo) during early guard stage in 2019/20 and 2021/22 seasons. The black dotted line represents the area of the krill acoustic transects carried out in both seasons, modified from Salmerón et al. (2023).
2.2 Data processing
From 38 deployments, we obtained 33 complete sets of GPS and dive data, comprising location, time, and dive depth, which we used in the following analyses. GPS data were analysed using the R software (version 4.1.3; R Core Team 2022). A speed filter set to 7 km.h-1 was applied to remove unrealistic velocity, and foraging trips were defined from the time the birds moved more than 50 m from the nest to the sea until the time they were within 50 m of the nest again. For each individual, we calculated total trip duration, total trip distance as the cumulative horizontal distance between all GPS locations per bird per trip, and maximum distance to the colony as the straight line distance between the colony and the furthest point of a trip. Dives were analysed using the software Igor Pro Version 6.37 (Wavemetrics). Pressure (mBar) was converted to water depth (m), surface line (0 m) was visually checked and corrected manually when needed. Only dives deeper than 1 m were included due to possible measurement error in instruments and surface waves (Takahashi et al., 2003; Kato et al., 2009). For each dive, we calculated the dive depth (m) (determined as the deepest point of the dive), total dive duration (s), bottom time duration (s) (start and end of bottom time were defined as the first and last time in a dive when the depth change rate was < 0.25 m.s−1). Maximum dive depth recorded on each trip was also calculated.
2.3 Calculation of energy expenditure
Energy expenditure is classically measured in relation to the activity level of an animal. At the organismal level, field metabolic rate (FMR) is the total sum of energy that a free-ranging animal metabolizes over a specified period of time (Dunn et al., 2018). Average FMR per 24 hr-period is also routinely used to calculate daily energy expenditure (DEE; Grémillet et al., 2018). To calculate DEE (KJ g-1 day-1) during at sea foraging trips, we used the existing DEE vs activity-specific dynamic body acceleration (DBA) relationship built and validated for Adélie penguins (Hicks et al., 2020).
Accelerometry data were analysed using the software Igor Pro Version 6.37 (Wavemetrics). DBA was calculated by smoothing data for each axis across a 1-s period to calculate the static acceleration, and then subtracting the static acceleration from the raw acceleration values. As a metric for bird activity levels, we calculated the vectorial dynamic body acceleration (VeDBA) as the square root of the sum of the squares of dynamic body acceleration in the three axes: VeDBA = √(A2X + A2Y+A2Z) where Ax, Ay and Az are the derived dynamic accelerations at any point in time corresponding to the three orthogonal axes of the accelerometer (Hicks et al., 2020). For all individuals, we calculated the proportion of time spent on land and in water during a foraging trip (time budget) and the mean VeDBA value for each. We also calculated total VeDBA as the mean behavioural DBA value multiplied by the duration of time spent in that behaviour per day. To calculate the DEE we used the calibrated equation (4) for Adélie penguins proposed by Hicks et al. (2020): DEE = (4.54 x 10-1 ± 4.09 x 10-2) + (1.93 x 10-5 ± 1.76 x 10-6) VeDBAWater + (−1.16 × 10-5 ± 5.25 × 10-6) VeDBALand + (−3.08 × 10-2 ± 2.09 × 10-2) Sex.
2.4 Stable isotope analysis
The stable isotope value in a tissue reflects the diet composition and foraging habitat of seabirds during the time of synthesis. The analysed carbon (δ13C) and nitrogen (δ15N) stable isotope values of whole blood allowed us to compare the diet the penguins fed their chicks during the study period, as whole blood provides dietary information integrated of approximately 20 days (Barquete et al., 2013; but also see Bearhop et al., 2000). Isotope analyses were performed at the LIttoral ENvironnement et Sociétés (LIENSs) laboratory, La Rochelle University, with a mass spectrometer (Delta V Plus with a Conflo IV interface, Thermo Scientific, Bremen, Germany) coupled to an elemental analyser (Flash 2000, Thermo Scientific, Milan, Italy). Prior to analyses, blood samples were freeze-dried for 24 h, homogenized to powder and aliquots between 0.1 to 0.5 mg were weighed into tin capsules (8 × 5 mm, Elemental Microanalysis Ltd, Okehampton, United Kingdom) using an analytical balance. Stable isotope values were conventionally expressed as δ values in ‰, using the following equation: δX =([Rsample/Rstandard]-1 × 1000), where Rsample is the ratio of the heavy to light isotope for either 13C/12C or 15N/14N, and Rstandard is the heavy to light isotope ratios for international standards - Vienna PeeDee Belemnite for carbon (VPDB), and atmospheric nitrogen (Air-N2) for nitrogen. Quality control was done using reference materials USGS-61 and USGS-63 (US Geological Survey, Reston, VA, USA) based on their assigned carbon and nitrogen isotope-delta values and standard uncertainties (i.e., -35.05 ± 0.04 ‰ and -1.17 ± 0.04 ‰ for carbon, respectively, and -2.87 ± 0.04 ‰ and +37.83 ± 0.06 ‰ for nitrogen, respectively). The uncertainty of the reported isotope values was evaluated as the standard deviation of repeated (n = 8) measurements of each reference material (i.e., USGS-61 and USGS-63) within a single group of analyses. Uncertainty does not exceed 0.06 ‰ for δ13C values and 0.12 ‰ for δ15N values. 
Finally, intact specimens of 3 to 4 whole adult Euphausia superba were taken from regurgitate samples collected during the season 2020/21, to represent the sources for analysis. Lipids were removed from prey samples using a 2:1 chloroform:HCl mixture solution. Isotope analyses were performed at the Center for Stable Isotopes, University of New Mexico. We calculated the trophic position for each individual following the model proposed by Post (2002) TP = 𝝀 (δ15Nsecondary consumer - δ15Nbase)/Δn, where 𝝀 is the trophic position of the organism used to estimate δ15Nbase (e.g.,  𝝀 = 1 for primary producers), δ15Nsecondary consumer is measured directly, and Δn is the enrichment in δ15N per trophic level. We assumed that diet tissue fractionation factors (Δn) for δ15N was + 2.7 ‰ between lipid-free prey and penguin whole blood (Cherel et al., 2005).
2.5 Body condition parameters
The blood smeared on microscope slides was stained with Giemsa pH 7.2 (Masello et al., 2021). Areas of blood smear where the blood cells had separated in a monolayer with similar density of cells were analysed from the x and y axes under light microscope. For each smear we obtained (1) the White Blood Cells (WBC) total count, and (2) the heterophils and lymphocytes ratio (H/L) as physiological health and stress status. The total count of WBC provides information about the general level of immune response of the individual. It was performed counting the number of WBC in 10 visual fields at x400 magnification as a standardized method (Menéndez-Blázquez et al., 2021). The differential leucocyte profile was calculated as the percentage of the difference of WBC of a total of 100 at x1000 amplification (oil immersion). From this profile, we evaluated the H/L ratio, which has been successfully applied as an indicator of physiological status and effort (high ratio = high stress) (Davis and Maney, 2018). Smears analysis was made by the same observer in order to reduce variability and biases derived from identification.
As a proxy for body condition, we also measured adult body mass, considering it as an indicator of the energy reserves for the chick rearing period. Body mass of adult penguins were measured using a Pesola spring balance after recapture and tracking devices removal.
2.6 Sex determination
Molecular methods were employed for sex determination using blood and feather samples. DNA was extracted from blood using the DNA Blood and Tissue Kit (QIAGEN, Germany), performed in the laboratory of the Museo Nacional de Ciencias Naturales (Spain), and from feathers using the PrepGem Universal kit (MicroGem; Southampton, UK) performed at Instituto de Investigaciones Clemente Estable (Uruguay), both according to the manufacturers' instructions. The latter was used when blood samples were unavailable or insufficient. Sex identification was performed via PCR using primers P2 and P8 (Griffiths et al., 1998) in a 20 µL reaction containing 1x Platinum Multiplex Master Mix (Invitrogen Life Technologies, Carlsbad, California), 0.5 µL of each primer, and 50 ng of genomic DNA. The P2 primer was labeled with FAM to facilitate fragment size analysis by capillary electrophoresis. The PCR profile included an initial denaturation at 94°C for 10 min, followed by 35 cycles of 94°C for 30 sec, 47°C for 1 min, and 72°C for 1 min, with a final extension at 72°C for 10 min. Both positive and negative controls were included in each PCR run, using known sex samples of Gubernatrix cristata. The PCR products were verified by 1% agarose gel electrophoresis, and those from feather analysis, sent to the Unidad de Secuenciación at Hospital de Clínicas, Dr. Manuel Quintelas (UdelaR, Uruguay), for fragment analysis. Genotype assignment was conducted using GeneMarker 2.4.0 (Softgenetics LLC, State College, Pennsylvania), identifying males as homozygotes (370/370 bp) and females as heterozygotes (370/388 bp).
2.7 Statistical analyses
To test for differences between seasons and sexes in the variables analysed we used different statistical models, to account for differences in the response variables and their effects on models assumptions. For each model, a residual analysis was performed to test the homoscedasticity and normality of the residuals. When these did not meet models’ assumptions, a different model was selected. When significant differences between seasons and sex were detected, we performed Tukey's post hoc tests using the multcomp package (Hothorn et al., 2008). In each model, the season and sex were considered as an independent factorial variable and the individual as a random effect to account for repeated measures of the same individual. For the only continuous response variable with normal distribution (maximum dive depth per trip) we used linear mixed models (LMM) implemented in the R package lme4 (Bates et al., 2015). Continuous response variables that did not present a normal distribution (trip duration, maximum trip distance and total trip distance) were log-transformed. For the variables that did not have repeated measures by individual (adult body mass, daily energy expenditure and isotopic values of δ13C and δ15N) we used two-way analysis of variance (ANOVA), with the season and sex as factors. For the response variables that did not fit a normal distribution due to a high number of observations with low values (dive duration, depth and bottom time), we compared between seasons and sexes using generalized linear mixed models (GLMM) using the Tweedie distribution family (with the index of power variance function selected according to response variable distribution) and a log-link function (Foster and Bravington, 2013). implemented in the lme4 and statmod packages. Variation in breeding success between seasons was evaluated with X2-tests.
Ethical Note
All penguin handling procedures were reviewed and approved by the Honorary Commission of Animal experimentation of Uruguay (CHEA protocol N° 1312). We were always careful to minimize the stress of the captured individuals by covering their eyes during handling and ensuring that handling time was always less than 15 minutes. After the birds were released, we always made sure that they returned to their nests and attended to their chicks.
3. Results
Though breeding success did not differ significantly between the two seasons (Chi-square test: X2=0.11, df= 1, p=0.7), foraging behaviour of Adélie penguins varied substantially between breeding seasons (Table 1 and Fig. 1). The interaction between season and sex was not significant. We found significant differences between seasons, with longer foraging trips during 2021/22, in terms of duration (LMM: F= 22.40, p<0.001) and the maximum and total distance reached (LMM: F= 11.10, p<0.01; LMM: F= 17.08, p<0.001, respectively). In addition, we found differences between sexes, with female Adélie penguins making longer trips in terms of duration (LMM: F= 4.50, p<0.05). Maximum dive depth per trip was deeper in 2021/22 compared to 2019/20 (LMM: F= 6.89, p<0.05), and no differences were found between sexes (LMM: F=0.68, p=0.41). There were no significant differences between seasons and sexes for other dive parameters.

Table 1. Foraging and breeding performance of male and female Adélie penguins breeding in Ardley Island (King George Island/Isla 25 de Mayo) in 2019/20 and 2021/22 seasons. Values shown are the mean ± SD. The (*) indicates that there are significant differences between seasons and (**) indicates that there are significant differences between seasons and between sexes.
	 
	2019-2020
	2021-2022

	Breeding success (N° BP)
	1.16 (303)
	1.11 (202)

	Sex 
	Male
	Female
	Male
	Female

	N° Trips (N° birds)
	52 (14)
	12 (4)
	32 (10)
	20 (5)

	Trip duration (h)**
	8.91 ± 4.67
	10.31 ± 5.03
	14.98 ± 7.15
	23.38 ± 14.61

	Max. trip distance (km)*
	6.55 ± 4.95
	7.38 ± 7.70
	11.72 ± 11.52
	20.76 ± 17.78

	Total trip distance (km)*
	19.03 ± 11.12
	20.91 ± 17.38
	35.31 ± 25.72
	56.03 ± 46.67

	Max. dive depth per trip (m)*
	73.96 ± 18.18
	73.08 ± 9.44
	89.05 ± 20.77
	82.05 ± 18.25

	Dive duration (s)
	53.19 ± 39.56
	52.87 ± 37.26
	59.52 ± 49.51
	52.13 ± 44.66

	Dive depth (m) 
	18.21 ± 20.12
	15.92 ± 17.15
	20.18 ± 24.43
	17.07 ± 20.87

	Bottom time (s)
	27.22 ± 19.98
	30.42 ± 21.15
	32.40 ± 25.97
	27.98 ± 23.31

	Adult body mass (kg)**
	6.78 ± 0.62
	5.74 ± 0.28
	4.09 ± 0.20
	3.56 ± 0.24
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Figure 2. Foraging trip characteristics and adult body mass (kg) of male and female Adélie penguins breeding in Ardley Island (King George Island/Isla 25 de Mayo), during early guard phase in 2019/20 and 2021/22 seasons.

For the analyses of energy expenditure based on accelerometer records, the interaction between season and sex was significant (LM: F1,40= 7.97, p<0.01, fig. 3). During the 2021/22 breeding season, both males and females incurred in higher DEE than in 2019/20 (Fig. 3). In particular, females showed 40% higher DEE values than females in 2019/20 season and males 16% higher values than in 2019/20. Furthermore, during 2021/22 females showed DEE values 20% higher than males in the same season. During 2019/20 the DEE did not differ between males and females.
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Figure 3. Daily energy expenditure (DEE; mean ± SD) of male and female Adélie penguins breeding at Ardley Island (King George Island/Isla 25 de Mayo), during the early guard stage of the 2019/20 and 2021/22 breeding seasons. Different letters indicate significant differences between groups.

The blood stable isotope values of Adélie penguins at Ardley Island significantly differ between seasons (Fig. 4; Table S2). During 2019/20, δ13C values were significantly higher than in 2021/22 (LM: F1,34= 20.71, p<0.0001), but we did not find significant differences in mean δ13C values between sexes (LM: F1,34= 2.55, p=0.12). For δ15N, we found significant differences between seasons (LM: F1,35= 5.58, p<0.05) and sexes (LM: F1,35= 24.19, p<0.0001). We found higher mean values during 2021/22 than in 2019/20 and higher values for males than females (Table S2). The mean δ13C and δ15N values for Antarctic krill were -25.21 ± 0.30 ‰ and 4.44 ± 0.22 ‰, respectively. Trophic position according to the model proposed by Post, (2002) was 2.28 ± 0.05 and 2.37 ± 0.07 for females in 2019/20 and 2021/22, respectively. For males, the trophic position was 2.44 ± 0.07 in 2019/20 and 2.47 ± 0.08 in 2021/22.
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Fig. 4 Biplot of Isotopic δ13C and δ15N values (‰) of whole blood from male and female Adélie penguins breeding in Ardley Island (King George Island/Isla 25 de Mayo) in the early guard stage of the 2019/20 and 2021/22 breeding seasons.

Body condition parameters
Differences in adult body mass between seasons was statistically significant, being birds heavier in the 2019/20 season than in 2021/22 (LM: F1,29= 256.20, p<0.0001), and males being heavier than females in both seasons (LM: F1,35= 31.11, p<0.0001). Comparisons of the H/L ratios as a stress measures revealed no differences between sex during the same breeding season [season 2019/20 - females mean ± SD: 1.28 ± 0.97 (n = 4), males: 1.31 ± 0.94 (n = 13); Wilcoxon rank sum exact test: W = 125, p = 0.1048. Season 2021/22 - female: 1.23 ± 0.76 (n = 14), males: 0.93 ± 0.66 (n = 14); W = 0.213, p = 0.834]. There were no differences between the same sex in different seasons either [females: W = 23, p = 0.632; males: W = 32.5, p = 0.670]. Similarly, no significant differences were found in WBC in 10 optical fields between sexes within the same season [season 2019/20 – females: 29.25 ± 9.81, males: 37.00 ± 10.02; W = 11.5, p = 0.112. Season 2021/22 - female: 32.57 ± 25.57, males: 33.35 ± 12.67; W = 70.5, p = 0.213] and also between the same sex in different seasons [females: W = 32.5, p = 0.670; males: W = 124.5, p = 0.107] (Fig. S1).
4. Discussion
[bookmark: _Hlk171424926][bookmark: _Hlk171425032]Our results support two of our hypotheses: 1) Adélie penguins modify their foraging behaviour and energy expenditure to account for differences in prey availability, and 2) there are differences between sexes on how they respond to differences in prey availability. During a breeding season with low food abundance, female Adélie penguins rearing chicks, extended both the distance and duration of their foraging trips, resulting in higher energy expenditure compared to males (yet, no sex-differences in diving behaviour were observed). Regarding our second hypothesis, we only found minor changes in trophic niche in response to differences in prey availability.
Sex-based differences in investment in foraging and breeding efforts are widespread in seabird species, related to divergent parental roles, foraging niche partitioning, sex-specific nutritional requirements or anatomy (e.g., body size). Several studies have shown these differences in different species, with females usually making a greater foraging effort during chick-rearing period (Lewis et al., 2002; Miller et al., 2017; Reyes-González et al., 2021; among others). In contrast, Raya-Rey et al. (2013) found an opposite pattern for two penguin species (Spheniscus humboldti and S. magellanicus), with males making longer foraging trips than females. For Adélie penguins, this sex-specific foraging behaviour has also been reported. In general, females forage longer distances and during more time, while males make shorter trips to closer foraging grounds throughout the guard period in East Antarctica (Clarke et al., 1998; Watanuki et al., 2002; Clarke et al., 2006; Widmann et al., 2015; Riaz et al., 2020), in the Ross Sea (Ballard et al., 2010; Lescroël et al., 2010; 2020) and in the Antarctic Peninsula (Chappell et al., 1993a). In the Ardley Island colony, we also showed that females made significantly longer trips in both breeding seasons. However, in a season with low food abundance, although both parents increased their foraging effort, the difference between males and females became more pronounced, and females made a higher foraging effort, with trips about 50% longer in duration and distance than males. This is consistent with other seabird species, with females showing a higher increase in foraging effort when food becomes scarce (Raya-Rey et al., 2012; Paiva et al., 2017; Reyes-González et al., 2021).
Food availability plays an important role in regulating adult energy expenditure in seabirds by directly affecting energy acquisition, foraging efficiency, and adult body condition (Jodice et al., 2006). Theoretically, food availability may affect energy expenditure through two different processes: DEE may be forced to increase by low food supply (Kitaysky et al., 2000; Regular et al., 2014) or may increase by high levels of food availability (Jodice et al., 2006; Kahane-Rapport et al., 2022). Studies on energy expenditure associated with fluctuations in food availability in Adélie penguins are scarce, but they have reported that under conditions of low prey availability during breeding, they increase their energy expenditure associated with higher foraging effort (Nagy and Obst, 1992; Ballance et al., 2009). Our results are consistent with these observations, as we found that both males and females Adélie penguins increase their foraging effort and DEE in the season with low krill abundance. Furthermore, our results show that the energetic costs of foraging is approximately 20% higher for females than for males in the years of low krill abundance, with no differences between sexes in good years. We also show that females increase their energetic expenditure by about 40% in the year with poor foraging conditions. It is noteworthy that DEE values reported here are within the range of values reported by Hicks et al. (2020) for a colony near Dumont d’Urville station in East Antarctica, where environmental conditions differ significantly from those in Ardley Island (e.g., there is sea ice around the colony throughout the summer).
Different foraging strategies have been also related to body conditions of parents during the brooding stage. Some seabird species are known to adopt a bimodal foraging strategy, alternating between frequent and short trips for chick provisioning with long trips for self maintenance (Clarke, 2001; Ropert-Coudert et al., 2004; Welcker et al., 2009; Carpenter‑Kling et al., 2017). To explain this, it has been suggested that long trips are triggered by a threshold in the body mass of the individuals, below which they decide to go on a long self-maintenance trip to restore body reserves, implying that foraging decisions result from a trade-off between the allocation of food to chicks and self-maintenance (Weimerskirch, 1998; Clarke, 2001). For seabirds foraging in areas of low productivity or prey availability, this threshold may be easier to reach (Carpenter‑Kling et al., 2017). For Adélie penguins, Ballard et al. (2010) demonstrated that they start the breeding season with an energy cushion, which they subsequently lose as they raise their chicks, and observed that parents that had lost more than ~8% of their body mass made longer foraging trips, gaining mass for themselves while bringing their chicks less food. Our results are in line with these findings, although we did not specifically analyse this alternating bimodal strategy of long and short trips. We observed that during a season with prey scarcity and longer foraging trips, the body mass of Adélie penguins was about 40% lower compared to that in a good year. Also, these longer trips have a cost for the offspring and ultimately on breeding success (Ballance, 2009; Ballard et al., 2010; Salmerón et al., 2023). Yet, we found no differences in breeding success between seasons, suggesting that despite the decrease in prey abundance Adélie penguins were able to rear their chicks successfully. However, we did not measure the body mass of fledglings during these seasons. Hence, we do not know if the increased foraging effort of the adults affected the body condition of the chicks, as was reported for other colonies (Cimino et al., 2014; Ainley et al., 2018). 
Considering the H/L ratios and WBC as estimates of immune system and body conditions, we found no differences between sexes or breeding seasons. Several studies indicate that the H/L ratio rises in response to increased breeding efforts (Davis et al., 2008), but, although we observed a higher foraging effort in females during 2021/22, we cannot assume that this sex difference is due to a poorer physiological condition associated with higher reproductive costs for females, as proposed by Colominas-Ciuró et al. (2017). These H/L ratios were similar to another colony in the Antarctic Peninsula (Colominas-Ciuró et al. 2017), but lower than in a colony in the Ross Sea (Olmastroni et al., 2019),which could suggest a higher breeding effort in this area compared to the study area. In general, similar WBC levels were previously reported for other Adélie colonies in the Antarctic Peninsula and Ross Sea (Olmastroni et al., 2019, 2024; Menéndez-Blázquez et al., 2021). 
Lower δ13C values typically indicate offshore/pelagic foraging habitats (Cherel and Hobson, 2007). As expected, δ13C values during the 2021/22 season were lower compared to 2019/20, reflecting the increased distance of foraging trips. However, we did not find significant differences between sexes, also reflecting what was observed in the tracking data, with both foraging in more coastal areas during 2019/20 and more offshore/pelagic in 2021/22. Sex-specific foraging strategies have also been linked to differences in diet, which might facilitate sexual segregation particularly when resources are limited (Clarke, 2001; Tierney et al., 2009; Widmann et al., 2015; Massaro et al., 2020). For Adélie penguins in East Antarctica and Antarctic Peninsula it has been proposed that females tend to consume larger quantities of krill and males consume more fish (Clarke et al., 1998; Beaulieu et al., 2010; Colominas-Ciuró et al., 2018). Colominas-Ciuró et al. (2018) proposed that given the higher reproductive costs incurred by females, observed in lower antioxidant capacity and higher oxidative damage and stress (Colominas-Ciuró et al., 2017), higher krill consumption allows them to recover to some extent from this reproductive effort, since krill has a higher antioxidant content than fish and is a rich source of high quality protein and omega-3 fatty acids (Beaulieu et al., 2010). According to our results, the diet was dominated by Antarctic krill in both sexes, however, males showed slightly higher δ15N values than females in both seasons, suggesting that they might have incorporated a larger proportion of higher trophic level prey. Furthermore, we also found that both sexes showed slightly higher δ15N values in 2021/22 than in 2019/20, which suggest that both sexes might have had slightly higher levels of supplementation by secondary prey items (e.g., fish, squid) to compensate for low krill abundance. Prey switching during poor seasons was previously reported by Nicol et al. (2008), who found that the diet of Adélie penguins in the Mawson region consisted about 50% of fish during a season with low krill availability. However, we observed that there were no remarkable changes in trophic position in both sexes or between years (2019/20: 2.44 ± 0.07 and 2.28 ± 0.05; 2021/22: 2.37 ± 0.07 and 2.47 ± 0.08, males and females, respectively), indicating that, even under conditions of low krill abundance, they did not substantially modify their trophic niche. Although it had been proposed that fish consumed by Adélie penguins (P. antarcticum, Electrona antarctica) have a higher calorific content compared to krill (Ainley et al., 2003) the fact that these components were low in the diet when krill were scarce suggests that prey switching was not possible, probably due to scarcity of other prey options.
Here we deepen current understanding on how Adélie penguins respond to mismatches with their main prey during the breeding season. We have shown that under low krill abundance conditions, female Adélie penguins incur a higher energy expenditure than males. This sex-based variability in foraging effort could have implications for the effect that environmental or fisheries impacts have at different times on different components of the population and, consequently, may require management plans that incorporate these differences. This is particularly relevant in the northern WAP, considering the ongoing discussions on small-scale management of krill fisheries in the region, which concentrate more than 30% of the total krill catch in Antarctica (CCAMLR, 2024). Understanding the sex-specific responses to changes in prey availability and the identification of key foraging areas, as predictable areas of food availability at times of high energy demand (Cresswell et al., 2007; Machado-Gaye et al., 2024) is essential for the design of appropriate conservation measures in a region undergoing significant changes. In addition, it may be relevant to understand how these effects propagate beyond the breeding season. Morandini et al. (2024) reported reduced survival of females once birds become breeders in the Ross Sea, and Hinke et al. (2007) found that for Adélie penguins in the WAP, the spatio-temporal reduction in sea ice during winter negatively impacts juvenile and adult survival. Therefore, the poorer body condition and higher energy expenditure of females during the breeding season may render them more vulnerable than males to changes in food availability, affecting their survival during winter, as they start this challenging stage of their annual cycle with less body reserves. Birds that finish breeding in poor condition may be less likely to successfully complete the molt, or may finish molting with low energy reserves (Chappell et al., 1993b), hence impacting on wintering survival or in body conditions and the onset of the next breeding season,  with negative effects on population trends.
[bookmark: _301xczrxb6am]Overall, the study of the processes underlying Adélie penguin population declines in the WAP provide valuable insights on some of the potentially diverse and subtle factors affecting populations persistence under climate-change scenarios, and the role of behavioural flexibility in buffering some of the impacts of these changes. In the specific case of Adélie penguins breeding in Ardley Island, observed population trends are likely consequence of a range of ecological process acting at different spatial and temporal scales. For example, the marked decline in breeding pairs between 2019/20 and 2021/22 might be linked to unusually harsh breeding conditions during 2020/21 (Machado-Gaye, pers. comm.). Although the breeding success or body condition of the fledglings has no effect on the breeding population size in the following season, since juveniles recruit as breeding adults 3-4 years later (Ainley and Schlatter, 1972), poor conditions during the season may have an effect on the number of breeding pairs that attempt to reproduce in the following year. Factors operating on the overwintering survival of breeding adults cannot be ignored either. This might be linked to the poor body condition in which they finish the breeding season, as we suggest here, but also to adverse conditions during the non-breeding season, miles away from the breeding grounds. Despite no evident effects on breeding success, low krill availability might have subtle effects on adult survival that are difficult to properly assess. Although not decisive on their own, these effects might contribute to an accumulation of subtle impacts that taken together can have a significant impact on the fate of these populations, highlighting the importance of implementing efforts aimed at minimizing any manageable impact (e.g., fisheries). Also, the need for holistic approaches when planning the management of marine living resources in the Southern Ocean (Zaldúa et al., 2024).
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