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Chapter 6 

Energy expenditure of movement is higher for breeders than 

for non-breeders, but only during offspring care 

Susanne van Donk, Judy Shamoun-Baranes, Jaap van der Meer, Kees C.J. Camphuysen 

Abstract 

Long-lived species with multiple reproductive opportunities over a lifetime may skip or 

abandon reproductive attempts. Skipping reproduction might reduce energetic investment in 

reproduction and increase energy available for self-maintenance and survival. However, testing 

whether energetic costs differ between reproducing and non-reproducing individuals and 

among reproductive phases is challenging in the wild, as ‘skippers’ are often difficult to 

monitor. We examined the energetic costs associated with movement of a long-lived seabird, 

the herring gull Larus argentatus during the reproductive period of breeding and non-breeding 

individuals. We measured the daily activity budgets of adult herring gulls using GPS trackers 

with tri-axial accelerometers and concomitantly monitored the reproductive state and phase of 

each individual in the field. Bio-logging data were used to quantify activity of the herring gulls 

and estimate energy expenditure attributed to movement over the complete reproductive season 

(prospecting, incubation, chick care) over several years. We compared the energy invested in 

movement during different breeding phases and measured whether energy investment increased 

over the period of chick care, as energetic demands increase with chick age. Breeders and non-

breeders did not differ in energetic cost of movement during the prospecting and incubation 

phases of the reproductive season. However, the energy expenditure during chick care was 25-

30% higher compared to non-breeders in the same period. The elevated energy expenditure 

during chick care was stable over time and did not increase during chick development. Our 

study showed that if birds were to skip or abandon reproduction, the most energy allocated to 

movement would be saved during chick care. Chick care could therefore be the energetic bottle-

neck in the reproductive season of the herring gull. Despite low breeding success in this colony, 

individuals did not increase their foraging effort during chick development. This suggests that 

breeding individuals have an energetic ceiling to avoid negative impacts on future reproductive 

success. Combining long term bio-logging and demographic measurements across periods of 

environmental variability can provide insights into life history decisions and the trade-off 

between current and future reproductive success. 
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Introduction 

Life-history theory predicts that producing offspring should be costly, as energy reserves are in 

general limited (Stearns 1992, Williams and Fowler 2015). As a consequence, energy invested 

in offspring is not available for self-maintenance (Williams 1966). Therefore, it is assumed that 

reproducing would lead to a lower survival, causing a trade-off between reproduction and 

survival (Williams 1966; Pugesek and Diem 1990; Cayuela et al. 2014).  

Animals that have multiple reproductive events in their lifetime can deal with this trade-off by 

skipping a breeding event, which is a widespread phenomenon in the animal kingdom (Bull and 

Shine 1979, Pilastro et al. 2003, Shine and Brown 2008, Skjaeraasen et al. 2012, Blomberg et 

al. 2013, Cayuela et al. 2014). Animals could decide not to reproduce, for instance when 

physical or environmental conditions are poor (Williams 1966, Shaw and Levin 2013). By 

skipping a breeding opportunity, animals might be able to avoid survival costs which can 

positively affect future reproductive success (Pugesek and Diem 1990, Stearns 1992, Candolin 

and Voigt 2001, Blomberg et al. 2013, Shaw and Levin 2013). 

Skipping reproduction should be especially beneficial in species that invest a lot in parental 

care, which is all behaviour associated with increasing the survival of offspring (Williams 1966, 

2018, Royle et al. 2012). During parental care, individuals might spend temporarily elevated 

amounts of energy allocated to locomotion, for instance to migrate to breeding grounds, 

acquiring territories and mates, producing offspring and feeding young (Williams and Fowler 

2015). Yet, whether skipping a reproductive opportunity could be a mechanism to avoid 

reproductive costs associated with movement is not easily demonstrated, as skippers are 

generally difficult to monitor (Cubaynes et al. 2011). 

In the current study, we were able to investigate the hypothesis that individuals that skip a 

reproductive opportunity can save energy associated with movement, by monitoring both 

skippers and breeders using animal-borne trackers which measure 3D position, speed and tri-

axial acceleration. These trackers have made it possible to monitor individual animals over 

multiple breeding seasons, measuring behaviour remotely and enabling an estimate of energy 

expenditure attributed to movement (Gleiss et al. 2011, Elliott et al. 2013, Collins et al. 2016, 

Jeanniard-du-Dot et al. 2017). We focused our study on the herring gulls Larus argentatus, 

which are coastal seabirds that skip breeding events regularly in their adult life (Pons and Migot 

1995; Calladine and Harris 1997; Camphuysen 2013).  

The reproductive season of herring gulls can be divided into different phases, which is 

comparable to many other species with parental care (Cramp and Simmons 1983). Phases can 

vary in costs, which can have consequences for the decision of an animal to abort a reproductive 

attempt when current costs exceed long-term benefits (Williams 1966). We distinguished the 

phases prospecting, egg and chick phase. The prospecting phase is expected to be energetically 
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costly, as territories are established and defended and pair bonds are formed or reinforced 

(Burger 1984). In addition, females have to build up reserves to produce eggs, while males 

provide the females with extra food (Wiggins and Morris 1986, Hario et al. 1991, Helfenstein 

et al. 2003), resulting in similar costs between the sexes (Hario et al. 1991, Ramírez et al. 2010). 

The egg phase is expected to be less costly, as birds only need to forage for themselves with 

some additional energetic costs to incubate the eggs, an activity shared by the sexes (Bech et 

al. 2002, Niizuma et al. 2005, Rønning et al. 2008). The chick phase is thought to be the most 

energetically demanding phase, as both partners need to provision for themselves and for their 

chicks until independence (Drent and Daan 1980, Ricklefs 1983). During chick care energetic 

costs are expected to increase over time as chicks are growing. As energetic demands of chicks 

increases with age the parental foraging activities are expected to increase as well (Grémillet 

1997).  

From the above, we formulate three main research aims; (1) to determine whether daily energy 

expenditure is higher in individuals that are actively breeding compared to individuals which 

skipped a reproductive opportunity, (2) to determine whether energy expenditure differs among 

different phases of the reproductive cycle and (3) to determine whether energy expenditure 

increases with the energy demands of chicks. Because food supply varies over time, and hence 

the associated foraging costs, we compared breeding with non-breeding animals within the 

same period for each of the breeding phases. We expect energy expenditure due to movement 

to be higher in breeding adults compared to non-breeding adults. We expect energetic costs to 

differ among the reproductive phases with especially high costs during prospecting and chick 

phase. Furthermore, we expect the time and energy invested in movement to increase during 

the chick phase. We discuss the relevance of individual differences in time-activity budgets as 

individual animals differ consistently in this species and show how bio-logging data collected 

over multiple years can be used to compare the cost of reproduction and the different 

reproductive states attributed to movement. 

Methods 

Study system 

The study was carried out in a breeding colony of approximately 4000 breeding pairs of herring 

gulls that breed together with approximately 11,000 pairs of lesser black backed gulls Larus 

fuscus at the island of Texel, the Netherlands (615201.4 E, 5873649 N UTM zone 31). Data 

was collected the during breeding seasons of 2013 through 2016 between April and July.  

GPS tracking 

To investigate the costs of breeding, we used 21.43±0.67 g solar-powered GPS trackers of the 

UvA Bird Tracking System (Bouten et al. 2013) that were mounted to the back of the birds with 
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3-g non-flexible Teflon harness. The trackers measure geographical location, time and body 

acceleration in three axes (surge, sway and heave). Trackers were attached to 31 adult herring 

gulls, of which one was not used in the analysis. Birds were caught with walk-in traps placed 

on the nest during incubation of the eggs in 2013 (10 individuals), 2014 (11 individuals) and 

2015 (10 individuals) (Table S6.1). Thus in the first year of tracking all birds were active 

breeders and incubating at the time of capture. At capture, body mass (g), wing (mm), tarsus 

(mm), head (mm) and bill (mm) lengths were measured and birds were sexed based on the head 

plus bill length (mm) (Coulson et al. 1983b). Birds were also ringed with engraved colour rings 

and stainless steel rings for individual identification in the field. For seabirds, it is recommended 

to keep the weight of GPS trackers below 3% of the bird’s body mass (Phillips et al. 2003). The 

average weight of the gulls used in this study was 887±49 gfor females and 1016±59 g for males 

and GPS trackers plus harness in our study weighted on average 2.4 % and 2.1 % of the body 

mass of females and males respectively (Table S6.1). In the closely related lesser black-backed 

gull, Thaxter et al. (2016) did not find an effect of GPS trackers attached with a harness on 

breeding success in the year of tagging nor on winter return rates. Fitting the GPS tracker to the 

bird and body measurements took approximately 20 minutes after which the birds were 

released.  

The tracking system allows changing the measurement frequency and downloading data while 

the tracker is on the bird and in the proximity of a ground-based receiving system, which was 

set up in the breeding colony (for more technical details about the tracking system see (Bouten 

et al. 2013)). For birds that were actively breeding or often present in the colony, tracking 

frequency was set to every 10 minutes inside the colony and every 5 minutes outside the colony. 

Tracking frequency of birds that were only occasionally in the colony, for instance because they 

failed breeding, was set to every 20 minutes outside the colony. When battery and tracker 

memory allowed, we occasionally took measurements every 3 seconds. Tri-axial acceleration 

was periodically measured outside the breeding colony, at 20 Hz for 1 s directly following a 

GPS fix. Sometimes, acceleration measurements outside the colony were missing due to 

technological failure. 

Pre-processing of tracking data 

The original dataset included 555,516 tracking measurements and 2867 bird-days (total number 

of days with tracking data per individual. As large differences in resolution could potentially 

affect estimated energy budgets, we first resampled the data to every 5 minutes outside the 

colony. For each resampled tracking point, we then calculated the ‘centred duration’ by 

summing the backward and forward time intervals between locations and taking the average of 

these. In our analysis, we only used tracking days for which at least 80% of the GPS 

measurements outside the colony were accompanied with acceleration measurements, 438 
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tracking days were removed because of this selection. The ‘centred duration’ can become 

disproportionally long when there are gaps in the tracking data due to low battery power, which 

can affect the analysis of energy expenditure. Therefore, we removed the tracking 

measurements which had a ‘centred duration’ of more than 30 minutes outside the colony and 

of more than 60 minutes inside the colony. Furthermore, if animals failed breeding, we removed 

tracking days from the day that breeding failed until the end of the season (see section 2.4), 472 

tracking days were removed because of failure. After data selection, we used 1904 tracking 

days of 30 individuals, of which 18 individuals were tracked for 2-4 breeding seasons (Table 

6.1).  

Breeding state and breeding phase 

Foraging and breeding ecology was monitored for over 10 breeding seasons in the colony on 

Texel using several study plots, and the birds with GPS trackers were included in this 

monitoring program. Study plots were visited every 3 days, and all nests with eggs were marked 

and followed until hatching. This allowed us to record laying date per nest and calculate average 

laying date per year. Birds that were equipped with a GPS tracker the previous year, were 

observed in the field on the basis of their colour ring. Locations of these sightings were regularly 

visited to check for nests and when eggs were laid, laying date was recorded. Before the eggs 

hatched, we enclosed the nests of birds with GPS trackers with a chicken wire fence in order to 

determine the fledging success. Every 3 days, chicks were caught from the enclosures and 

weighed and measured. We recorded when chicks were found dead or not found at all.   

 

Table 6.1 Sample size in tracking days per breeding state of 31 different individuals, number of individuals per 

state and phase per sex and the mean and standard error for hours spent on flapping flight per day (h day-1), hours 

spent active per day (h day-1) and estimation energy expenditure per day (kJ day-1). Highest values per energy 

expenditure proxy are shown in bold. 

Breeding 

state 

Breeding 

phase 

Tracking 

days 

F M Flapping 

±SE 

Active 

±SE 

Energy±SE  

Breeding Prospecting 275 2 7 1.02±0.39 4.52±1.13 1097.48±117.88 

Not breeding Prospecting 202 4 4 1.09±0.62 4.52±1.42 1053.54±152.40 

Breeding Eggs 560 12 16 1.08±0.62 4.15±1.65 1093.23±154.25 

Not breeding Eggs 297 5 4 1.11±0.58 4.88±1.62 1065.30±152.40 

Breeding Chicks 361 9 12 2.05±1.02 5.65±2.05 1352.51±258.99 

Not breeding Chicks 209 5 4 1.02±0.54 4.74±1.32 1012.38±156.51 
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Breeding state and phase of birds with GPS trackers was assessed over 4 breeding seasons 

between 2013 and 2016. We assigned a breeding state and a breeding phase to every tracking 

day between the 15th of April and the last day of June per individual per bird per year. Breeding 

state was defined as whether an animal was breeding or skipping breeding in a given year. We 

assigned state “Not breeding” to tracking days of individuals that did not have a nest with eggs 

in that year. “Breeding” was assigned to tracking days of individuals that had a nest with eggs 

in that year as well as to tracking days of individuals that had chicks, until the chicks died or 

when chicks stayed alive until the 30th of June (Fig. S6.1). For individuals that failed during the 

egg or chick phase, all data from the moment an individual lost their eggs or chicks were 

removed from analysis. Breeding phase was defined as the 3 periods of the breeding season; 

prospecting phase, egg phase or chick phase. We assigned phase “Prospecting” from the 15th of 

April until the average laying date of that year for non-breeding individuals or until the laying 

date of the nest for breeding individuals. Breeding individuals that were assigned prospecting 

were tracked by default for more than one breeding season, as individuals were caught on the 

nest during incubation for tracker attachment. We assigned phase “Eggs” from the average 

laying date until the average hatching date of that year for non-breeding individuals or from the 

laying date of the nest until hatching date for breeding individuals. We assigned phase “Chicks” 

after the average hatching date of that year until the 30th of June for non-breeding individuals 

and after hatching date of the first egg until the 30th of June for breeding individuals.    

To estimate energy expenditure during chick development, we assigned consecutive ascending 

numbers starting from the first day that a nest had a hatchling until the first chick reached 25 

days of age or until all chicks died. In general, chicks of this colony fledge from 40 days of age 

and chick body mass at 25 days is approximately two thirds of the body mass at fledging with 

normal growth (Camphuysen 2013).   

Time budget and estimated energy expenditure per breeding state and breeding phase  

To investigate whether birds differ in their energy expenditure depending on the breeding state 

and phase or age of their chicks, we first calculated the time birds spent on different behaviours 

per day and then attributed an energetic cost to each behaviour (Fig. 6.1). For instance, flapping 

flight is energetically costly, while sitting or standing is energetically cheap (Tucker 1972). For 

our analysis, we used three proxies for energy expenditure which are all based on the behaviour 

measured using GPS and acceleration data. The proxies are hours spent on flapping flight per 

day, hours spent active per day and estimated energy expenditure per day.  

To calculate the time spent on different behaviours per day, we first trained a random forest 

machine-learning algorithm for the classification of accelerometer data (for more details on the 

exact methods see van Donk et al. 2018). Subsequently, we used this algorithm to assign a 

behaviour to every GPS position that was accompanied with acceleration measurements. The 
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five main behaviours in this study are inactive (sitting or standing), floating, terrestrial activity 

(terrestrial locomotion, handling prey), soaring flight and flapping flight (Fig. 6.1). GPS 

positions within the colony were generally not accompanied with acceleration data and could 

therefore not be assigned to a behaviour. These GPS positions were therefore assigned as 

“Colony”, using a polygon with the borders of the breeding colony. Also outside the breeding 

colony, some tracking data was not accompanied with acceleration data. These tracking points 

were assigned as “Not annotated”. For each behavioural class, we calculated the hours spent 

per day by summing all data (centred duration) per behaviour per day for each individual.  

 

 

 

Fig. 6.1 Behavioural classes used in this study and examples of 1 second segment of 20Hz tri-axial data, green 

represents heave (z-axis), red represents surge (x-axis), blue represents sway (y-axis). The x and y axis of all Figs 

are on the same scale and range from -1.5 – 2.5 g. Estimation of the energetic costs per behavioural class is shown 

at the right, BMR = basal metabolic rate and RMR = resting metabolic rate calculated as 1.7 * BMR. When 

estimating the energetic costs, we did some assumptions that are listed in Table S6.2. 
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To calculate the first proxy for energy expenditure, hours spent on flapping flight per day, we 

summed the time spent on flapping flight per day per individual. To calculate the second proxy 

for energy expenditure, which is hours spent active per day, we summed all the time an 

individual spent on terrestrial activity, soaring flight and flapping flight per day. To calculate 

the third proxy, which is estimated energy expenditure per day, we made an estimation of 

metabolic rates for the different behaviours per individual herring gull (Fig. 6.1, Table S6.1) 

(as in van Donk et al. 2018). We made some assumptions in our estimation of energy 

expenditure (summarized in Table S6.2); for example, we assumed that RMR was constant 

throughout the season and did not fluctuate in relation to environmental conditions. The average 

temperature in the time period used is between 10 and 16 degrees °C (https://weerstatistieken.nl, 

weather station ‘De Kooy’) and resting adult herring gulls have a relatively constant energy 

expenditure within these air temperatures (Baudinette et al. 1976, Lustick et al. 1978). We also 

assumed that RMR does not differ between breeding and non-breeding birds, nor between 

breeding phases. As we did not have acceleration data in the colony, we assumed that 

individuals are mostly inactive while in the colony and used RMR to estimate energetic costs 

for time spent in the colony. For each individual, we calculated the basal metabolic rate (BMR) 

with the formula BMR (kJ day-1) = 2.3 × W0.774 where W is body mass (g) at catching (Bryant 

and Furness 1995). BMR does not account weather conditions, digestion or small body 

movements. To account for some of these factors, we calculated a resting metabolic rate (RMR) 

as 1.7 × BMR (Baudinette and Schmidt-Nielsen 1974, Furness 1978). RMR was used to 

estimate the energetic cost of the behaviours inactive and floating. The energetic cost of 

terrestrial activity was based on the formula of Bautista et al. (2001); Costs terrestrial movement 

(kJ day-1) = (5.6 × Wkg
0.246 + 11.4 × Wkg

-0.285 × v) × 86.4, where Wkg is body mass (kg) and v is 

velocity in m s-1. We used 0.4 m s-1 as average walking speed which is the average walking 

speed measured in this study . This formula gave us an estimation of approximately 2 × BMR 

for terrestrial activity. Based on aerodynamic theory (Rayner 1982, Pennycuick 1996) and wind 

tunnel experiments (Tucker 1972, Baudinette and Schmidt-Nielsen 1974), soaring flight is 

energetically cheaper per unit time than flapping flight. Based on findings from wind tunnel 

experiments on herring gulls, we estimated the energetic cost of soaring flight as 2 × RMR 

(Baudinette and Schmidt-Nielsen 1974). We estimated the energetic cost of flapping flight as 7 

× RMR based on findings from wind tunnel experiments on laughing gulls Larus actricilla 

(Tucker 1972). Estimated energy expenditure per day was calculated per individual by 

multiplying the time spent on each behaviour with that behaviour’s respective energetic 

estimate.  

As mentioned, some acceleration data outside the colony was missing and could not be assigned 

to a behavioural class (on average 3% per day). As ignoring missing data would result in a 

lower estimated energy expenditure per day, we replaced these missing values with average 
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energy expenditure for that animal outside the colony. For the other two proxies for energy 

expenditure, we ignored these missing data.  

Statistical analysis 

We tested whether animals in different breeding states and phases differ in their time energy 

budget by fitting linear mixed-effect models using the lmer function from the lme4 package in 

R (Bates et al. 2015). In the models we used one of three proxies for energy expenditure as 

response variables: hours spent on flapping flight per day, hours spent active per day and 

estimated energy expenditure per day. For each response variable, the full model included 

breeding state, breeding phase, sex and the interaction term of breeding state and breeding phase 

as fixed effects and bird ID as a random intercept to account for repeated measures within 

individuals. Herring gulls are sexually dimorphic (males are slightly larger than females) 

resulting in a higher BMR for males which probably results in a higher energy expenditure 

(Bryant and Furness 1995). Full models were compared with models containing all 

combinations of fixed effects using the aictab function from AICcmodavg package (Mazerolle 

2017). The best model was compared with a null model that only contained the random factor 

using ANOVA. We reported p-values obtained by likelihood tests and the model estimates of 

the best model, as well as marginal and conditional R squared values for mixed models 

(Nakagawa and Schielzeth 2013). The marginal R squared values show how well the model 

explained the variance for the fixed factors alone, which is of importance for answering the 

main question in this paper. The conditional R squared takes the fixed factors and the random 

factors (individual) into account, which is of importance to assess the variation explained by 

individual differences. Full models, marginal R squared and AIC values of other models are 

reported in the supplementary material (Tables S6.3-S6.5). 

We tested whether energetic costs increased with age of the chicks by fitting linear mixed-effect 

models with each of the three response variables described above and sex as fixed factor. We 

only used chicks until day 25 of age, as growth curves are generally linear in this period and 

therefore we expect that the energetic needs of the chicks also increase linearly (Camphuysen 

2013, p. 280). Day after hatching of the chicks was included as an independent variable and 

bird ID in a given year as random intercept in the model. Full models were compared with 

models containing all combinations with the independent variable and fixed effect and the best 

model was selected by its AIC value. We compared the best model with a null model only 

containing the random effect using ANOVA. We reported p-values and the model estimates of 

the best model, as well as marginal and conditional R squared values for mixed models. Full 

models, marginal R squared and AIC values of other models are reported in the supplementary 

material (Tables S6.6-S6.8). 

  



126

Chapter 6

 

 

Results 

Energetic costs of breeding state and phase 

Time spent in the colony differed among breeding states; breeders spent on average 14 hours 

per day in the colony while non-breeders spent only 3-7 hours per day in the colony during the 

egg and chick phase (Fig. 6.2). For all breeding phases, non-breeders spent most of their time 

outside the colony inactive. Assuming birds are also inactive in the colony, the total time spent 

inactive (time spent in the colony and inactive outside the colony) was higher for non-breeders 

than breeders during chick care. 

 

Fig. 6.2 Per breeding state and phase, the proportion of time spent on the five behavioural classes: flapping 

flight, soaring flight, terrestrial activity, floating and inactive as well as the time spent in the colony and the time 

not annotated. 
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Models revealed that all three proxies for energy expenditure, measured as hours spent on 

flapping flight per day, hours spent active per day and estimated energy expenditure per day, 

were statistically higher in breeding animals, but only during the chick phase (Figs 6.2 and 6.3, 

Tables 6.2, S6.3-S6.5). The model that predicted the most variance (38%), was the effect of 

breeding state, phase and sex on the estimated energy expenditure per day (Table 6.2). Both 

females and males spent about 300 kJ day-1 more when they had to take care of chicks compared 

to not having chicks, which is an increase in estimated daily energy expenditure of 26% for 

females and 30% for males (Table 6.2). The models estimated that individuals would spend 

2.13 hours per day more on flapping flight and 1.06 hrs per day more active, when caring for 

chicks compared to individuals in the same period that were not breeding. In these models, sex 

was not included. However, AIC values showed that a model explaining hours spent on flapping 

flight which also included sex, was comparable to the model without sex (Table S6.3, <2 AIC 

difference); during chick care, males spent more time in flight than females (on average 9 

minutes more per day) (Fig. S6.2).  

Although all models with the proxies of energy expenditure explained some variation in the 

data, the variation explained by the fixed factors was lower than the variation explained when 

individuals were are also taken into account (Table 6.2). 

 

Table 6.2 Predictions ± standard error and model performance of the mixed linear models testing the effect of 

breeding state and breeding phase on proxies of energy expenditure. Response variables are hours spent on flapping 

flight per day (Flapping: h day-1), hours spent active per day (Active: h day-1) and estimated energy expenditure 

per day (Energy: kJ day-1). As the best model for estimated energy expenditure per day also included the variable 

sex, the estimated energy expenditure is shown for females and males separately (Energy F and Energy M 

respectively). Highest values per energy expenditure proxy are shown in bold. The marginal and conditional R2 

are provided for each model. 

State Phase Flapping Active Energy F Energy M 

Breeding Prospecting 0.92±0.08 4.69±0.19 976.10±31.68 1135.90±27.61 

Not breeding Prospecting 1.06±0.09 4.58±0.20 1000.47±32.12 1160.27±28.80 

Breeding Eggs 1.03±0.07 4.27±0.17 987.13±30.47 1146.93±26.49 

Not breeding Eggs 1.12±0.08 4.96±0.19 1015.37±31.59 1175.17±28.27 

Breeding Chicks 2.13±0.08 5.90±0.18 1265.44±31.08 1425.24±27.03 

Not breeding Chicks 1.00±0.07 4.84±0.20 968.83±32.01 1128.63±28.87 

Model 

performance 

     

p-value  0.0001 0.0001 0.0001  

R2 marginal  0.28 0.10 0.38  

R2 conditional  0.46 0.32 0.59  
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Energetic costs of age of chicks 

During chick care, proxies for energy expenditure varied greatly among days (Fig. 6.4). 

However, days since the first hatchling barely affected proxies for energy expenditure (Tables 

6.3, S6.6-S6.8). Hours spent on flapping flight per day did not statistically differ over hatchling 

days (Fig. 6.4a). Hours spent active per day increased with hatchling day but the variance 

explained by this proxy is marginal (Fig. 6.4b, Table 6.3). Also estimated energy expenditure 

per day was barely affected by hatchling day (Fig. 6.4c, Table 6.3). Estimated energy 

expenditure even decreased slightly with hatchling day (2.8 kJ per hatchling day). The best 

model for estimated energy expenditure per day also included sex; males had a significant 

higher estimated energy expenditure than females (Fig. 6.4c).  

 

Table 6.3 Model results of the relationship between age after hatching and the response variables hours spent on 

flapping flight per day (h day-1), hours spent active per day (h day-1) and estimated energy expenditure per day 

(kJ day-1). As the best model for estimated energy expenditure per day also included the variable sex, estimates 

are also shown for this fixed factor. Model estimates ± standard error (SE) are shown. The marginal and 

conditional R2 are provided for each model. 

Model estimates and model 

results 

Response variables  

Flapping Active Energy 

Intercept 2.09±0.15 5.10±0.30 1228.41±57.89 

Sex (M)   206.09±69.30 

Days (since 1st hatchling) -0.01±0.01 0.03±0.01 -2.80±1.69 

p-value 0.10 0.02 0.01 

R2 marginal 0.01 0.01 0.14 

R2 conditional 0.36 0.41 0.47 
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Discussion 

In line with our expectations, we found that breeding individuals spent more hours in flight per 

day, more hours active per day and had a higher estimated energy expenditure per day than non-

breeders, but only in the period of chick care. This is not influenced by environmental 

conditions related to the time of the year as non-breeding birds within the same period spent 

significantly less energy than birds caring for chicks. The increased energy expenditure is 

predominantly due to an increase in time spent in flight per day during chick care. However, 

estimated energy expenditure did not differ between breeders and non-breeders during either 

the prospecting phase or egg laying. Contrary to our expectations, proxies for energy 

expenditure attributed to movement of active breeders did not increase with increasing chick 

age, but it fluctuated considerably from day to day and differed among tracked individuals. 

Energy expenditure estimates  

While the main question of this studies was to compare proxies of energy expenditure among 

individuals in different breeding states and phases, it is interesting to explore whether our 

derived energy estimates are biologically meaningful. Depending on the breeding state, we 

estimated a daily energy expenditure of ~1000-1350 kJ per day. Studies of energy expenditure 

in other gull species show quite some variability, but most of them are in the range of our 

findings. A study on lesser black-backed gulls in captivity, a slightly smaller species than 

herring gulls, measured an energy intake of 900-1400 kJ per day (Hilton et al. 2000), which 

leads to a potential daily energy expenditure of 675-1050 kJ per day when taking a digestive 

assimilation efficiency of 75% (Castro et al. 1989). Note however, in contrast to our study, 

these gulls were not able to show expensive behaviour like flying. Energy expenditure was also 

estimated in ring-billed gulls Larus delawarensis, a species that is also smaller than herring 

gulls, by measuring oxygen consumption with doubly labelled water (Marteinson et al. 2015). 
With a nest attendance of ~50%, these gulls spent 0.9 kJ per day per gram body weight, 

assuming the same relationship with body mass leads to a relatively low daily energy 

expenditure for a herring gull male of about 900 kJ per day. Black-legged kittiwakes Rissa 

tridactyla, a species which is half the size of a herring gull, spent 794 kJ per day when spending 

50 % of the day foraging (Gabrielsen et al. 1987). A recent study that modelled the expected 

energy use of several seabird species in different breeding phases, shows daily energy 

expenditure most close to our estimates; depending on the breeding phase a herring gull of 1000 

grams would spend between ~1000 and 1200 kJ per day (Dunn et al. 2018). We assumed that 

RMR stayed constant over the breeding season. However, some studies have shown variation 

of RMR over the course of the breeding season (Welcker et al. 2015). For instance, RMR of 

incubating birds might be higher to enable heating of the eggs compared to birds that take care 

of chicks (Shoji et al. 2015). In addition, RMR could be higher in the colony compared to other 
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places due to the threat of possible territorial conflicts (Kanwisher et al. 1978). A study on 

Australasian gannets Morus serrator showed that RMR increased progressively from 

incubation to chick care but the proportion of time spent foraging did not change (Green et al. 

2013). The authors suggest that gannets meet their own and their chicks’ energetic demands 

without increasing foraging effort via a decrease in body weight. However, food availability 

could also have been higher during the period of chick care, but diet and energetic costs of non-

breeders in the same period were not measured in this study. Concluding, as birds in the current 

study spent a large part of their time inactive, energy estimates would benefit from an improved 

understanding of RMR.  

Estimates of energy expenditure may also be influenced by variation in individual traits. 

Individuals clearly differ in their energy expenditure; the variation in the data explained is more 

than double when taking individual into account in almost all models (Tables 6.2 and 6.3). The 

variation that is explained by individual, may be due to a combination of factors, like for 

instance the foraging strategy of an individual or their age. For instance, individuals from the 

same study system foraging for anthropogenic resources spend more energy on movement than 

individuals foraging on other resources (van Donk et al. 2019). Furthermore, reproductive 

behaviour has been shown to change with age in several species (Clutton-Brock 1984, Velando 

et al. 2006, Sparkman et al. 2007), and thus could potentially influence energy expenditure as 

well. In the current study, all birds were sexually mature and at least four years old but their 

exact age was unknown. Nevertheless, the pattern of energy expenditure over a complete 

reproductive cycle seems to be very similar among individuals in the same breeding state (Fig. 

S6.3), suggesting that the relative increase in reproductive investment did not differ much 

among individuals.4.2 Higher energy expenditure during chick care  

In species with a long life expectancy, such as herring gulls, a small reduction in the likelihood 

of survival could greatly affect future lifetime reproductive success. During chick care, herring 

gulls in our study spent about 300 kJ day-1 more compared to non-breeding birds during this 

same period (Table 6.2), which is an increase of approximately 26-30%, depending on the sex, 

compared to non-breeding individuals in the same period. The increase in energy expenditure 

was also found in breeding individuals between phases (from prospecting/incubation to chick 

care). These values are in the same order of magnitude as other studies in seabirds comparing 

the energetic costs of incubation with that during chick care (Bevan et al. 1995, Dunn et al. 

2018). To compare this energetic cost with the amount of common prey of herring gulls from 

this population, 300 kJ is comparable to eating about 4-5 plaice Pleuronectes platessa of 12-13 

cm total length (Kühn et al. 2017) or 160 blue mussels Mytilus edulis of about 20 mm per day 

(Petersen 1981, van der Veer et al. 2006)(Table S6.9), when considering an assimilation 

efficiency of 75% (Castro et al. 1989). These additional amounts of food have to be consumed 
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by individuals with chicks, only to compensate for the higher daily energetic costs attributed to 

movement.  

Consequences of increased energy expenditure  

The increase in energy expenditure and movements necessary for reproduction may have 

negative effects on future reproductive success. For example, in adders Vipera berus, females 

have higher chance to be predated after they reproduced as they have to forage actively to regain 

their lost energy reserves (Madsen and Shine 1993). European Kestrels Falco tinnunculus with 

increased daily workload by experimentally enlarged brood size experienced significantly 

increased winter mortality (Daan et al. 1996). In kittiwakes Rissa tridactyla, females but not 

males with experimentally enlarged broods had lower body weight and lower survival during 

the next breeding season (Jacobsen et al. 1995).  

Contrary to our expectations, breeders and non-breeders did not differ in energy expenditure 

attributed to movement in the prospecting and egg phase (Table 6.1). Our results suggest that 

the bottle-neck in terms of energetic costs for these animals is the period of chick care and that 

abandoning a reproductive attempt before this period, for instance when physical state or 

environmental conditions worsened, can prevent negative consequences in future. This is 

reported in the blue petrel Halobaena caerulea, where a reduction of body condition early in 

the season resulted in a higher proportion of animals deserting their eggs (Chastel et al. 1995). 

Similar results were found for megallanic penguins Spheniscus magellanicus, and showed that 

individuals with lower body condition deserted their eggs more often (Yorio and Boersma 

1994). Depending on the reproductive system, other species might have similar or other 

reproductive bottle-necks. For instance, the prospecting phase might be more energetically 

costly in male elephant seals Mirounga angustirostris which have intensive male-male combats 

at the start of the reproductive season (Sharick et al. 2015). 

Consequences of prey availability on reproductive success  

Animals have been shown to skip reproduction when environmental conditions deteriorate or 

when their own physical condition is suboptimal (Wingfield 1984, Aebischer and Wanless 

1992, Erikstad et al. 1998, Pilastro et al. 2003, Cubaynes et al. 2011, Skjaeraasen et al. 2012, 

Cayuela et al. 2014). In long-lived species, skipping reproduction is common, but proximal 

causes that make animals decide whether or not to breed are poorly known (Giudici et al. 2010). 

Animals could save energy by skipping reproduction in years with low expected reproductive 

success thereby enhancing their own survival. In the current study, we did not relate 

environmental conditions with the proportion of animals that skipped a reproductive attempt. 

However, breeding conditions are not very favourable within the studied colony for the last 

decade. Fledging weight is low compared to a colony in the same area 40 years ago (Spaans 

1971, van Donk et al. 2017) and fledging rate is relatively low (<0.8 chicks nest-1). The low 
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reproductive success is likely related to the current carrying capacity of the surroundings. 

Availability of resources which are important prey for gulls to raise chicks (van Donk et al. 

2017) have declined over the last decades including: the availability of high caloric prey from 

human refuse dumps due to changes in waste management (Kohler and Perry 2005, European 

Environment Agency (EEA) 2016) and discarded fish from the declining commercial fishing 

fleet (Poos 2010, Rijnsdorp et al. 2011, Camphuysen 2013, Borges 2015).  

Energetic ceiling  

Despite the low reproductive success observed in this colony, birds with chicks barely increased 

their energy expenditure when energetic demands of chicks increase (Fig. 6.4). This suggests 

that gulls with chicks have a ceiling of a relatively fixed maximum workload which they do not 

exceed- An energetic ceiling has proposed as a mechanism to prevent harming lifetime 

reproductive success (Drent and Daan 1980). That animals have a ceiling in maximum 

workload has been shown in thick-billed murres Uria lomvia in which handicapped birds had 

similar daily energy expenditure as non-handicapped birds through behavioural adjustments 

(Elliott et al. 2014). Also a study on Adélie penguins Pygoscelis adeliae showed a possible 

ceiling effect. Animals from larger breeding colonies, made longer foraging trips and spent 

more energy while foraging, but animals from the largest colonies seem to approach an 

energetic ceiling, with possibly negative consequences on chick survival (Ballance et al. 2009). 

Thus gulls might also maintain a maximum workload to avoid a negative impact on physical 

state and future reproductive success. 

Conclusions  

In this study, we used bio-logging to investigate the extra energetic costs that can be attributed 

to breeding and thus the energetic gain of not breeding in wild birds. By combining behavioural 

measurements from bio-logging data, estimating energy expenditure per behaviour and 

monitoring breeding status in the field over multiple years, we were able to quantify that gulls 

which are taking care of chicks invest more energy attributed to movement compared to gulls 

that do not take care of chicks in the same period. Despite the low reproductive success of the 

studied breeding colony, gulls do not increase their investment when the energetic need of 

chicks increases. This suggests that gulls have a ceiling of maximum energetic expenditure. In 

the future, we should study whether survival is impaired when gulls invest a lot in parental care. 

In order to identify energetic thresholds for investment in breeding and understanding the 

driving factors of reproductive investment in relation to environmental factors, individuals 

should be studied over longer timespans to capture inter-annual environmental variability. 

Furthermore, comparative analyses of different breeding populations of the same species with 

a range of resource availability should be compared. Long term bio-logging and concomitant 
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demographic analysis can facilitate comparative analysis within individuals and among 

populations and species.  
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Supplementary material 

 

Fig. S6.1 Schematic explanation of the different breeding states (breeding, not breeding and breeding phases 

(prospecting, eggs, chicks) used in this study. Animals which had no nest with eggs where assigned to state “Not 

breeding” in all breeding phases, while animals that did have a nest with eggs where assigned to state “Breeding” 

in the prospecting and egg phase. The state “Breeding” in the chick phase was only assigned to animals which 

were taking care of offspring. When animals failed, for instance due to predation or mortality of eggs or losing 

their eggs or chicks, the days after losing the brood were removed from the analysis and not added to the “Not 

breeding” group.  

  

Fig. S6.2 Boxplots showing median values of time spent on flapping flight (h day-1) of active breeding individuals 

during different breeding phases. Results are shown separately for females and males. Males spent more time on 

flapping flight which is only apparent in the breeding phase “Chicks”.  
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Fig. S6.3 Average energy expenditure (kJ day-1) of individual birds for which data over the full reproductive cycle 

(Prospecting, Eggs, Chicks) was available (n=18 individuals in a given year). For every individual, the average 

daily energy expenditure is shown with a circle for every breeding phase separately and data points of one 

individual are connected with a line. Red circles and lines represent breeding individuals and blue lines and circles 

represent non-breeding individuals.  
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Table S6.1 Overview of the individual birds used in this study with the year of GPS deployment, sex, mass (g), 

BMR (kJ day-1) years of tracking data used and total tracking days per bird ID.  

Bird ID 

Start 

tracking Sex Mass 

 

BMR 

Number of 

years 

Tracking 

days 
 

1600 2013 F 850 426 3 146 
 

6004 2013 M 1090 516 1 37 
 

6006 2013 M 960 468 4 170 
 

6009 2013 F 935 458 1 37 
 

6100 2014 F 855 428 1 0 
 

6011 2013 F 895 443 2 128 
 

6012 2013 F 820 414 1 14 
 

6014 2013 M 980 475 1 22 
 

6015 2013 M 965 470 3 166 
 

6016 2013 M 1070 509 3 129 
 

6017 2013 M 1075 511 2 113 
 

6071 2014 M 1030 494 1 42 
 

6072 2014 F 855 428 2 60 
 

6073 2014 F 865 431 3 182 
 

6074 2014 M 885 439 1 19 
 

6075 2014 M 945 462 1 18 
 

6076 2014 F 915 451 1 22 
 

6077 2014 M 1085 514 1 55 
 

6079 2014 F 910 449 1 10 
 

6080 2014 M 1090 516 2 52 
 

6082 2014 F 860 430 1 2 
 

6202 2015 M 1065 507 1 36 
 

6205 2015 F 965 470 1 22 
 

6206 2015 F 835 420 2 91 
 

6208 2015 M 990 479 1 35 
 

6210 2015 M 1015 488 2 80 
 

6212 2015 M 990 479 2 59 
 

6214 2015 M 995 481 2 67 
 

6216 2015 F 985 477 1 16 
 

6217 2015 F 875 435 1 73 
 

6219 2015 M 1035 496 1 1 
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Table S6.2 List of assumptions in calculating the estimated energy expenditure per day. In the discussion, the 

potential impact of these assumptions are discussed.  

Assumptions 

Estimated energy expenditure is representative for actual energy used 

Weather conditions do not affect energy expenditure 

Flight costs are constant 

Flight costs in a wind tunnel are comparable with flight costs in the wild 

RMR did not differ among breeding states or breeding phases 

Body mass changes do not change metabolic rate 

Animals are mostly inactive in the colony  

 

Table S6.3 Model results and comparisons testing the relationship between different combinations of predictors 

and hours spent on flapping flight per day. The dependent variable in this model: hours spent on flapping flight 

per day (h day-1) with random intercept for bird ID. The independent variables (fixed effects) included in each 

model are indicated with an X. The table is organized on descending AIC value. The best model is shown in bold 

(lowest AIC) and the models in which the AIC difference with the best model is < 2 are shown in red. R2 shows 

the marginal R squared value, which shows how well the model explains the variance for the fixed factors in the 

model. 

Model Random 

intercept 

Fixed effect AIC R2  

 Phase State Phase*State Sex   

Model 1   birdID X X X  3624.42 0.28 

Model 2   birdID X X X X 3625.30 0.28 

Model 3   birdID X X   3928.14 0.15 

Model 4 birdID X   X 3949.80 0.13 

Model 6 birdID X    3950.27 0.12 

Model 7 birdID  X   4185.94 0.02 

Model 5 birdID  X  X 4186.67 0.04 

Model 8 birdID    X 4204.13 0.01 
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Table S6.4 Model results and comparisons testing the relationship between different combinations of predictors 

and hours spent active per day. The dependent variable in this model: hours spent active per day (h day-1) with 

random intercept for bird ID. The independent variables (fixed effects) included in each model are indicated with 

an X. The table is organized on descending AIC value. The best model is shown in bold (lowest AIC). R2 shows 

the marginal R squared value, which shows how well the model explains the variance for the fixed factors in the 

model. 

Model Random 

intercept 

Fixed effect    AIC R2 

 Phase State Phase*State Sex   

Model 1 birdID X X X  6946.41 0.10 

Model 2 birdID X X X X 6948.43 0.10 

Model 6 birdID X    7042.56 0.05 

Model 3 birdID X X   7044.55 0.05 

Model 4 birdID X   X 7044.55 0.05 

Model 8 birdID    X 7156.81 0.00 

Model 7 birdID  X   7156.81 0.00 

Model 5 birdID  X  X 7158.81 0.00 

Table S6.5 Model results and comparisons testing the relationship between different combinations of predictors 

and estimated energy expenditure per day. The dependent variable in this model: estimated energy expenditure per 

day (kJ day-1) with random intercept for bird ID. The independent variables (fixed effects) included in each model 

are indicated with an X. The table is organized on descending AIC value. The best model is shown in bold (lowest 

AIC). R2 shows the marginal R squared value, which shows how well the model explains the variance for the fixed 

factors in the model. 

Model Random 

intercept 

Fixed effect    AIC R2 

 Phase State Phase*Sta

te 

Sex   

Model 2   birdID X X X X 24373.11 0.38 

Model 1   birdID X X X  24383.92 0.24 

Model 3   birdID X X   24766.54 0.11 

Model 4 birdID X   X 24781.56 0.23 

Model 6 birdID X    24793.28 0.09 

Model 5 birdID  X  X 25012.41 0.18 

Model 7 birdID  X   25021.46 0.02 

Model 8 birdID    X 25033.15 0.15 
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Table S6.6 Model results and comparisons testing the relationship between time since first hatchling and hours 

spent on flapping flight per day. The dependent variable in this model: hours spent on flapping flight per day (h 

day-1) with random intercept for bird ID. The independent variables (fixed effects) included in each model are 

indicated with an X. The table is organized on descending AIC value. The best model is shown in bold (lowest 

AIC) and the models in which the AIC difference with the best model is < 2 are shown in red. R2 shows the 

marginal R squared value, which shows how well the model explains the variance for the fixed factors in the 

model. 

Model Random 

intercept 

Fixed effect  AIC R2 

 Days since 

hatching 

Sex   

Model 1   birdID X  930.57 0.01 

Model 2   birdID X X 932.12        0.01 

Model 3   birdID  X 932.68 0.01 

 

Table S6.7 Model results and comparisons testing the relationship between time since first hatchling and time 

since first hatchling and hours spent active per day. The dependent variable in this model: hours spent active per 

day (h day-1) with random intercept for bird ID. The independent variables (fixed effects) included in each model 

are indicated with an X. The table is organized on descending AIC value. The best model (lowest AIC) and the 

models in which the AIC difference with the best model is < 2 are shown in red. R2 shows the marginal R squared 

value, which shows how well the model explains the variance for the fixed factors in the model. 

Model Random 

intercept 

Fixed effect  AIC R2 

 Days since 

hatching 

Sex   

Model 1   birdID X  1358.86 0.01 

Model 2   birdID X X 1360.87       0.01 

Model 3   birdID  X 1364.69 0.00 
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Table S6.8 Model results and comparisons testing the relationship between time since first hatchling and time 

since first hatchling and estimated energy expenditure. The dependent variable in this model: estimated energy 

expenditure per day (kJ day-1) with random intercept for bird ID. The independent variables (fixed effects) included 

in each model are indicated with an X. The table is organized on descending AIC value. The best model is shown 

in bold (lowest AIC) and the models in which the AIC difference with the best model is < 2 are shown in red. R2 

shows the marginal R squared value, which shows how well the model explains the variance for the fixed factors 

in the model. 

Model Random 

intercept 

Fixed effect  AIC R2 

 Days since 

hatching 

Sex   

Model 2   birdID X X 4661.70 0.14 

Model 1   birdID  X 4662.37 0.14 

Model 3   birdID X  4667.12 0.01 

 

Table S6.9 Two common prey types for the herring gull on Texel, plaice Pleuronectes platessa and blue mussel 

Mytilus edulis with the average size eaten by gulls of this colony, the fresh weight of the meat (ignoring the shell 

of the mussel) and the energetic value in kJ per individual prey. We calculated fresh weight of plaice by using a 

formula of Kühn, Velilla & Camphuysen (2017); Fresh weight = (0.22*Length Plaice)^3.02 and multiplied this with 

the energetic value of a plaice (Kühn, Velilla & Camphuysen 2017). For the blue mussel, we first calculated the 

ash free dry weight (AFDW) of mussel meat for a mussel with a shell length (SL) of 20mm, using a calibration 

line based on freshly taken samples in the field (AFDW = -0.0128*SL+ 0.0005*SL^2 + 0.0839). We calculated the 

fresh weight by multiplying the ASFW with 8.333 (van der Veer, Cardoso & van der Meer 2006) and the energetic 

value per individual mussel using energetic values taken from Petersen (1981).   

Prey type Average 

size (mm) 

Fresh 

weight (g) 

Energetic 

value (kJ) 

Plaice   12.5 21.22 84.88 

Blue mussel  20.0 0.39 2.15 
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