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Abstract 27 

Understanding how birds annually allocate energy to cope with changing environmental 28 

conditions and physiological states is a fundamental question in avian ecology. The two main 29 

hypotheses to explain annual patterns in energy use are "reallocation" and "increased demand". 30 

The reallocation hypothesis suggests equal energetic costs in winter and breeding seasons, 31 

while the increased demand suggests that energy demand should be highest during breeding. 32 

Under the standard aerobic capacity model of endothermy, birds are expected to adjust the mass 33 

and/or metabolic intensity of their bodies in ways that are consistent with expected cold- and/or 34 

activity-induced costs. Here, we look for metabolic signatures of reallocation versus increased 35 

demands in the energy requirements of a small, resident passerine of a temperate-zone (great 36 

tit, Parus major). To do so, we measured whole-body and mass-independent basal (BMR), 37 

summit (Msum), and field (FMR) metabolic rates during late winter and during the chick-rearing 38 

period (breeding). We also assessed whether, and to what extent, metabolic rates conform to 39 

the predictions of the aerobic capacity model of endothermy. We found that great tits showed 40 

no substantial differences in energy expenditure between winter and the breeding season, 41 

providing support for the reallocation hypothesis. Only mass-independent Msum showed 42 

seasonal variation, with significantly higher values (~4%) in winter compared to the breeding 43 

season. Our results also lend support to the predictions of the aerobic capacity model for the 44 

evolution of endothermy, as we found that whole-body BMR and Msum were positively related. 45 

We argue that both energy reallocation and the limited increase in mass-independent Msum are 46 

consistent with the relatively mild winter temperatures recorded during our study period. Our 47 

results confirm that both BMR and Msum are flexible traits that vary in ways that are consistent 48 

with expected cold- and/or activity-induced costs. 49 

 50 
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Introduction 52 

The way that birds allocate energy in order to cope with changes in environmental 53 

conditions (e.g., fluctuations in ambient temperature) and physiological states (e.g., 54 

reproductive seasonality) is a fundamental question in avian ecology. Energy expenditure is an 55 

important aspect of a species’ ecology  and can vary considerably during the annual cycle. The 56 

two main hypotheses to explain annual patterns in energy use are the “reallocation hypothesis” 57 

and the “increased demand hypothesis” (Masman et al., 1988). The first hypothesis predicts a 58 

shift in energy expenditure from winter thermoregulation to reproductive activities, resulting in 59 

no net difference in seasonal energy requirements (Bryant & Tatner, 1988; Weathers & 60 

Sullivan, 1993). The second hypothesis predicts that energy demand should be highest during 61 

breeding, topping all other seasons (Gales & Green, 1990; Masman et al., 1988). Under the 62 

standard aerobic capacity model of endothermy (Bennett & Ruben, 1979), birds are expected 63 

to respond to such seasonal energetic changes in required “work” or “activity” by changing the 64 

mass and/or metabolic intensity of both their exercise and thermogenic tissues (i.e., mainly 65 

pectoral muscles) and their central organs (i.e., liver, kidney, and gut). For example, when faced 66 

with cold stress, birds can increase their pectoral muscle mass and/or metabolic intensity for 67 

improved shivering thermogenic capacity (Swanson & Vézina, 2015) and improved cold 68 

tolerance (Cooper, 2002; Schweizer et al., 2022; Swanson, 2001). Such investments in muscle 69 

mass and activity and concomitant changes in the gut and digestive organs that allow for higher 70 

daily food consumption (Chappell et al., 2011; Milbergue et al., 2018; Vézina et al., 2011) then 71 

underlie correlated changes in maximal aerobic capacity (i.e., summit metabolic rate; Msum) and 72 

maintenance metabolism (i.e., basal metabolic rate; BMR). 73 

 74 

Research on tropical bird species tends to support the increased demand hypothesis. For 75 

example, Wells and Schaeffer (2012) found that Msum was highest during the breeding season 76 
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for seven resident bird species in Panama. The black-headed nightingale thrush (Catharus 77 

mexicanus) from tropical mountains  upregulated its BMR in summer (~19% increase of winter 78 

BMR; Jones et al. 2020). Other studies support the reallocation hypothesis. For example, Anava 79 

et al. (2000) documented approximately equal energy expenditure in summer and winter for 80 

non-breeding Arabian babblers (Turdoides squamiceps) in Israel. Magpie (Pica pica) (Mugaas 81 

& King, 1981), yellow-eyed junco (Junco phaeonotus), and dark-eyed junco (Junco hyemalis) 82 

(Weathers & Sullivan, 1993) similarly showed a winter energy expenditure that was not 83 

significantly different from average breeding season values. Most other studies conducted in 84 

high- to mid-latitude areas, however, tend to reject both hypotheses, as winter energy 85 

expenditure frequently exceeds that during other seasons. For example, a study on Carolina 86 

chickadees (Poecile carolinensis) in Ohio found that daily energy expenditure (considered as 87 

field metabolic rate, FMR) was significantly higher (~32%) during the non-breeding season 88 

(Doherty et al., 2001), while Weathers et al. (1999) found that the energy expenditure of white-89 

crowned sparrows (Zonotrichia leucophrys nuttalli) in California was 17% higher during the 90 

winter than during the breeding season. Hence, there is still debate about how generally 91 

applicable the reallocation and increased demand hypotheses are.  92 

 93 

The aerobic capacity model is most strongly supported by a range of studies on birds 94 

living in cold areas. For instance, Dutenhoffer and Swanson (1996) found that in 10 bird species 95 

from southeast South Dakota, whole-body and mass-independent BMR and Msum were 96 

positively correlated, and the same was true for black-capped chickadees (Poecile atricapillus) 97 

in Canada (Lewden et al., 2012). Findings from tropical birds, in contrast, found a lack of 98 

support for the aerobic capacity model, which may be explained by the fact that tropical species 99 

presumably experience less strong selection for high thermogenic capacity (Swanson & 100 

Garland, 2009; Wiersma et al., 2007a; Wiersma, 2007b; Pacioni et al., 2023). For example, 101 
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Wiersma et al. (2007a) found that mass-independent Msum and mass-independent BMR were 102 

not correlated in 19 tropical lowland forest birds. Moreover, Msum is often considered a measure 103 

of maximal (shivering) heat production and an indicator of the level of sustainable thermogenic 104 

capacity, as many studies document a positive association with cold tolerance (Swanson, 2001; 105 

Swanson, 2010; Swanson & Liknes, 2006). However, several studies have reported that winter 106 

increases in cold tolerance can occur without corresponding changes in Msum (Dawson et al., 107 

1983; Swanson, 1993). Thus, cold tolerance and Msum do not always change in tandem, and the 108 

extent of their phenotypic correlation is still controversial (Swanson et al., 2012).  109 

 110 

Here, we look for metabolic signatures of reallocation versus increased demands in the 111 

energy requirements of a small, resident passerine of temperate zone deciduous forests (great 112 

tit, Parus major). We also assess whether, and to what extent, its metabolic rates conform to 113 

the predictions of the aerobic capacity model of endothermy, and how Msum relates to cold 114 

tolerance. To do so, we measured the basal (BMR), summit (Msum), and field (FMR) metabolic 115 

rates of great tits in Belgium during late winter and during the chick-rearing period. As our 116 

study area is characterized by a maritime temperate climate with comparatively mild winters 117 

(limiting thermoregulation costs), and given the fact that great tits are single-load feeders that 118 

need to make frequent foraging trips (i.e., carrying only one prey item back to the nest), 119 

especially during the period of nestling peak food demand (Gill, 1995), we predict that (i) 120 

energy expenditure will be higher during the breeding compared to pre-breeding late winter 121 

(i.e., conforming to the increased demand hypothesis). Based on the aerobic capacity model 122 

assumptions, we further expect to find that (ii) BMR and Msum are positively correlated, (iii) 123 

that body mass will be positively correlated with both BMR and Msum, and (iv) that Msum 124 

correlates with increased cold tolerance. 125 

 126 
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Material and methods 127 

Study system and fieldwork 128 

The study was carried out in the Aelmoeseneie forest, a 39.5 ha mixed deciduous forest 129 

surrounded by residential areas and agricultural fields in Gontrode (Melle), Belgium, in 130 

February/mid-March 2022 (late winter) and in April-May 2022 (breeding). The forest has been 131 

equipped with 84 standard nest boxes for great tits since autumn 2015 (height 1.5m; dimensions 132 

23x9x12cm; entrance 32mm) (Dekeukeleire, 2021). The climate of this region is maritime 133 

temperate, characterized by mild winters and significant precipitation in all seasons. The 134 

ambient temperature of the forest was recorded using 20 TMS-4 dataloggers, placed ~15 cm 135 

from the ground (Wild et al., 2019). Birds were captured with both nightly nest box controls 136 

and daily mist nets. Birds were then taken to a nearby lab space, where they were ringed for 137 

individual identification, aged (1st winter or adult), sexed (based on plumage characteristics), 138 

weighed to the nearest 0.1g, and kept in individual cages with food (mealworms and sunflower 139 

seeds) and water ad libitum. After the experiments, all birds were released at their original 140 

capture site. During the breeding season (starting in April), all the nest boxes were checked at 141 

least twice a week to determine occupancy by great tits and to record the day of egg laying and 142 

hatching. 143 

 144 

Winter BMR and breeding BMR 145 

BMR is defined as the minimum rate of energy expenditure (measured within the 146 

thermoneutral zone of a species) that a resting, post-absorptive individual requires to maintain 147 

normothermic body temperatures (McNab, 2012). In winter, BMR was estimated by flow‐148 

through respirometry (Lighton, 2018) by measuring O2 consumption (VO2; ml/min) during the 149 

night. Prior to these measurements, 40 individuals were weighed to the nearest 0.1g and placed 150 

in airtight plastic chambers with a volume of 1.1l. All birds were food-deprived for 2 hours 151 
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before respirometry. Ambient air was supplied by two pumps and divided into separate streams 152 

that were directed to a mass-flow meter (FB-8, Sable Systems) with needle valves adjusted to 153 

provide a flow of ~400 ml/min. Then, the airstreams were directed to the eight metabolic 154 

chambers (seven for each bird and one empty reference chamber as a baseline). The excurrent 155 

airstreams were connected to a multiplexer (RM-8, Sable Systems), which allowed one chamber 156 

airstream to be sampled independently from the others. Excurrent air from the bird and the 157 

baseline channels were alternately subsampled and pulled through a Field Metabolic System 158 

(FMS-3, Sable Systems). Birds were measured alternately in cycles, together with several 159 

baselines. The time of measurement for each bird within a cycle, and the length of each cycle, 160 

depended on the number of birds within a session (around 30 minutes per bird with three cycles 161 

during the night). The average measurement time was 9 hours. All chambers were maintained 162 

inside a custom-made darkened climate control unit (Combisteel R600) set at 25°C, which is 163 

within the thermoneutral zone (TNZ) of the species. The TNZ was determined during two 164 

different nights by monitoring VO2 in three post-absorptive individuals during the rest phase at 165 

a series of air temperatures (15, 17.5, 20, 22.5, 25, 27.5, and 30°C), executed in a random order 166 

with ~2 hours per each temperature (following van de Ven et al., 2013). Although the limits of 167 

the zone of thermal neutrality are not well defined by the curves (Figure 1), most individuals 168 

tended to consume less oxygen at ambient temperatures within 22.5-30°C, in line with other 169 

estimations (e.g., Bech & Mariussen, 2022). After the respirometry measurement, the birds 170 

were weighed again to the nearest 0.1g and placed back individually in their cages with water 171 

and food ad libitum. During the breeding season, 10 individuals (only females) were taken from 172 

their nest box during nighttime while roosting with their ca. 12-day-old nestlings, and taken to 173 

the lab in order to measure their BMR. The females were weighed to the nearest 0.1g and 174 

immediately transferred to the metabolic chambers. Their breeding BMR was measured as 175 

described above. At sunrise, birds were removed from the metabolic chambers, weighed to the 176 
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nearest 0.1g, and returned to their original nest boxes, where they all resumed raising their 177 

offspring. We were able to measure both BMR and Msum on 36 individuals. 178 

 179 

Figure 1. O2 consumption (VO2) expressed in ml/min at different ambient temperatures (T, °C) for great 180 

tits. The sample size for each temperature is n=3. 181 

 182 

Winter Msum and breeding Msum 183 

Msum is the maximal resting metabolic rate elicited by cold exposure (Mckechnie & 184 

Swanson, 2010). In winter, Msum was measured during the day after the BMR as the maximum 185 

cold-induced VO2 in a heliox (79% Helium - 21% Oxygen) atmosphere (Rosenmann & 186 

Morrison, 1974), using the sliding cold exposure technique (Swanson et al., 1996). Prior to 187 

measurements, each bird (n=36) was weighed to the nearest 0.1g and placed in a 0.9l metal 188 

chamber. The chamber (with the bird) was then placed in the climate control unit, which was 189 
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set at a temperature of 10°C and supplied with flowing heliox gas several minutes before 190 

starting the trial to allow the bird to acclimatize (Noakes et al., 2017). Heliox was pumped using 191 

a flow rate of ~812 ml/min set on the FB-8. The inflow of heliox was separated into two 192 

channels: baseline and experimental. The excurrent gas stream was passed through a column of 193 

Drierite® before the FMS-3 to remove water vapor. All Msum trials began with a baseline heliox 194 

measurement of 7 minutes. This period allowed for the air in the metabolic chambers to be 195 

completely replaced by heliox before recording any data from the chamber. After the baseline, 196 

the setup switched to the experimental channel, and the climate control unit was set at -30°C, 197 

causing the temperature in the metabolic chamber to decrease at a rate of ~0.8°C per minute. 198 

Msum measurements were stopped whenever individuals became hypothermic, which was 199 

inferred from a steady decline in VO2 over several minutes (Swanson et al., 1996). After 200 

removal from the chamber, baseline values were again recorded for at least 5 minutes. We 201 

assumed a bird had reached its Msum when its body temperature after a trial was ≤ 38°C (Cooper 202 

& Gessaman, 2005), measured by inserting a T-type 36 gauge thermocouple (5SC-TT-TI-36-203 

2M; Omega) inside the cloaca. Each bird was weighed to the nearest 0.1 g both before and after 204 

metabolic tests. When the test was finished, the bird was placed back in the cage, which was 205 

located in a heated room with water and food ad libitum. During the breeding seasons, birds 206 

were captured during the day with mist nets placed at different locations in order to cover the 207 

whole forest (n=7). The individuals were then taken to the lab, weighed to the nearest 0.1g and 208 

immediately transferred to a metabolic chamber. Their Msum and body temperature were 209 

measured as described above. After the measurement, the bird was again weighed and placed 210 

in a cage, which was located in a warm room with water and food ad libitum for about 30 211 

minutes, and then immediately released at the site of capture. We decided not to measure Msum 212 

on females in order to prevent them from spending too much time away from the nest. Hence, 213 
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during breeding season, we do not have measurements of both BMR and Msum on the same 214 

individual. 215 

 216 

Respirometry and data analysis 217 

The software ExpeData (Sable Systems) was used to record trials and extract BMR (ml 218 

O2/min) and Msum (ml O2/min) using equation 9.7 from Lighton (2008). The lowest stable part 219 

of the curve (average of 5 min) was selected to estimate BMR and TNZ over the entire night. 220 

Msum was considered as the highest 5-min average VO2 over the test period, and data were 221 

corrected for drift in O2, CO2, and H2O baselines using the Expedata Data Drift Correction 222 

function. 223 

 224 

Winter FMR and breeding FMR 225 

FMR is the total energy cost that an animal incurs during the course of a day, integrating 226 

maintenance, growth, and activity costs (e.g., associated with thermoregulation, foraging, etc.). 227 

The day after either Msum or BMR measurements, FMR (kJ/day) was measured using the doubly 228 

labeled water (DLW) technique (Speakman, 1997). Blood samples were collected from 1 229 

unlabeled individual to estimate the background isotope enrichments of 2H and 18O. Different 230 

individuals (n=30) were then weighed to the nearest 0.1g before being injected into the pectoral 231 

muscle with 0.1ml of DLW (661699 ppm 18O, 345686 ppm 2H). Syringes (Micro Fine + Insulin 232 

Syringe with Needle; Camlab) were weighed before and after administration (± 0.0001g) to 233 

calculate the exact dose the bird received, and the time of injection recorded. Individuals were 234 

then kept in a cloth bag for ca. 1h to allow the isotopes to mix with the body fluids. Before 235 

release at the original capture site, an initial blood sample was taken from the ulnar vein (100µl). 236 

When recaptured by nighttime nest boxes controls or daytime mist-netting 24 to 48 hours after 237 

release, another blood sample was taken from the ulnar vein in the opposite wing. The bird was 238 
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weighed again to the nearest 0.1g and the time of the blood sample was recorded. All blood 239 

samples were kept in heparinized capillary tubes (Micro-Pipette 100µl; Camlab), flame-sealed 240 

using a butane torch, and stored at room temperature. Analysis of the isotopic enrichment of 241 

blood was performed blind, using a Liquid Isotope Water Analyser (Los Gatos Research, USA) 242 

(Berman et al., 2012). Initially the blood encapsulated in capillaries was vacuum distilled 243 

(Nagy, 1983), and the resulting distillate was used for analysis. Samples were run alongside 244 

five lab standards for each isotope and three International standards to correct for day to day 245 

machine variation and convert delta values to ppm. A single-pool model was used to calculate 246 

rates of CO2 production as recommended for use in animals less than 5 kg in body mass 247 

(Speakman, 1993). To convert CO2 in energy expenditure, we assumed RQ=0.75 and used 248 

27.89 kJ/l CO2, following Speakman (1997). To calculate body composition of the birds, the 249 

dilution space (Nd) was estimated from the enrichment of the deuterium in the blood sample 250 

collected 1h post injection. This reflects the total body water (TBW) content, which is then 251 

converted to fat free mass (FFM). 252 

 253 

Statistical analysis 254 

Linear regression models with a Gaussian error distribution were used to test whether 255 

energy expenditure and cold tolerance (defined as the heliox temperature at which Msum was 256 

reached) differed between the winter and breeding seasons, specifying FMR, BMR, and Msum 257 

as dependent variables while adding sex and age as covariates. To test whether birds respond 258 

to energetic requirements primarily by adjusting the body mass and FFM of their 259 

exercise/thermoregulatory tissues and central organs, models were first run using whole-body 260 

metabolic rates. To test for changes in metabolic intensity of tissues and organs, models were 261 

then also run using mass-independent metabolic rates. Mass-independent metabolic rates are 262 

the residuals of regressions of (log) FMR, (log) BMR, and (log) Msum on (log) body mass (the 263 
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body mass after the trials was used). However, because no 1st winter individuals were caught 264 

in the breeding season, age was only added for within-winter comparisons. 265 

Similar linear models were used to test for positive correlations between body mass, 266 

(whole-body) metabolic rates, and cold tolerance. To avoid collinearity issues when assessing 267 

the relationship between mass-independent BMR and mass-independent Msum (as mentioned 268 

above, this was only possible for the winter data as, during breeding, BMR, and Msum were not 269 

measured on the same individuals), we first calculated the residuals from the regression of (log) 270 

BMR and (log) Msum on (log) body mass and then used the residual values of Msum as the 271 

dependent variable and the residual value of BMR as the explanatory variable (Downs et al., 272 

2013). As body fat is metabolically inactive, we also used FFM obtained through deuterium 273 

dilution instead of body mass. We then conducted a similar analysis on a subset for whom FFM 274 

data was available (n=16; 10 in late winter and 6 in breeding season). 275 

For all models, we used a backward stepwise procedure to eliminate non-significant 276 

interactions and variables. Post-hoc comparisons between species and seasons were performed 277 

with the emmeans function in the ‘emmeans’ package (Lenth, 2019). We used interquartile 278 

ranges as a criterion to identify outliers by using the quantile function. Then, we used the 279 

subset() function to eliminate outliers. For all models, the normality of residuals was tested and 280 

verified (i.e., Shapiro-Wilk W > 0.9), and the significance level was set at p ≤ 0.05. Body mass, 281 

FMR, BMR, and Msum were log transformed before all analyses. Statistical analysis was 282 

performed using R software v. 4.2.2 (R Core Team 2022). Details of the statistical analysis are 283 

available in Supplementary file (RMarkdown HTML). 284 

  285 
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Results 286 

During winter, we measured BMR of 40 individuals (19 males and 21 females, including 287 

35 adults and 5 1st winter). For all but four of these individuals, we also measured their winter 288 

Msum (16 males and 20 females, including 31 adults and 5 1st winter). During the breeding 289 

season, we measured BMR of ten adult females and Msum of six adult males and one adult 290 

female. Due to difficulties in recapturing individuals within 24 to 48 hours for the measurement 291 

of FMR, we only obtained five measurements (two during winter and three during breeding; 1 292 

male adult and 4 female adults). 293 

 294 

Great tits showed no difference in proxies of energy expenditure between winter and 295 

breeding, as whole-body FMR, BMR, and Msum did not differ between the two seasons (all 296 

p>0.1). Regarding mass-independent metabolic rates, only Msum was ~4% higher in winter than 297 

during the breeding season (p<0.01). Great tits were able to significantly tolerate colder 298 

temperatures during the winter compared to the breeding season (all p<0.05), with a winter 299 

average of -18.1 ± 1.7 °C and a breeding average of -16.5 ± 1.5 °C (heliox temperatures at 300 

which Msum was reached). Male great tits (both in late winter and during the breeding season) 301 

were significantly heavier (17.2 ± 1.4 g) than females (15.7 ± 1.0 g) (p<0.001), which was 302 

associated with a higher whole-body Msum (p<0.05). The body mass after BMR measurements 303 

was considered. 1st winter individuals had a significantly higher body mass than adults (p<0.05), 304 

which was associated with a higher whole-body and mass-independent Msum (p<0.05). The 305 

average metabolic expansibility (ME, the ratio of Msum over BMR) during the winter season 306 

was 3.94, while during the breeding season the average was 3.19 (population level, see above, 307 

as we did not gather BMR and Msum on the same individuals during the breeding season). BMR 308 

(both whole-body and mass-independent) was not significantly correlated with the number of 309 

chicks nor with the laying date. Table 1 summarizes sample sizes, means, standard deviations 310 
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(SD), minimum (Min), and maximum (Max) of body mass, FMR, BMR, Msum, and cold 311 

tolerance for both seasons. 312 

 313 

 314 

 
Male Female Adult 1st winter 

Mean ± SD Min - Max Mean ± SD Min - Max Mean ± SD Min - Max Mean ± SD Min - Max 

Whole-body 

FMRw [kJ/day] 67.4* 65.2* 66.3 ± 1.5 65.2 - 67.4 - - 

FMRb [kJ/day] - - 72.7 ± 21.1 56.3 - 96.5 72.7 ± 21.1 56.3 - 96.5 - - 

BMRw [ml O2/min] 1.23 ± 0.23 0.86 - 1.89 1.20 ± 0.18 0.81 - 1.60 1.22 ± 0.20 0.81 - 1.89 1.32 ± 0.14 1.22 - 1.56 

BMRb [ml O2/min] - - 1.35 ± 0.25 0.89 - 1.58 1.35 ± 0.25 0.89 - 1.58 - - 

Msumw [ml O2/min] 4.94 ± 0.58 3.92 - 6.75 4.27 ± 0.58 2.61 - 5.33 4.57 ± 0.66 2.61 - 6.75 5.22 ± 0.33 4.83 - 5.70 

Msumb [ml O2/min] 4.38 ± 0.52 3.92 - 5.21 3.84* 4.29 ± 0.52 3.84 - 5.21 - - 

Mass-independent 
[residuals] 

FMRw 0.06* -0.11* -0.02 ± 0.12 -0.11 – 0.06 - - 

FMRb - - 0.02 ± 0.17 -0.15 – 0.20 0.02 ± 0.17 -0.15 – 0.20 - - 

BMRw -0.02 ± 0.13 -0.29 – 0.33 -0.01 ± 0.10 -0.21 – 0.20 -0.02 ± 0.17 -0.15 – 0.19 0.06 ± 0.23 -0.16 – 0.33 

BMRb - - 0.07 ± 0.17 -0.21 – 0.24 0.07 ± 0.17 -0.21 – 0.24 - - 

Msumw 0.05 ± 0.12 -0.07 – 0.38 -0.01 ± 0.13 -0.42 – 0.18 0.04 ± 0.14 -0.07 – 0.38 0.08 ± 0.07 -0.00 – 0.15 

Msumb -0.09 ± 0.11 -0.23 – 0.07 -0.16* -0.01 ± 0.11 -0.23 – 0.07 - - 

Cold tolerancew [°C] -18.5 ± 1.6 -22.0 - -15.0 -17.9 ± 1.8 -20.0 - -14.0 -18.1 ± 1.7 -22.0 - -14.0 -18.0 ± 1.1 -19.2 - -17.0 

Cold toleranceb [°C] -16.6 ± 1.7 -19.0 - -15.0 -16.0* -16.5 ± 1.5 -19.0 - -15.0 - - 

Body massw [g] 18.0 ± 1.4 14.9 - 20.4 16.3 ± 1.1 14.5 - 18.3 17.1 ± 1.5 14.5 - 20.4 18.4 ± 1.2 17.0 - 20.1 

Body massb [g] 17.6 ± 0.9 16.6 - 18.8 16.8 ± 0.9 15.8 - 18.4 17.1 ± 0.9 15.8 - 18.8 - - 

 315 

Table 1. Mean ± standard deviation (SD), minimum (Min) - maximum (Max) values for FMRw (late 316 

winter), FMRb (breeding), BMRw (late winter), BMRb (breeding), Msumw (late winter), Msumb 317 

(breeding), cold tolerance (late winter and breeding) and body mass (after BMR measurements; late 318 

winter and breeding) per sex and age. Values with * refer to only one individual. 319 

 320 

We found evidence for a positive correlation between (log) body mass and both (log) 321 

BMR (p<0.01) and (log) Msum (p<0.05) (Figure 2). Moreover, (log) BMR and (log) Msum were 322 

also positively correlated (p<0.05), and (log) Msum was higher for individuals who could stand 323 

lower temperatures (i.e., had higher cold tolerance) (p<0.01).  324 

When we substituted (log) body mass with (log) FFM, the results showed no correlation 325 

between (log) FFM, (log) BMR or (log) Msum. We also investigated the mass-independent 326 
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metabolic rates by regressing (log) FMR, (log) BMR, and (log) Msum on (log) FFM to calculate 327 

the residuals. These mass-independent metabolic rates did not exhibit significant correlation 328 

and did not vary with seasonal changes. However, the sample size was relatively small, with 329 

only 16 individuals having FFM data (10 in late winter and 6 in the breeding season), which 330 

may have restricted the detection of variations and correlations. The analysis showed that the 331 

only significant difference observed when using FFM was that individuals with higher cold 332 

tolerance exhibited higher mass-independent Msum (i.e., those who could tolerate lower 333 

temperatures; p<0.01). Nonetheless, when we used body mass instead of FFM in the same 334 

subset of individuals (n=16), we still observed a significant relationship between mass-335 

independent Msum and cold tolerance (p<0.001). 336 

 337 

 338 

Figure 2. A) The relationship between (log) BMR and (log) body mass. B) The relationship between 339 

(log)Msum and (log) body mass. C) The relationship between log(Msum) and log(BMR). D) The 340 

relationship between cold tolerance (heliox temperature at which Msum was reached) and log(Msum). Blue 341 

dots = winter. Red dots = breeding season. 342 
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Discussion 343 

The aim of this study was to test the ‘reallocation’ and ‘increased demand’ hypotheses 344 

on great tits living in a temperate area and to assess whether predictions from the aerobic model 345 

of endothermy underlie (changes in) energy expenditure and cold tolerance between seasons. 346 

The increased demand hypothesis predicts that energy demand should be highest during 347 

breeding, while the reallocation hypothesis expects no net difference in seasonal energy 348 

requirements because of a shift in energy expenditure from winter thermoregulation to 349 

reproductive activities in spring. Overall, our analysis of the whole-body metabolism of great 350 

tits revealed that there were no substantial differences in energy expenditure between the winter 351 

and the breeding season, providing support for the reallocation hypothesis. Only mass-352 

independent Msum showed seasonal variation, with significantly higher values in winter 353 

compared to the breeding season, likely reflecting an adjustment to tolerate colder winter 354 

temperatures. Cold tolerance in winter was indeed positively related to Msum. Our results lend 355 

support to the predictions of the aerobic capacity model for the evolution of endothermy, as we 356 

found that whole-body BMR and Msum are positively related and that both are positively related 357 

to body mass. 358 

 359 

Reallocation versus increased demand hypothesis 360 

Studies focusing on small passerines at higher latitudes or in continental areas with 361 

harsher winter climates often reject both the increased demand and reallocation hypotheses 362 

because of a higher winter energy expenditure (Cooper, 2000; Doherty et al., 2001; Weathers 363 

et al., 1999; Webster & Weathers, 2000). Increased metabolic rates and body masses allow 364 

small passerines to withstand cold exposure for longer time periods (Piersma, 1984; Stuebe & 365 

Ketterson, 1982) and are thus a key strategy for increasing winter survival in cold areas (Broggi 366 

et al., 2003). Given the comparatively mild winters in Belgium, we had expected that the 367 
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breeding season would be more demanding for great tits, yet our data show no substantial 368 

increase in metabolic rates or body mass from late winter to the breeding season, and the results 369 

thus lend support to the reallocation hypothesis. It is indeed surprising that late winter is as 370 

energetically challenging as the chick-rearing period, especially as ambient temperatures during 371 

February and March 2022, when our pre-breeding period measurements were carried out, were 372 

even higher than typical. Temperature averages from the forest loggers were 6.5 ± 1.8 °C in 373 

February and 9.3 ± 2.9 °C in March, compared to a normal February average temperature of 374 

about 4.2 °C and about 7.1 °C for March (Royal Meteorological Institute; RMI). The fact that 375 

great tits are relatively small birds (~16.4g, Table 1) may offer a potential explanation here, as 376 

they can rapidly lose body heat because of their high surface-to-volume ratios (Cooper, 2000; 377 

Dawson et al., 1983; Doherty et al., 2001; Weathers et al., 1999; Webster & Weathers, 2000), 378 

potentially resulting in significant thermoregulatory demands even in milder climates. 379 

 380 

 The finding that energy expenditure in our study population corroborates the 381 

reallocation hypothesis contrasts with the results of several great tit studies assessing seasonal 382 

variation in BMR and body mass. For example, a study of geographical and seasonal variation 383 

in BMR in great tits showed that BMR peaked during midwinter (Broggi et al., 2019) for two 384 

populations in Oulu (Finland) and Lund (Sweden). A study focusing on body mass regulation 385 

in great tits in north-eastern Europe found an increase in body mass under conditions of 386 

extremely low ambient temperatures (i.e., minus 37°C, Krams et al., 2010). Similar findings 387 

have been reported for other small-bodied species, such as the Eurasian tree sparrow (Passer 388 

montanus) in China, for which Zheng et al. (2008) showed a higher BMR in winter when 389 

ambient temperatures averaged ~-15 °C. The contrasting findings in our study population are 390 

thus likely due to significantly warmer winter temperatures compared to many other studies of 391 

seasonal variation in energy expenditure in small passerines. 392 
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 393 

To our knowledge, our study is the first to measure seasonal variation of Msum in great 394 

tits, and while all other proxies of energy expenditure studied here were generally similar in 395 

late winter versus the breeding season, we did find evidence for a small but statistically 396 

significant (~4%) increase in mass-independent Msum during winter. A winter increase in mass-397 

independent Msum is a common finding in many studies of temperate-zone species (Mckechnie 398 

& Swanson, 2010), though it is typically higher than the increase found here (i.e., 10 to 50% 399 

higher; Swanson, 2010). Birds can achieve higher metabolic heat production and thus higher 400 

cold tolerance either by increasing their shivering thermogenic capacity by investing in large 401 

(mainly pectoral) muscle mass (see below) or, alternatively, by elevating the metabolic intensity 402 

of their tissues (Petit et al., 2014, 2017). Mass-independent Msum changes represent changes in 403 

the heat production per unit tissue mass (McKechnie, 2008; Swanson, 2010), and have been 404 

linked to adjustments in tissue mitochondrial density, upregulation of avian mitochondrial 405 

uncoupling proteins (Dridi et al., 2004) or increased activity of oxidative enzymes (Swanson 406 

2010). Such changes may allow birds to rapidly respond to changes in weather conditions, such 407 

as the arrival of cold spells, without requiring the synthesis of new shivering tissues (Vézina et 408 

al., 2011). The rather limited increase in Msum documented here is consistent with the relatively 409 

mild winter temperatures recorded during our study period, but more research is needed to test 410 

the relative importance of shivering versus non-shivering thermogenesis in birds exposed to 411 

different climates and weather regimens.  412 

 413 

Compared to other studies on the energetic metabolism of great tits in Europe, we found 414 

that our study birds were characterized by substantially lower metabolic rates and body masses 415 

(Supplementary material; Table S1 and S2). However, mass-specific BMR and FMR values in 416 

this study fall within the range of reported values (Table S1 and S2). The widespread presence 417 
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of bird feeders in and near our study area (Dekeukeleire, 2021) implies that birds probably had 418 

easy access to constant and reliable food sources. This may have enabled them to trade off 419 

starvation and predation risks by reducing their body mass in order to increase their chances of 420 

escaping predators (Lima, 1986). More fine-grained comparisons between our study and others 421 

are hampered because of our smaller sample sizes, a number of methodological differences 422 

(e.g., the use of open versus closed respirometry for BMR, intramuscular injection of doubly-423 

labeled water in the pectoralis major versus intraperitoneal injection), and differences in 424 

measured life-history covariates (such as clutch size). More research, including meta-analyses 425 

summarizing longitudinal studies on the winter and the breeding energetics of individuals and 426 

populations, is needed to fully unravel the factors that influence energy allocation in wild birds 427 

and how these may vary across latitude and between habitats.  428 

 429 

Aerobic capacity model 430 

We found that birds characterized by a higher BMR also had higher Msum values, but 431 

that the metabolic intensity of central organs was not correlated to the metabolic intensity of 432 

thermogenic and exercise tissues. These results lend at least partial support to the aerobic 433 

capacity model of endothermy, which postulates a positive correlation between minimum 434 

(BMR) and maximum (Msum) metabolic output. The fact that only whole-body mass metabolic 435 

rates conformed to expectations suggests that correlations were mainly driven by variation in 436 

body mass. This suggests that great tits manage energy demands primarily by adjusting the size 437 

of their central organs (which determine BMR) and the mass of their exercise and 438 

thermoregulatory tissues (which determine Msum), rather than by their metabolic intensity. 439 

Interspecific comparisons of BMR and Msum often found correlations between both whole-body 440 

and mass-independent basal and maximal rates, at least for non-tropical birds (Dutenhoffer & 441 

Swanson, 1996; Rezende et al., 2002), though intraspecific studies have found results similar 442 
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to ours. For example, Swanson et al. (2012) showed that whole-body BMR and Msum were 443 

significantly positively correlated for black-capped chickadees and house sparrows (Passer 444 

domesticus) from South Dakota (USA), but mass-independent rates were not. Vézina et al. 445 

(2006) found the same for overwintering red knots (Calidris canutus) in the Netherlands. The 446 

absence of a mass-independent correlation may be due to the fact that body mass differences 447 

between individuals can reflect differences in body composition, such as in (metabolically 448 

relatively inert) fat mass, while scaling metabolic rates by body mass to obtain mass-449 

independent rates assumes a constant contribution of mass to metabolic rates (Daan et al., 1990; 450 

Hayes & Shonkwiler, 1996). Because body composition adjustment is a prominent mechanism 451 

underlying metabolic flexibility in birds (Swanson, 2010), whole-body metabolic rates are 452 

generally believed to be most informative for intraspecific analyses of avian energetics 453 

(Swanson et al., 2012).  454 

 455 

As expected, birds with a higher Msum were able to tolerate colder temperatures both in 456 

the pre-breeding late winter period and during chick rearing, suggesting that pectoral muscle-457 

driven shivering thermogenesis constitutes a main mechanism of homeothermy under cold 458 

stress in small birds. In birds, the capacity for sustaining flight (i.e., parental care activity) and 459 

for shivering thermogenesis (i.e., temperature regulation) are both functions of skeletal muscle 460 

mass (Guglielmo, 2010). During the late winter period, high Msum enabled great tits to tolerate 461 

colder temperatures, which conforms to several inter- and intraspecific studies on avian cold 462 

tolerance. For example, Cooper (2000) found that higher winter pectoral muscle masses resulted 463 

in higher Msum and an increased ability to sustain cold temperatures in the mountain chickadee 464 

(Poecile gambeli) and the juniper titmouse (Baeolophus ridgwayi) in North America. Likewise, 465 

Liknes and Swanson (2011) showed that the pectoral muscle mass acts as a significant 466 

contributor to Msum values, in turn increasing thermogenic capacity and cold tolerance for 467 
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several South Dakota (USA) passerines. During the breeding period, there is little need for 468 

shivering thermogenesis, but sustained muscle activity is required for powering parental care 469 

activities, such as foraging flights (Koteja, 2000). Above, we found that, in line with the 470 

reallocation hypothesis, whole-body Msum did not substantially differ between late winter and 471 

the breeding period. Thus, our study birds likely had broadly similar muscle mass in both 472 

periods, explaining the similar degree of cold tolerance, with the slightly higher winter cold 473 

tolerance (1.5°C colder) likely due to slightly higher winter Msum intensity (see above). Thus, 474 

our results corroborate the literature supporting the view that Msum and BMR are flexible traits 475 

that vary in ways that are consistent with expected cold- and/or activity-induced costs (such as 476 

thermoregulation and parental care). 477 

 478 

Conclusions 479 

In conclusion, our findings lend support to the reallocation hypothesis and the aerobic model 480 

of endothermy. We only found a very modest (4%), but statistically significant, increase in 481 

mass-independent Msum, and mass-independent Msum was positively correlated with cold 482 

tolerance. We argue that both energy reallocation and the limited increase in mass-independent 483 

Msum are consistent with the relatively mild winter temperatures recorded during our study 484 

period. Our results suggest that both BMR and Msum are flexible traits that vary in ways that are 485 

consistent with expected cold- and/or activity-induced costs. 486 
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