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Abstract

During critical phases of life, animals must adjust their allocation of energy among vital functions, including those associated with immune
defense. In the Moscow region, we examined 37 wintering males of great tit (Parus major) to evaluate the magnitude and direction of the
relationship between nonspecific constitutive immunity (NCI) and two traits reflecting energy expenditure and balance. The first, basal meta-
bolic rate (BMR), represents the energetic cost of self-maintenance in endotherms and could serve as an indicator of maximum sustainable
work output. The second, body mass, acts as a proxy for a bird's current physical condition. We hypothesized that under the harsh midwinter
conditions, when males begin to exhibit territorial behavior, a trade-off would likely emerge between their costs of maintaining NCI and BMR
during the territory partitioning phase. We used a hemolysis-hemagglutination assay to assess NCI and flow-through respirometry to estimate
BMR. Our results revealed an age- and condition-dependent relationship between body mass and NCI, alongside a consistently negative
relationship between NCI and BMR across age groups and years. This negative relationship indicates a trade-off between energy allocated to
self-maintenance and NCI. Previously, we demonstrated that an improved social and territorial status in male great tits was associated with
increased energy expenditure, either through elevated BMR or higher daily energy expenditure. We propose that the energetic cost of NCl arises
indirectly due to hormonal shifts associated with changes in social status. Our findings underscore the complex interplay between physiological
and ecological pressures in shaping life-history strategies.
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Throughout the annual cycle of birds, there are specific
“bottlenecks” that restrict the optimal combinations of key
life-history traits (Stearns 1989). These constraints are pri-
marily linked to underlying physiological mechanisms (Flatt
and Heyland 2001; Zera and Harshman 2001; Ricklefs and
Wikelski 2002; Williams et al. 2010). Among these mecha-
nisms is the energy management system of endothermic ani-
mals, which establishes a balance among various components

of energy expenditure (Drent and Daan 1980; Dolnik 1995;
Gavrilov 1997), including the allocation of energy to ther-
moregulation, reproduction, immune defense, and other
physiological processes.

Basal metabolic rate (BMR) is the most studied indica-
tor of energy expenditure in endothermic animals. Defined
as the minimal energy expenditure of an adult normother-
mic animal in a post-absorptive, non-reproductive state, at
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rest, and within the thermoneutral zone, BMR reflects the
cost of self-maintenance (McNab 1997). BMR is considered
a key measure of physiological variability within popula-
tions, and it could indicate the maximum sustainable level of
energy expenditure due to the existence of a positive relation
between minimum and maximum metabolic rates (Gavrilov
1995, 1997; Auer et al., 2017).

Studies have demonstrated that in wintering populations
of great tits in the most favorable habitats of the Moscow
region, BMR (both mass-specific and mass-independent
measures of this energetic trait) reflects the energetic compo-
nent of social and territorial status (Kerimov and Ivankina
1997, 1999a, 1999b; Kerimov 2001). For instance, younger
(less than one year old) males newly joining the flock showed
a strong positive correlation between BMR and social dom-
inance within the winter group. Conversely, older resident
males within the flock’s core did not display this relationship.
Among older males, however, new arrivals in autumn exhib-
ited higher BMR than those who had previously resided in
the territory. This asymmetry in energy expenditure suggests
a high initial cost for achieving a social position within an
established group, which may be attributed to differences
between individuals in their stress response or activity level
(Careau et al. 2008). Moreover, a higher social rank and flock
membership increased the likelihood of acquiring a reproduc-
tive territory in the flock’s central area, where pairs experi-
enced the highest lifetime reproductive success, producing the
greatest number of recruits that contributed to the local adult
population (Kerimov and Ivankina 2005). These findings sug-
gest that, for male tits within the wintering flock, the primary
driving forces are mechanisms that demand increased energy
expenditure to attain social status, which is closely linked to
reproductive status.

Body mass serves as an indicator of an individual’s daily
energy balance, generally correlating positively with fat
reserves, an energy resource accounting for more than 50% of
body mass variability (Labocha and Hayes 2012). In winter-
ing tits, male body mass is known to be positively associated
with dominant rank (Gosler 1996; Gosler and Carruthers
1999; Krams 2000; Lange and Leimar 2004). However,
the direction of body mass changes among males of differ-
ent ranks depends on species-specific characteristics (Lange
and Leimar 2004) and, over relatively short time intervals,
on various within-species factors, such as the stability of the
social environment (Lange and Leimar 2004), winter climate
conditions (Gosler and Carruthers 1999), food availability
influenced by predator pressure (Krams 2000), and the com-
binations of these factors (Lange and Leimar 2004).

The immune system is one of the most resource-intensive
systems (Demas et al. 2012; McDade et al. 2016). The interac-
tion of immune functions with growth, maturation, reproduc-
tion, and other life-history demands continues to be a subject
of research and debate (Lochmiller and Deerenberg 2000;
Moshkin et al. 2000; Martin et al. 2008; Cotter et al. 2011;
Kelly et al. 2018). There is no clear answer to the question of
the cost that an endothermic animal incurs to maintain and
activate immune functions across different branches of the
immune system (Ots et al. 2001; McKean and Lazzaro 2011;
Hasselquist and Nilsson 2012; McDade et al. 2016). It is gen-
erally accepted that the costs of developing acquired immunity
are high, while the costs of its maintaining and reactivating are
relatively low (Klasing and Leshchinsky 1999; Klasing 2004).
Conversely, innate immunity requires less initial investment

but higher ongoing costs (Klasing 2007). Here, we refer to
innate immune functions in question as a characteristics of
nonspecific constitutive immunity (NCI) (Martin et al. 2008),
corresponding to the widely used term “constitutive innate
humoral immunity.” Innate immune mechanisms are effective
and mobilize rapidly upon encountering novel pathogens. In
contrast, acquired immune responses are less efficient at ini-
tial interaction with unfamiliar pathogens but confer advan-
tages on subsequent exposure due to immunological memory.
Therefore, the investment strategies for innate and acquired
immunity vary and become optimized according to environ-
mental demands throughout the life cycle, including prenatal
ontogenesis (Klasing 2004, 2007; McDade et al. 2016).

Our study aimed to evaluate the magnitude and direction
of the relationship between nonspecific constitutive immunity
and two traits of the endothermic organism, namely BMR
and body mass, which can act as proxies for the energy costs
of vital functions.

The study was conducted on a population of wintering
great tits in the Moscow region from late January to early
March. This period is one of the most challenging phases in
the annual cycle for great tits wintering in central Russia.
Well before the onset of breeding, as temperatures remain
low, the social structure of the group shifts, and flock cohe-
sion partially dissolves. During this time, some males begin to
sing and exhibit distinct territorial behaviors, occupying and
defending areas both in the core and on the periphery of the
flock range. Field metabolic rate (FMR, which is a measure
of daily energy expenditure) assessments of male great tits
in this location, taken during the same season, showed that
males displaying territorial behavior had an FMR/BMR ratio
approaching 4—the upper limit of long-term energy expend-
iture according to Gavrilov’s model (Gavrilov 1995, 1997).
In contrast, non-territorial males maintained an FMR/BMR
ratio close to the minimum required for self-maintenance dur-
ing regular activity and rest cycles (referred to as the existence
metabolic rate) (Nagy et al. 1999).

We hypothesized that under midwinter conditions, when
male great tits begin to demonstrate territorial behavior, a
trade-off would likely emerge between the costs of maintain-
ing NCI and the energetic demands of engaging in territorial
encounters. Our working hypothesis suggests that this conflict
in resource allocation under winter conditions could mani-
fest differently both at the individual level and across various
socio-demographic groups (i.e., birds of differing social sta-
tus, sex, and age). Given the fundamental sex-based differ-
ences in behavior associated with the spatial organization of
reproductive settlements in great tits, we selected males as the
primary subjects of this study.

Materials and Methods

Sample size, conditions, and study design

Data for this study were collected from January 20 to
February 3, 2021, and February 15 to March 3, 2024, at the
Zvenigorod Biological Station of Moscow State University
(55°44’ N, 36°51” E) in the Moscow region. The winter con-
ditions in 2021 and 2024 were generally similar (based on
meteorological data from the city of Zvenigorod). In 2021,
daily minimum temperatures ranged from -17 °C to +1 °C
(mean + SET =-5.9 °C = 1.7 °C). The range of daily max-

min

imum temperatures was -9 °C to +3 °C (mean = SET =

max

-0.9 °C = 0.9 °C). Similarly, in 2024, T, averaged -6.6 °C
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+ 1.4 °C (ranging from -21 °C to +1 °C), and T__averaged
0.6 °C = 1.1 °C (ranging from -9 °C to +8 °C) Although
data collection in 2024 began almost two weeks later than in
2021, the two sessions did not significantly differ in terms of
minimum and maximum daily temperatures (T : Student’s ¢
=0.28,P=0.77;T__:Student’st=1.01,P=0.32,n =15,n
, = 18). There were also no temperature differences between
the 2021 collection period and the same calendar period
in 2024 (T, =-73°C«19°C,T_=-18°C=0.8°C;
T ..: Student’s ¢ = -0.55, P = 0.58; T __ : Student’s t=0.77,
P=045n,=n,=15).

The population of great tits, which received regular supple-
mental feeding of sunflower seeds and suet at the Nizhniye
Dachi settlement, included both residents that had previously
bred within the winter flock range (WFR) and birds that
joined the core of the flock during the current autumn-winter
season. Some individuals in both groups were of local origin,
representing the autochthonous component of the popula-
tion. The controlled area, covering about 325 ha, was used by
core-flock birds for nesting during the breeding season. This
area contained 503 wooden and concrete nest boxes. The
study also used data on the reproductive density of great tits
from 41 years of continuous population monitoring by AB
Kerimov, EI Ivankina, and AV Bushuev (Culina et al. 2021).

Birds were captured using mist nets and traps set near
the feeder between 2:00 p.m. and 5:00 p.m. Captured birds
were placed in cloth bags. Morphometric measurements and
weighing were conducted 5 to 40 min after capture. Each
bird was then placed in an individual semi-transparent plas-
tic container (47 x 26 x 26 cm) with a 1-cm mesh metal lid,
equipped with a water source and food supply (crushed sun-
flower seeds and mealworms provided ad libitum). The aviary
room maintained a natural photoperiod and a temperature
of approximately + 15 °C. At nightfall, the birds were placed
in cotton bags and transported to the laboratory for BMR
measurement.

Blood was collected from the ulnar vein using a heparinized
capillary tube, obtaining approximately 100 pL per sample.
The puncture was made with a 26G needle from an insulin
syringe. The handling time for each bird during blood sam-
pling did not exceed 2 min. Birds were then released back into
the wild. Plasma was separated 15 min after blood sampling
by centrifugation for 10 min at RCF = 800 g. The plasma was
frozen and stored at 20 °C until analysis.

In total, both BMR and NCI measurements were taken from
18 older (over one year old; 10 males captured in 2021 and
8 in 2024) and 19 younger (born in the previous year; 8 in
2021 and 11 in 2024) male great tits during 2021 and 2024
(Supplementary Table S1). The age of all males was known to
an accuracy of one month. The age of younger males ranged
from 8 to 9 months (avg. 8.9), while the age of older males
ranged from 20 to 32 months (mean 21.9). Among the older
males, the vast majority (83.3%) were 20-month-old birds.
Based on assessments of the birds’ condition, we decided not to
collect blood the morning after BMR measurements for 2 older
and 5 younger males. Instead, their blood was drawn upon
recapture, performed at least two days later, after confirming
their good health through body mass and pectoral muscle con-
dition. An additional 5 older and 4 younger males were cap-
tured exclusively for blood sampling, which was conducted
within 30 min of capture. These birds served as a control for
the potential impact of acute stress resulting from handling,
BMR measurement, and other related procedures (including

overnight housing in individual containers). Previous research
has shown that acute capture stress can influence innate
immune responses (Buehler et al. 2008; Zylberberg 20135). In
our study, the handling and respirometry procedures had no
effect on estimated NCI levels. Older males whose blood was
collected within 30 min of capture and immediately released
(without subsequent BMR measurement) showed no differ-
ence in NCI levels compared to those undergoing BMR meas-
urement and released the following morning (Mann-Whitney
U-test: Z=-1.212, P=0.226, n, = 5, n, = 16). Similar results
were observed for younger males (Mann-Whitney U-test:
Z=0.159,P=0.873,n, =4,n,=14).

Phenology of winter flock range (WFR) partitioning
and involvement of studied birds in territory
formation and reproduction in 2021 and 2024

In 2021, the first faint songs of males in the core of the WFR
were heard on January 23. By January 24-25, several males
(n =5, which accounted for 11.4% of all males monitored
in the WFR during this period, 7 = 44) had begun regular
singing and were engaged in territorial interactions. Thus, the
synchronous BMR and NCI measurements in 2021 coincided
with the very early phase of territorial behavior exhibited by a
few members of the local group, while most flock males were
not yet involved in territory partitioning.

According to continuous 41 years monitoring in this area,
the breeding population density of great tits in 2021 was high,
with 11.3% of the nest boxes (7 = 503) occupied by breeding
pairs during the first cycle of reproduction, second only to
the 2020 peak (12.6%) and 1.6 times higher than the long-
term average (7.1%). The proportion of older males (over 2
years) that successfully established nests within the controlled
territory of the Zvenigorod Biological Station’s protected
area reached 67.7% (n =31 males), while within the WFR
and its periphery, this percentage was even higher—81.0%
(n=21). Among the breeding males, a significant portion
were resident individuals with prior nesting experience in the
same area (42.9%) and locally born birds (52.4%, consist-
ing of 10 older males and 1 younger male). Given this strong
year-to-year continuity in the composition of the breeding
population, competition for territories in the current season
was generally confined to refining previously established spa-
tial relationships, which minimized the involvement of new
members of the wintering flocks in local reproduction. Only
a fifth of the males (22.2%, n = 45) identified during the win-
ter period joined the breeding population formed within and
around the WFR (7 = 21), and these birds made up almost
half of the local breeding population (47.6%, n = 21). The
vast majority of young males wintering in the WFR (85%,
n =20) did not participate in breeding. This age group con-
stituted only 14.3% of the breeding population in the flock
territory and its immediate surroundings (7 = 21). The limited
breeding involvement of new birds (those wintering in the
WEFR for the first time) was also reflected in the 2021 sample
characteristics. Of the males for which both BMR and NCI
were measured (10 older and 8 younger individuals), only
three (16.7%, two older residents and one young bird) were
later found nesting at the WFR periphery. Younger males
(yearlings) were born in the year of long-term peak (2020)
of the local population, which was characterized by very low
breeding success and a minimal average quality of chicks, as
estimated by their body mass prior to fledging (15.6 g in 2020
vs. 17.4 g on average over a 15-year period; ¢-test: P < 0.001).
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In 2024, the first male song was recorded on January 21,
similar to 2021. However, the widespread transition to terri-
torial behavior in the WFR (marked by singing from multiple
males, duets, and boundary conflicts) began later on the cal-
endar than it did in 2021, occurring on February 4-6. BMR
measurement and NCI sampling in 2024 occurred at least 10
days later in the timeline of territorial partitioning than in
2021. By this point, nearly half of the males (47.4%, compris-
ing 4 older and 5 younger males) for whom both physiolog-
ical parameters were measured had already started actively
displaying territorial behaviors.

In 2024, 6.8% of nest boxes (z = 503) were found to be
occupied by great tits during the first cycle, a value consistent
with the long-term average. The proportion of older males
(over 2 years) that successfully bred in the controlled area of
the Zvenigorod Biological Station was 46.4% (n = 28), while
within the WFR and its periphery, it was 42.1% (n=19),
nearly half that of the equivalent percentage in 2021. In this
same area, the representation of older residents and all locally
born males (both young and old) was 36.8%, slightly below
the levels observed in the 2021 breeding population. The local
breeding population (7 = 19) included 44.4% (n = 36) of the
males identified during winter, a value twice that of 2021.
The breeding population was primarily composed of males
from this group (84.2%, n = 19), with young wintering males
accounting for 47.4% (n = 19), which was notably different
from the fate of the equivalent cohort in 2021. Of the 19 males
(8 older and 11 younger) with measured BMR and NCI, more
than half (52.6%, 3 older and 7 younger) were later found
breeding in the center and periphery of the WFR, a substan-
tially higher percentage than in 2021. Younger males were
born in the year of moderate breeding numbers (2023) in the
local population, and in this year, the measures of breeding
success including chick body mass prior to fledging (17.7 g)
did not differ from long-term values.

In contrast to similar ambient factors, the marked differ-
ences between years in terms of phenology and social envi-
ronment have made a significant impact on the difference
between the conditions of the studied years.

Respirometry

BMR measurements began on the day of capture after dark
(7 p.m.) and continued until dawn the following day (8 a.m.).
The oxygen consumption of great tits was measured using
flow-through respirometry. The birds were placed in individ-
ual cylindrical polypropylene chambers (1.25 L), which were
then placed in thermostats set to 27.0 °C. This temperature
is within the thermoneutral zone for great tits (Gavrilov
and Gavrilov 2019; Playa-Montmany et al. 2021; Bech and
Mariussen 2022; Pacioni et al. 2023). Seven independent
membrane pumps pushed outdoor air at a rate of approxi-
mately 550 mL/min (estimated using a mass flowmeter, which
is a component of the FoxBox respirometer—see below)
through chambers containing color-indicating silica gel to
remove water vapor, and then through the respirometry cham-
bers with the birds. To measure oxygen consumption (VO,)
in several birds (up to six individuals) during one session, we
used an air-flow switching system (a custom-built multiplexer,
see details in the appendix of Bushuev et al. 2018) that auto-
matically directed air alternately from the bird chambers and
from an empty reference chamber into the respirometer. The
birds were deprived of food for 2 h before the start of VO,
measurements to ensure they were in a post-absorptive state.

The respirometry system was assembled using two sequen-
tially connected FoxBox-C respirometers (Sable Systems
International, USA). The air exiting the respirometry cham-
bers first passed through a tube with a 10-20-mesh Drierite™
desiccant (V = 75 mL) and then through a mass flow meter in
one of the FoxBoxes. After that, the airflow was split, and a
subsample at a rate of 100-150 mL/min was directed sequen-
tially through the O, and CO, gas analyzers of both FoxBox
respirometers (the second FoxBox was used for control).
Additional details regarding calibration and leakage testing
can be found in Bushuev et al. (2021a). The relative con-
centrations of O, and CO,, as well as the airflow rate, were
recorded every 6 s on both respirometers. The measurement
time for O, and CO, concentrations from the bird chambers
was 20-25 min. After measuring the two bird chambers, the
gas concentrations in the air exiting the reference chamber
were measured for 5-10 min, and these values were then used
as the O, and CO, concentrations in the air entering the bird
chambers. We estimated VO, for 1-6 birds each night (3.7 on
average).

The minimum oxygen consumption (VO, ) was deter-
mined using a minimum 5-minute moving average. On aver-
age, the VO, occurred at ~4 a.m. VO, was calculated from
the airflow rate through the bird chamber and the relative
concentrations of O, and CO, in the air entering and exiting
the chamber according to the Haldane transformation (see
equation in Bushuev et al. 2018; Lang et al. 2018). VO,
values (mL O,/hour) were used as an indicator of BMR. After
the experiment, the birds were removed from the chambers,
weighed to the nearest 0.1 g using an Ohaus Scout SC4010
Portable Electronic Balance Scale (USA), and then returned
to their containers to allow them to eat. Between 9:30 a.m.
and 10:00 a.m., a blood sample was taken to measure the
NCI level.

Measurement of nonspecific constitutive
immunocompetence

The method of hemolysis-hemagglutination assay with nat-
ural antibodies of foreign erythrocytes was first proposed
by Matson et al. (2005) to characterize constitutive innate
humoral immunity (referred to here as NCI) in various bird
species. Since then, this method has been widely applied by
ornithologists. As an indicator of NCI, we measured the inten-
sity of complement-mediated lysis of foreign red blood cells
and the agglutination of these cells by natural antibodies in
the blood plasma of male great tits from the wintering flock.

To evaluate the NCI response, we applied the protocol by
Matson et al. (2005) with minimal modifications. Rabbit
erythrocytes (RRBC) were used as the foreign red blood
cells (Seto and Henderson 1968; Matson et al. 2005). Since
erythrocyte lysis often overlaps with RRBC agglutination in
plasma samples, we used an integrated characteristic to assess
two activities simultaneously: erythrocyte lysis by plasma
complement and erythrocyte agglutination by natural anti-
bodies (NAB). This combined assessment allowed us to char-
acterize a cumulative hemolysis-hemagglutination response,
which exhibits high variability.

Rabbit erythrocytes were obtained from defibrinated rab-
bit blood preserved in an Alsever’s solution (1:1; provided by
“KrolInfo,” Orekhovo-Zuevo, Moscow Region, Russia). The
erythrocytes were washed with saline using gentle centrifuga-
tion (RCF = 200 g) three times for 5 min and once for 10 min.
A working concentration of 1% erythrocyte suspension in
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Table 1. Results of the final linear model describing the effects of body mass, BMR, year, and age on nonspecific constitutive immunity in male great
tits (Parus major) from the winter flock.

Term Estimate SE t P
(Intercept) 15.248 4.992 3.055 0.005
Body mass -0.672 0.277 -2.423 0.022
Mass-independent BMR -20.316 4.639 -4.379 <0.001
Year -9.289 6.521 -1.424 0.165
Age -48.941 7.734 -6.328 < 0.001
Body mass* Year 0.489 0.365 1.338 0.192
Body mass*Age 2.679 0.431 6.218 <0.001
Year™*Age 43.789 10.437 4.195 < 0.001
Body mass™ Year*Age -2.393 0.589 -4.063 <0.001

Note: Asterisk indicate interaction between factors. The year variable has two levels: 2021 (reference level) and 2024. The age variable has two levels: older
(reference level) and younger males. Mass-independent BMR was calculated as the residuals of the regression of log,) BMR on log,; body mass. Terms with
P < 0.05 are highlighted in bold. General statistics of the model: R? = 0.71, F ,, = 8.58, P < 0.001.

0.01 M phosphate-buffered saline (PBS) was calculated using
hematocrit capillaries.

For the assay, we used a 96-well polystyrene plate with
U-shaped wells. Wells 2-10 received 25 pL of PBS. To save
plasma, the assay began with the second well, where we
dispensed 25 pL of bird plasma using an automatic pipette.
Serial titration was initiated from well 2 by transferring 25
pL of the mixed content from one well to the next. From the
tenth well, 25 pL was discarded after mixing. The eleventh
well served as a negative control. We then added 25 pL of the
1% RRBC suspension in PBS to each well (1-11). The plate
was gently mixed, placed in a plastic bag, and incubated at 37
°C for 90 min. After incubation, the plate was removed and
left at room temperature for 20 min at a 45° angle, then for
an additional 70 min in a horizontal position to maximize the
visibility of hemolytic reactions (Matson et al. 2005).

The intensity of hemolysis-hemagglutination was assessed
by noting the last well in which a visible response was
observed (Supplementary Figure S1). Intermediate values
were recorded by adding 0.5 to the well number. For sam-
ples showing very low immune responsiveness, we repeated
the assay, adding 25 pL of reserved plasma (undiluted with
PBS) to the first well, followed by 25 pL of the 1% RRBC
suspension.

Statistical analysis

The statistical analysis was conducted in R v. 4.4.2 (R Core
Team 2024). Linear models were constructed using the “Im”
function. The dependent variable was the level of NCI. The
independent factors included male age (older/younger) and
year (2021/2024). Covariates included mass-independent
BMR (residuals of the regression of log,, BMR on log,, body
mass), body mass, and one of various ambient temperature
measures from the week preceding BMR measurement (listed
in Bushuev et al. 2021b). Interaction terms were also included
in the model (up to three-way interactions).

Deviations from linear model assumptions were tested
using the “qvlma” function from the self-titled package (Pefia
and Slate 2006), and residual diagnostic plots were con-
structed using various graphical functions from the “olsrr”
package (Hebbali 2024). For stepwise model selection, we
used a backward elimination procedure implemented in the
“stepAIC” function from the “MASS” package (Venables

and Ripley 2002). The penalty multiplier for the number of
degrees of freedom used in the elimination procedure was
set to k = log(n), corresponding to the Bayesian information
criterion (BIC) (Schwarz 1978). For model visualization, we
used the ‘plot_model’ function from the “sjPlot” package
(Ludecke 2024). The significance level was set at a = 0.05.

Results

According to the BIC, the final model that maximized the var-
iance explained in the response variable while minimizing the
number of predictors included mass-independent BMR, body
mass, year, age, and their interactions as predictors of NCI in
males (Table 1). In this model, BMR, male age, and the inter-
actions of body mass with age, year with age, and body mass
with year and age, all had highly significant effects on NCI
(Table 1). None of the ambient temperature variables were
included in the final model.

The NCI index was negatively associated with BMR (Table
1, Figure 1). This negative trend was observed in both older
and younger males across both years (Supplementary Figure
S2). NCI levels were generally higher in older males, though
this difference was evident only in 2021 (Figure 2). Moreover,
we found a moderate correlation between NCI and exact age
(Spearman’s rank correlation = 0.41; P = 0.01), which ranged
from 8 to 32 months (Supplementary Figure S3). In 2021,
younger males showed a positive association between NCI
and body mass, while older males exhibited a tendency to
a negative trend. However, this body mass-NCI relationship
was not significant in either age group in 2024 (Figure 3).

The final model, with log,, BMR as the response varia-
ble and log,, body mass, age, year, and NCI as predictors,
revealed year-dependent variation in the relationship between
BMR and body mass (Supplementary Table 2). Body mass
alone explained 82.3% of the variance in BMR in 2021 and
29.8% in 2024. Nevertheless, no significant difference was
detected in the variances of mass-independent BMR between
the two years (Levene’s test: P = 0.245).

Discussion

Our study yielded two key findings: 1) Patterns of complex
relationship between NCI, age, body mass across two years
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Figure 1. The relationship between mass-independent basal metabolic rate (BMR) and immune response, estimated as the nonspecific constitutive
immunity (NCI) index, in male great tits from a winter flock. “c.u.” stands for conventional units (i.e., the number of plate wells in the hemolysis-
hemagglutination reaction; see Supplementary Figure S1). The color of the dots represents male age (red for older males and blue for younger males),
while the shape of the dots represents the study year (full circles for 2021 and triangles for 2024). The regression line is shown with its 95% confidence

intervals. The correlation coefficient was r= — 0.36 (P = 0.029).

differing in phenology and social environment; and 2) A neg-
ative relationship between NCI and BMR.

Older males exhibited higher NCI levels, which might align
with the described bell-shaped relationship between immune
function and bird age. Immunity levels tend to increase in
early life stages and decline as the immune system ages (e.g.,
Klasing and Leshchinsky 1999; Cichon et al. 2003; Saino et
al. 2003; Matson et al. 2005; Lavoie et al. 2007; Meller and
Haussy 2007; Noreen et al. 2011). In great tits, levels of nat-
ural antibodies have been shown to rise between 10 and 30
months of age, followed by a decline as the birds continue
aging (Vermeulen et al. 2017). However, complement activity
declined only slightly after the age of 10 months, although
it is unclear how it changed prior to this, as measurements
began at 10 months (Vermeulen et al. 2017). According to our
data, NCI increased with age between 8-9 and 20 months.
However, the model-predicted differences between older and

younger birds in NCI were evident in 2021 but disappeared
in 2024. Numerous studies have shown that environmental
conditions affect both adaptive and innate immune char-
acteristics in birds (e.g., Lifjeld et al. 2002; Grzedzicka and
Kubacka 2018; Roast et al. 2019; Zhu et al. 2020). In our
study, snow cover and temperature conditions were similar
in 2021 and 2024. The observed interannual variation may
be associated with fundamental differences between the two
years in terms of phenology and social environment—namely,
the phase of territory partitioning within the WFR and the
extent of male involvement in breeding across different ages.
In 2021, unlike in 2024, most of the breeding population con-
sisted of older males with previously established territorial
relationships, which limited the number of vacant territories
and reduced the chances for younger birds to compete suc-
cessfully. Additionally, the study period coincided with the
onset of territory partitioning in the WFR, a stage initially
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Figure 2. The relationship between the study year and immune response, estimated as the nonspecific constitutive immunity (NCI) index, in older and
younger male great tits from the winter flock, as predicted by the final model (Table 1). “c.u.” stands for conventional units (i.e., the number of plate
wells in the hemolysis-hemagglutination reaction; see Supplementary Figure S1). To plot the graphs, both the BMR and body mass predictors in the
model were held at their mean value. Red and blue dots represent the raw data for older and younger males, respectively. Vertical bars indicate the

model-predicted mean values with 95% confidence intervals.

dominated by older males (Kerimov 2001). By contrast, in
2024 the study took place during a peak period of competi-
tion for territories, with numerous vacant territories, allow-
ing both age groups to participate actively in this process.
As a result, young males who had wintered within the WFR
in 2024 accounted for about half of the local breeding pop-
ulation. Given the equal participation of older and younger
males in territory partitioning and subsequent breeding in
2024, the convergence of their immune characteristics may
reflect the same states of innate immunity influenced by com-
parable reproductive loads.

In 2021, older and younger males exhibited different trends
in the relationship between NCI and body mass, whereas no
such asymmetry was observed in 2024. Body mass represents
an individual’s ability to maintain a balance between energy
intake and expenditure. Among young wintering males
in 2021, the positive relationship between body mass and
NCI could be related to the characteristics of birds born in
2020 within the local population (see Materials and meth-
ods). That year, the breeding population was characterized
by the lowest average quality of fledglings observed over a
long-term period. Consequently, yearlings wintering in the
study area in 2020-2021 likely included a substantial pro-
portion of birds in poor condition, both physically and
health-wise. However, on average, young birds in our 2021
sample were not inferior to older males in two body condition
measures, nor were they inferior to birds of any age in 2024
(see Supplementary Figures $4-S5). On the other hand, this

positive relation does not appear to contradict the predictions
of the Immunocompetence Handicap Hypothesis (Folstad
and Karter 1992), which states that only high-quality individ-
uals are more inclined to engage in competition for preferred
resources. Under conditions where early phenology limits
the ability of yearlings to participate in territorial partition-
ing, potential competitors for better territories among young
males should have both higher body mass and a higher qual-
ity innate immune system.

Unlike younger males, older ones in 2021 tended to show
a negative relationship between body mass and NCI. The
simplest explanation for this possible negative trend in older
males is a trade-off driven by the increased energetic costs
borne by larger (high-quality) individuals as they compete to
gain an earlier and better social position and territory within
the WFR. The high cost of dominance has been discussed
in various contexts for both birds and mammals, including:
increased central stress axis activity in socially high-ranking
individuals (Gosler, Carruthers, 1999; Creel 2001; Creel et
al. 2013; Habig and Archie 2015; Silva et al. 2018), elevated
oxidative stress in dominant individuals (Silva et al. 2018),
increased androgen production (Bokony et al. 2008), the
maintenance of bright coloration associated with melanin
pathways and physiological condition (Roulin 2016), and the
resource-demanding maintenance of physiological functions,
notably immune functions (Lochmiller and Deerenberg 2000;
McKean and Lazzaro 2011; Hasselquist and Nilsson 2012;
Habig and Archie 2015).
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Figure 3. The relationship between morning body mass and immune response, estimated as the nonspecific constitutive immunity (NCI) index, in older
and younger male great tits from the winter flock across two study years (2021 and 2024), as predicted by the final model (Table 1). “c.u” stands for
conventional units (i.e., the number of plate wells in the hemolysis-hemagglutination reaction; see Supplementary Figure S1). To plot the graphs, the
BMR predictor in the model was held at its mean value. The raw data are represented by dots: red dots with a solid line represent older males, while
blue dots with a dashed line represent younger males. Regression lines are displayed with 95% confidence intervals.

Overall, the observed annual difference supports the exist-
ence of a trade-off between the energetic costs of territoriality
and the ability to maintain an appropriate level of immuno-
competence. This trade-off reflects the predominant involve-
ment of older males in competition for territories in 2021 and
the equal participation of younger males alongside older indi-
viduals in the reproductive process in 2024.

Mass-independent BMR emerged as a significant factor
influencing NCI levels, with a consistent negative relation-
ship across both age groups. This trend suggests a trade-off
between these two physiological functions. Unlike body mass,
the trade-off between BMR and NCI remained consistent
across both study years, despite differences in the phase of
territory partitioning and breeding involvement between the
two age groups. The only interannual difference was not in
the direction or slope of the regressions but in the alignment
of trends between older and younger males in 2024 and the
lower NCI levels in young birds in 2021 (Supplementary
Figure S2).

Previous research on the same population of great tits
demonstrated that both older and younger males who later
successfully established territories in the WFR exhibited ele-
vated BMR levels even during the autumn-winter period.
Additionally, higher male social status (e.g., inclusion in the
core flock and dominance in food competition) was associ-
ated with increased BMR. As social relationships stabilized,
BMR decreased (Kerimov and Ivankina 1999a, 1999b;
Kerimov 2001). Notably, changes in energy expenditure for

self-maintenance (BMR) associated with shifts in social posi-
tion may occur in advance or early in the formation of new
relationships. In this regard, the adjustment of energy expend-
iture based on social status resembles seasonal BMR changes
observed in various bird species inhabiting mid to high lati-
tudes (Swanson 2010; Bushuev et al. 2011).

The persistent negative trend between NCI and BMR
across both years suggests a pre-adaptive, possibly seasonal,
BMR adjustment among all males who are potential territory
competitors. Compared to BMR, body mass is more sensitive
to short-term conditions, reflecting an individual’s immediate
energy balance. During the early pre-breeding stage, the ability
to maintain energy balance and thus stable body mass differs
fundamentally depending on social status. At the early stage
of pre-breeding phase, territorial great tit males exhibit daily
energy expenditure (DEE or FMR) close to the upper limit,
while others maintain daily energy expenditure close to the
minimal level suitable for prevailing temperature conditions
(Nagy et al. 1999). This explains the observed differences
in NCI trends influenced by two traits, that reflect energy
expenses. At the same time, the nearly identical NCI-BMR
relationship among older and younger males in 2024 reflects
the strict morphological and physiological quality standards
that real territory competitors must meet at the early, most
challenging, and crucial stage of territory partitioning within
the flock range.

Few studies on rodents suggest that nonspecific humoral
immunosuppression may represent a cost of achieving social
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rank (Mills et al. 2009, 2010; Smyth et al. 2018). In wintering
great tits, improved social and territorial status correlates with
higher energy expenditure—either through increased BMR or
the need to maintain body mass with elevated FMR (Gavrilov
et al. 1996; Kerimov and Ivankina 1999b; Nagy et al. 1999).
Changes in rank are likely accompanied by a complex set of
hormonal shifts. This process may conflict with NCI due to
competition for shared endogenous resources, as seen in small
mammals (Mills et al. 2009, 2010; Smyth et al. 2018). Thus,
the decrease in NCI observed in our study may reflect an indi-
rect, hormone-mediated energetic cost of maintaining social
rank. This reduction could be driven by increased physiologi-
cal stress (Herbert and Cohen, 1993; Martin, 2009; Dhabhar,
2014) combined with the immunoredistributive and immu-
nosuppressive effects of testosterone (Braude et al. 1999; Foo
et al. 2017)—a hormone that peaks during periods of intense
territoriality (Van Duyse et al. 2003). Since the baseline oxida-
tive status can influence the magnitude of immune responses
(Cram et al. 2015), the decline in NCI is linked to oxidative
stress levels. Increased production of reactive oxygen metab-
olites may result from fluctuations in testosterone levels
(Alonso-Alvarez et al. 2007; Mougeot et al. 2009), intensified
immune activity (Costantini, Meller, 2009; Costantini, 2022;
Iwifiska et al. 2024), or simply as a byproduct of high-energy
expenditure (Beckman and Ames, 1998). From this point of
view, the negative relationship between NCI and BMR in our
study suggests that the downregulation of immune function
in male great tits switching to territoriality reduces the risk of
experiencing high oxidative stress.

In conclusion, while our explanations remain hypothet-
ical, a key outcome of our study is the identified age- and
condition-dependent relationship between body mass and
NCI, against the background of a consistently negative rela-
tionship between NCI and BMR across both age groups
and different years. Seasonal variation in immune function
in vertebrates, especially birds (often examined across life
stages such as reproduction, molting, and migration), has
been widely studied (see reviews: Nelson and Demas 1996;
Kortet and Vainikka 2008; Martin et al. 2008), but studies
on interannual variation in immune function in wild animals
are scarce (Schultz et al. 2020). Since the effect of season on
immunity is likely to be strongly influenced by interannual
changes in the environment (Hegemann et al. 2012; Schultz
et al. 2020), which also include variations in the sociodemo-
graphic context, accounting for both seasonal and annual
factors is important for a proper understanding of adaptive
variability in immune functions across life history stages.
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