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Breeding season is the most energetically and physiologically demanding phase in the avian annual cycle, challenging 
adults’ physiology and survival. However, the timing and extent that self-maintenance of breeding adults is compromised 
during the breeding season is poorly understood. We investigated the trade-off between reproduction and self-maintenance 
in relation to breeding phase (prelaying, incubation, chick rearing) and sex in a small Arctic seabird, the little auk Alle alle. 
To measure a bird’s allocation of time for self-maintenance, we examined size-adjusted body mass and immunocompetence 
expressed by bacteria (Escherichia coli) killing capacity (BKC) of blood plasma, heterophils/lymphocyte ratio (H/L) and their 
numbers of particular leucocytes per 10 000 red blood cells (RBC). We found that size-adjusted body mass decreased as the 
breeding season progressed. BKC, number of heterophils and H/L values were all was significantly higher at prelaying when 
compared to all other phases. Interestingly, we found that heavier individuals had higher BKC and number heterophils at 
the prelaying and chick rearing phases than light individuals. There were no differences by sex in any studied variables. Our 
results indicate that immunocompetence and body mass of breeding adults decreases over the course of breeding season. 
The efficiency of the immune system appears to be dependent on the bird’s body reserves. Our results suggest that little 
auks allocation of resources into reproduction negatively affects their self-maintenance.

The breeding season is one of the most time consuming 
and energetically demanding phases of a bird’s annual cycle 
(Drent and Daan 1980, Walsberg 1983). During breeding, 
adult birds need more energy than in any other part of the 
year to meet the requirements associated with reproductive 
activities, such as courtship, territory and mate guarding, 
nest building, egg formation, egg incubation, and brood-
ing and feeding the offspring (Martin 1987, Sandberg and 
Moore 1996). These energy needed to meet these require-
ments may be met by increased foraging intensity and reor-
ganization of the time budget. However, a growing number 
of studies shows that breeders often fail to modify their 
foraging behaviour and time budget in a way that allows 
all of these extra energy expenditures to be met (Sol et al. 
2002, Dehnhard et al. 2011, Dehnhard and Hennicke 2013, 
Jaeger et al. 2014, Powell et al. 2015). Moreover, accord-
ing to the reproduction-immune system trade-off hypothesis 
(Deerenberg et al. 1997, Hasselquist and Sherman 2001, 
Martin et al. 2008), when the cost related to reproduction is 
at a maximum, the immune system is suppressed or down-
regulated (Hasselquist and Sherman 2001) and immunity 
suppression during energetically taxing reproductive phases 
has been reported in some species (Adamo et al. 2001).

Body mass also changes due to various energy demands 
associated with reproduction, usually decreasing with increased 
effort. Sometimes these changes may be adaptive – the body 

mass loss after hatching increases mobility of the parent 
(Ankney and Macinnes 1978). Because interpretation of 
body mass changes during the breeding season is compli-
cated, it should be only as an informative background for 
interpretation of changes in other variables.

The purpose of this study was to investigate the trade-
off between reproduction and immune function and body 
mass in the little auk (or dovekie Alle alle). The little auk 
is a small High Arctic colonially breeding seabird. Its mass-
specific daily energy expenditure is one of the highest among 
seabirds (Gabrielsen et al. 1991). Breeding adults invest 
heavily into the reproduction, starting from with a pro-
longed prelaying phase, when the female produces a large 
egg (19.2% of body mass) and the male guards his partner 
and nest site (Stempniewicz 2001, Wojczulanis-Jakubas and 
Jakubas 2012, Wojczulanis-Jakubas et al. 2014). This phase 
is followed with incubation and chick rearing which last one 
month each. Both partners are equally involved in paren-
tal duties (Harding et al. 2004, Wojczulanis-Jakubas and 
Jakubas 2012) during these phases. At the end of the chick 
rearing phase, females abandon the brood and the male stays 
with the offspring during fledging (Harding et al. 2004, 
Wojczulanis-Jakubas and Jakubas 2012). One hypothesis to 
explain this female brood desertion is that it is the result  
of her lowered body reserves (Wojczulanis-Jakubas and 
Jakubas 2012, Wojczulanis-Jakubas et al. 2012). Due to 
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these life-history traits and high energy demands, the little 
auk may serve as a good model species to investigate resource 
allocation in adults during the breeding, including sex 
differences.

In the light of reasoning presented above, we hypothesized 
that the immunocompetence, expressed as bacteria killing 
capacity (BKC), heterophils to lymphocytes (H/L) ratio, 
and the number of leucocytes per 10 000 RBC along with 
the size-adjusted body mass of parental birds would decrease 
with increasing parental investment over the course of the 
breeding season. We also expected that breeders with higher 
size-adjusted body mass (i.e. with larger body reserves) would 
have better immune function (i.e. higher BKC, lower H/L 
ratio, higher number of leucocytes per 10 000 RBC). Due 
to the female’s investment in egg production, we expected 
them to have lower immunocompetence and size-adjusted 
body mass than males.

Methods

Study area and field work

This study was undertaken in Hornsund, SW Spitsbergen 
(77°00′N, 15°33′E) in 2014 during the following phases of 
the breeding season: a) prelaying, 20–21 d before the median 
of egg laying, b) incubation, 2–3 d after egg laying, c) incu-
bation, 1–2 d before hatching, and d) day at 14–15 d during 
of the chick rearing. During the prelaying phase every adult 
bird was classified as a potential breeder. Individuals were 
assigned an active breeder status if their nest contained eggs 
or if during the incubation and chick rearing there was food 
in the gular pouch which was confirmed during the banding 
process. We captured the birds with noose-carpets deployed 
in the colony area during prelaying and chick rearing, or by 
hand, directly from the nest during the incubation phase. If 
we did not know the exact date of egg laying or hatching for 
individual birds, we assessed it based on the hatching median 
for that colony patch. The assessment error was not high 
considering highly synchronized hatching (Stempniewicz 
1995, Jakubas and Wojczulanis-Jakubas 2013). We released 
birds or returned them directly to the nest unharmed after ca 
10 min of handling.

We measured the flattened wing with a 1 mm accuracy 
ruler and the head to bill length and bill length with cal-
liper of 0.01 mm accuracy. We then weighed each captured 
individual with an electronic balance of 0.1 g accuracy. From 
each bird, we collected a blood sample (ca 80 ml) by pricking 
the brachial vein and using a 100 ml heparinized capillary 
tube. All birds were ringed to prevent multi-sampling of the 
same individual. We kept the blood cool ( 4°C) for 2–3 h 
until it could be divided into two subsamples: 1) ca 5 ml for 
leucocytes counts in a blood smear; 2) the remaining blood 
was centrifuged for 10 min at 6000 rpm to obtain a BKC 
(plasma) sample, and for molecular sexing (red cells). We 
kept the plasma cool for 1–2 d ( 4°C) before the initiation 
of the laboratory procedure. Red cells were frozen at –20°C 
and analyzed within 4 months.

In total, we sampled 120 breeders. Fifteen males and 10 
females were sampled during prelaying. Fifteen males and 16 
females were sampled at the beginning of incubation. Twenty 

males and 17 females were sampled at the end of incubation, 
and 12 males and 15 females were sampled during the chick 
rearing phase). All individuals were sampled only once.

Study variables

To investigate changes in immune defence of adults at the 
consecutive phases of the breeding season, we measured their 
BKC and leucocyte profiles. BKC of bird’s plasma encom-
passes multiple components of the innate immune system, 
including natural antibodies, complement proteins, and 
lysozyme (Matson et al. 2006) and is considered a measure 
of innate immunity (Merchant et al. 2005). A number of 
soluble proteins in the blood plasma also limit infections. 
Natural antibodies serve as non-specific recognition mol-
ecules with the ability to limit early microbial infection 
(Ochsenbein et al. 1999). To measure BKC of the little 
auk, we selected Escherichia coli because this is a ubiquitous 
bacteria, which should minimize the potentially confound-
ing effect of different antigen exposure histories (Millet et al. 
2007).

For the leucocyte profiles, we measured the relative 
numbers by percentage of different leukocyte types in the 
peripheral blood for the calculation of heterophils to lym-
phocytes (H/L) ratio as well as numbers of leucocytes per 
10 000 erythrocytes. Both parameters provide a convenient 
measure of integrated immune function (Davis 2005, 
Salvante 2006). Elevated total number of leucocytes indicates 
an inflammatory process in response to both microbiological 
and macroparasite infections (Dein 1986). Lymphocytes, as 
a part of acquired immunity, are responsible for pathogen-
specific immune response (Dufva and Allander 1995) and 
their numbers will increase during any immunological 
challenge (Ots and Hõrak 1998, Glaser and Kiecolt-Glaser 
2005). Heterophils, as a part of the innate immune system, 
are non-specific phagocytozing cells entering the tissues dur-
ing an inflammation, particularly due to microbial challenge 
(Campbell 1995). They increase in number during stress, 
trauma, and chronic bacterial infections. The H/L ratio 
is often used as a stress indicator in birds and is known to 
increase in situations of infectious diseases and/or starvation 
(Bonier et al. 2007, Davis et al. 2008).

As a measure of body reserves, we used size-adjusted body 
mass, a widely used and easy to measure index (Garnett 
1981, Lindström and Piersma 1993, Alonso-Alvarez and 
Tella 2001). It provides the cleanest way to separate the 
effects of condition from the effects of body size (Jakob et al. 
1996, Wojczulanis-Jakubas et al. 2015).

Laboratory work

To investigate BKC, we incubated 30 ml of fresh plasma with 
10 m of E. coli (American Type Culture Collection, strain 
8739) at 41°C for 45 min following Matson et al. (2006). 
Escherichia coli was delivered in the form of freeze-dried 
pellets, with one pellet of E. coli containing a 5.5  107 
colony forming unit. We made a stock solution with 50 ml  
of sterile 1M phosphate buffer saline (PBS) warmed to  
35–37°C and one E. coli pellet, which we transferred to the 
PBS with sterile forceps. We prepared a working solution 
of E. coli by using 9.5 ml of sterile PBS to 0.5 ml of stock 



EV-3

solution, in order to produce a final starting concentration 
of a ∼ 250 colony forming unit. We plated all samples on 
McConkey agar plates and stored them overnight in an 
incubator at 37°C to allow colony formation by surviving 
bacteria. As a control we plated and incubated 5 samples of 
bacteria without the addition of plasma.

To investigate leucocyte profiles, we stained air dried 
blood smears using the May–Grünewald–Giemsa method 
with a Wescor ‘Aerospray Haematology’ stainer. Then, we 
determined relative numbers by percentage of particular 
types of leucocytes by examining one-layer-cells on non-
overlapping microscope fields of each smear at 1000  mag-
nification under oil immersion. We counted all types of 
leucocytes (heterophils, lymphocytes, basophiles, eosinophils 
and monocytes) until reaching a total of 100 cells (Davis 
et al. 2008). We used this data to calculate an H/L ratio. To 
estimate the overall allocation to leucocyte production, we 
counted the number of heterophils, lymphocytes and total 
leucocytes per 10 000 red blood cells (RBC) (Lobato et al. 
2005). All blood smears were examined by a single observer 
who was unaware of the birds’ breeding phase and sex (IK).

For molecular sexing of birds, we extracted DNA from 
the frozen red blood cells using a Blood Mini kit from A&A 
Biotechnology, Gdynia, Poland. We performed the CHD 
gene-based analysis with the primer pair F2550 and R2718, 
according to Griffiths et al. (1998), using a 50°C annealing 
temperature for the PCR reaction. The sex differences in the 
PCR products were clearly visible in UV-light when separat-
ing the fragments on 2% agarose gel stained with Midori 
Green Advanced DNA Stain (Nippon Genetics Europe, 
Düren, Germany).

Data analysis

We counted visible E. coli colonies on digital images of 
both the experimental (with plasma) and control (without 
plasma) plates using ImageJ 1.48v (National Inst. of Health, 
Bethesda, USA). The number of colonies in both types of 
plates were used to calculate BKC using the formula (Millet 
et al. 2007): BKC  1 – (number of bacterial colonies on 
experimental plate/average number of bacterial colonies on 
5 control plates).

Before statistical analyses, we logit-transformed the 
leucocyte variables and BKC (Warton and Hui 2011). Due 
to very low numbers or absence of monocytes, basophiles and 
eosinophils in the blood smears, we did not analyze them.

To adjust body mass to body size, we used the scaled mass 
index (SMI), as recommended by Peig and Green (2009):

SMI Mi
Lo
Li

bSMA

= 





where Mi is the body mass of individual i; Li is the linear 
body measurement of individual i (head-bill length) and 
bSMA is the scaling exponent estimated from the regression 
of M and L. Lo is the arithmetic mean value of the linear 
measurement. We used mean value of head-bill length as the 
linear body size measurement as it showed the highest cor-
relation with the body mass in adults (both sexes combined; 
Pearson correlation coefficient, r120  0.38, p  0.003) among 
considered variables (bill length, r120  0.18, p  0.02; wing 
length, r120  0.14, p  0.06).

To investigate influence of phase of breeding season, 
sex, and their interaction on dependent variables (BKC, 
H/L ratio, numbers of heterophils, lymphocytes and all 
leucocytes per 10 000 RBC), we performed a factorial 
analysis of covariance (ANCOVA) with SMI as the covari-
ant. We performed this separately for particular dependent 
variables. As the main effects should not be interpreted when 
interactions are significant (McDonald 2008), whenever that 
was the case, we interpreted only the interactions. We also 
performed factorial a ANOVA to investigate the influence 
of phase of breeding and sex and their interaction on the 
scaled mass index.

To examine relationships between variables, we per-
formed a general linear model (GLM) using three different 
approaches to avoid multicollinearity of blood parameters. 
In the first approach, we included in the model: BKC as 
dependent variable and used the following set of non- 
collinear variables (Pearson correlation, r  0.31): phase of 
breeding season as factorial predictor and H/L ratio, SMI 
as continuous predictors. In the second approach, we con-
sidered BKC as dependent variable and the following set of 
non-collinear variables (r  0.22): phase of breeding season 
as factorial predictor and number of heterophils, lympho-
cytes and leucocytes per 10 000 RBC as continuous predic-
tors. In order to determine the relationship between BKC 
and the values of H/L ratio, SMI, and sex at each studied 
stage phase of the breeding season, we additionally per-
formed four separate multiple regression models. In the third 
approach, we considered SMI as the dependent variable and 
the following set of non-collinear variables: BKC, H/L ratio 
as continuous predictors and phase of breeding season as 
factorial predictor. In all regression analyses we coded sex as 
a dummy variable.

To select the best model for each set of regression 
analyses, we used Akaike’s information criterion for 
small sample size (AICc) (Burnham and Anderson 2002, 
Mazerolle 2006). To compare the relative performance of 
the models, we calculated the difference (ΔAICc) between 
the AIC value of the best model and AIC value for each 
of the other models and Akaike’s weights, i.e. probability 
that a model is the best model for observed data given the 
candidate set of models (Burnham and Anderson 2002). 
We considered only the models with ΔAICc  2 (Burnham 
and Anderson 2002). We checked significance of the best 
models using Wald statistics. To present effect size in the 
best models, we presented Eta-squared values.

We performed all statistical analyses in STATISTICA 10 
(StatSoft, Tulsa, OK, USA), and R software (R Core Team) 
using MuMIn (Bartoń 2013) and aod (Lesnoff and Lancelot 
2012) package. We considered results significant at level of 
p  0.05 and for multiple comparisons we used Bonferroni 
correction with significance level p  0.01.

Results

Influence of the phase of breeding season and sex on 
BKC, leukocyte profiles and SMI

Bacteria killing capacity (BKC) was affected significantly by 
the phases of breeding season with higher values at early phases 
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Eta-Squared  0.47) and with increasing SMI (p  0.004, 
Partial Eta-Squared  0.58). The sex effect was not signifi-
cant (p  0.65, Eta-squared  0.18).

The best model describing the relationship between 
BKC and the second set of predictors (breeding phase, sex, 
number of heterophils, lymphocytes and leucocytes per 
10 000 RBC) included: number of heterophils, lympho-
cytes, leucocytes per 10 000 RBC and sex (Table 3). BKC 
increased with increasing number of heterophils per 10 000 
RBC (p  0.0003, Partial Eta-Squared  0.55) and num-
ber of leucocytes per 10 000 RBC (p  0.001, Partial Eta-
Squared  0.51). The sex effect was not significant (p  0.71, 
Partial Eta-Squared  0.18).

In separate multiple regression models describing fac-
tors affecting BKC during particular phases of the breed-
ing season (prelaying, beginning of incubation, end of the 
incubation and during the chick rearing phase), H/L ratio 
and SMI were significant predictors in the best models 
(Table 4). During the prelaying phase BKC increased with 
increasing H/L ratio (b  0.34, p  0.002, Partial Eta-
Squared  0.58) and SMI (b  0.48, p  0.0018, Partial 
Eta-Squared  0.62) (Fig. 4). At beginning of incuba-
tion, BKC increased with increasing H/L ratio (b  0.32, 
p  0.014, Partial Eta-Squared  0.66). The SMI effect 

compared to the later phases (ANCOVA; post-hoc HSD test 
for unequal N with Bonferroni correction, p  0.01, Table 
1, Fig. 1). BKC was also affected significantly by a covari-
ant, scaled mass index (SMI) with larger individuals having 
higher BKC. Neither sex nor interaction of sex with breeding 
phase affected BKC significantly (Table 1).

The H/L ratio was affected significantly by the breeding 
phase, sex, SMI and interaction of sex  phase of breeding 
(Table 1). Regarding interaction, the H/L ratio in both males 
and females was significantly higher during the early phases 
of breeding when compared to later ones (post-hoc HSD 
test for unequal N with Bonferroni correction, p  0.01; 
Table 1, Fig. 2). In females, the H/L ratio was significantly 
higher at the beginning of incubation when compared to the 
chick rearing phase (post-hoc HSD test for unequal N with 
Bonferroni correction, p  0.01; Fig. 2).

Numbers of heterophils, lymphocytes, leucocytes per 
10 000 RBC and SMI (covariant) were also affected sig-
nificantly by the breeding phase and the relative number 
of heterophils was affected by sex and phase  sex interac-
tion (Table 2). Neither sex nor interaction with breeding 
phase affected significantly the number of lymphocytes and 
leucocytes per 10 000 RBC. Considering breeding phase 
effect, the number of all considered cells per 10 000 RBC 
was significantly higher during the early breeding phases 
when compared to later phases (post-hoc HSD test for 
unequal N with Bonferroni correction, p  0.01; Fig. 2). 
Regarding breeding phase  sex interaction, during the 
prelaying phase males had a significantly higher number 
of heterophils per 10 000 RBC compared to females (post-
hoc HSD test for unequal N with Bonferroni correction, 
p  0.01).

The scaled mass index (SMI) was affected significantly  
by the breeding phase (ANOVA, F1,114  13.34, p  0.001, 
Fig. 3) and sex (F1,114  6.79, p  0.011). Interaction of 
breeding phase  sex was not significant (F1,114  0.76, 
p  0.519). Individuals during chick rearing phase had lower 
SMI compared to the earlier phases. Overall, males had 
higher SMI than females (post-hoc HSD test for unequal N 
with Bonferroni correction, p  0.01).

Relationships among the studied variables

The best model describing the relationship between 
BKC and the first set of predictors (breeding phase, H/L 
ratio, SMI and sex) included: breeding phase, SMI, H/L 
ratio, and sex (Table 3). BKC decreased with the prog-
ress of season (p  0.022, Partial Eta-Squared  0.65) and 
increased with increasing H/L ratio (p  0.009, Partial  

Table 1. The effects of breeding phase, sex and their interaction on bacteria killing capacity and the H/L ratio in adult little auks, with scaled 
mass index as covariant (ANCOVA). Significant effects (p  0.05) are bolded.

Bacteria killing capacity H/L ratio

Variable DF F p Eta Squared DF F p Eta Squared

Intercept 1 765.98  0.001 0.78 1 637.87  0.001 0.82
Scaled mass index 1 18.98 0.001 0.35 1 26.98  0.001 0.41
Phase 1 543.92  0.001 0.63 1 211.23  0.001 0.73
Sex 1 0.11 0.623 0.06 1 6.18 0.006 0.32
Sex  phase 1 2.45 0.154 0.02 1 7.34 0.007 0.28
Error 114 114

Figure 1. Bacteria killing capacity (points are means boxes are SD; 
whiskers are 95% CI, values corrected for significant covariant, 
scaled mass index) in adult little auks (both sex combined due to 
lack of significant sex differences) captured at the consecutive phases 
of breeding season. Arrows indicate significant differences 
(ANCOVA, post-hoc HSD test for unequal N with Bonferroni 
correction, p  0.01).
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and self-maintenance in the little auk. This is the first study 
on this species and one of the few conducted on seabirds 
examining this issue over the entirety of the breeding season, 
using multiple variables describing bird immunocompetence. 
We found that both immune function and size-adjusted 
body mass significantly declined with the progress of the 
breeding season regardless of sex.

The observed pattern of BKC changes in the little auk 
is consistent with the reproduction-immune system trade-
off hypothesis (Hasselquist and Sherman 2001, Martin 
et al. 2008). The low values of BKC recorded during the 
chick rearing phase, when the cost related to reproduction 
is at maximum, may have resulted from suppression or 
down-regulation of the immunity (Hasselquist and Sherman 
2001). Similar results have been reported for another 
seabird, the little penguin Eudyptula minor, where lower 
values of BKC were found during chick rearing compared to 
incubation phase (Evans et al. 2015).

In our study, BKC was positively correlated with SMI; 
values of both variables declined with the progress of 
the breeding season (Fig. 1 and 2), reflecting carry-over 
effects from previous phases of breeding (egg incubation, 
chick brooding and feeding). Previous studies have also 
reported lower SMI in adult little auks during chick rearing 

was not significant (b  0.16, p  0.11, Partial Eta-
Squared  0.21). At the end of the incubation phase, BKC 
increased with increasing H/L ratio (b  0.14, p  0.028, 
Partial Eta-Squared  0.48). The SMI effect was not sig-
nificant (b  0.13, p  0.35, Partial Eta-Squared  0.18). 
During the chick rearing phase BKC increased with 
increasing H/L ratio (b  0.37, p  0.022, Partial Eta-
Squared  0.61) and SMI (b  0.31, p  0.022, Partial 
Eta-Squared  0.43).

The best model describing the relationship between SMI 
and the set of predictors (BKC, H/L ratio, breeding phase,  
sex) included: BKC, breeding phase, sex. The SMI increased 
with increasing BKC (p  0.003, Partial Eta-Squared  0.57) 
and decreased with progress of the breeding season 
(p  0.001, Partial Eta-Squared  0.68). SMI was also influ-
enced by sex (p  0.037, Partial Eta-Squared  0.47) with 
males being heavier (170.1  6.2, n  62) than females 
(167.1  8.83, n  58).

Discussion

We investigated changes in immunocompetence and body 
reserves with respect to the trade-off between reproduction 

Figure 2. The H/L ratio, numbers of leucocytes, heterophils and lymphocytes per 10 000 RBC (points are means, boxes are SD, whiskers 
are 5–95% percentiles; values corrected for significant covariant, scaled mass index) in adult little auk males and females captured at the 
consecutive phases of breeding season. Arrows indicate significant differences among males, females or combined sexes and phases of 
breeding, stars indicate intersexual differences in particular phase (ANCOVA, post-hoc HSD test for unequal N with Bonferroni correction 
on logit transformed data, p  0.01).
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they differ in their predictions with respect to the phase of 
breeding with mass loss. If mass loss is stress-induced, we 
would expect a decrease in body mass throughout the breed-
ing phase with the most rapid decline during the phase with 
the highest energetic demands (usually chick rearing) and 
this was recorded in our study. In contrast, if mass loss is 
adaptive, we would expect an abrupt, or stepwise decline in 
mass at or just before the moment when mass loss becomes 
most adaptive, i.e., when flight demand increases (Harding 
et al. 2004, Wojczulanis-Jakubas et al. 2012).

A positive relationship between BKC and SMI indi-
cates that heavier individuals have a more effective innate 
branch of the immune system which is also reflected through 
higher numbers of leucocytes and heterophils per 10 000 
RBC. This relationship of a more efficient immune sys-
tem in heavier individuals has been previously reported in 
birds (Glick et al. 1983, Klasing 1988, Saino et al. 1997). 
In this context, our results suggest that lighter individuals 
are more challenged by reproduction, both at the beginning 
and the end of the breeding phase. Lighter individuals may 
also be less experienced in foraging and have to compromise 
immunocompetence as a cost of keeping their body mass at 
a sufficient level (Jakubas et al. 2012).

The result of individuals with higher H/L ratios having 
a higher BKC was unexpected as a high H/L level is usually 
attributed to a higher stress level that, in turn, is supposed 
to negatively affect immune system function (Davis et al. 
2008). Results similar to those presented here have been 
reported for the red-winged blackbird Agelaius phoeniceus, 
in which BKC increased with stress levels, expressed as 
baseline corticosterone levels (Merrill et al. 2014). Parallel 
increase of BKC and H/L ratio may suggest mobilization 
of both branches of the immune system. In our study, this 
relationship was observed at all phases of the breeding phase 
despite the general decline in the value of H/L ratio through 
the course of the season. Moreover, during the final phase 
of breeding when they are exhausted, the heavier birds 
had a higher BKC. It is not likely that heavier birds with 
higher BKC values were more stressed (with higher H/L 
ratio) than lighter individuals. Thus, these results confirm 
our suggestion that increased values of BKC and H/L ratio 
indicate mobilization of both branches of the immune sys-
tem. Our study indicates a trade-off between reproduction 
and self-maintenance (immune function and body mass) 
in little auks during the breeding season. BKC, numbers 
of leucocytes per 10 000 RBC and adjusted body mass in 
breeders declined with the progress of the breeding season, 
probably reflecting the carry-over effects from previous 
phases of breeding.

compared to earlier phases of the breeding cycle (Taylor 
1994, Wojczulanis-Jakubas et al. 2015, but see Wojczu-
lanis-Jakubas et al. 2012). Mass loss during breeding, also 
observed in other alcids [e.g. in Atlantic puffins Fratercula 
arctica (Harris 1980), Brünnich’s guillemots Uria lomvia 
(Gaston and Nettleship 1981)], is often interpreted as an 
indicator of the stress of reproduction (Ricklefs 1974). How-
ever, in our study, the H/L ratio declined throughout breed-
ing season suggesting a decrease in stress level. An alternative 
hypothesis predicts that mass reduction in birds is adaptive. 
Lipid storage levels in birds may be minimized to maintain 
a low wing loading and to increase flight efficiency (Blem 
1976, Norberg 1981). This may decrease energy expendi-
tures during foraging to positively affect breeding success and 
survival of parent birds. Seasonal decrease in the body mass 
of little auks has been explained in before in terms of latter 
these hypothesis (Gabrielsen et al. 1991, Konarzewski et al. 
1993). Although these hypotheses are not mutually exclusive 
because stress-induced loss of mass should lead to savings 
on energy expended on flight due to reduced wing loading, 

Figure 3. Scaled mass index (SMI) of adult little auks (both sex 
combined due to lack of sex differences) captured at the consecutive 
phases of breeding season (points are means; boxes are SD; whiskers 
are 5–95% percentiles). Arrows indicate significant differences 
(ANOVA, post-hoc HSD test for unequal N with Bonferroni 
correction, p  0.01).

Table 2. The effects of phase of breeding phase, sex, their interaction, with scaled mass index as covariant on numbers of heterophils and 
lymphocytes and total number of all leucocytes observed per 10 000 RBC in adult little auk (ANCOVA). Significant effects (p  0.05) are 
bolded.

Leucocytes Heterophils

Variable DF F p Eta-squared DF F p Eta-squared

Intercept 1 1543.11  0.001 0.82 1 388.12  0.001 0.77
Scaled mass index 1 307.54  0.001 0.62 1 132.53  0.001 0.46
Phase 1 187.64  0.001 0.44 1 111.43  0.001 0.41
Sex 1 4.11 0.119 0.23 1 6.43 0.042 0.26
Sex  phase 1 1.89 0.064 0.12 1 1.76 0.005 0.21

Lymphocytes

Variable DF F p Eta-squared

Intercept 1 98.34  0.001 0.89
Scaled mass index 1 20.18  0.001 0.47
Phase 1 48.34  0.001 0.68
Sex 1 1.12 0.376 0.12
Sex  phase 1 2.54 0.097 0.18
Error 114
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of body reserve depletion. Previous studies on temporal 
variation of body condition variables also do not support  
this hypothesis (Jakubas et al. 2008, Wojczulanis-Jakubas 
and Jakubas 2012, Wojczulanis-Jakubas et al. 2012, 
2015).

Lack of sex differences in BKC, SMI and blood param-
eters (H/L ratio, numbers of heterophils, lymphocytes  
and all leucocytes per 10  000 RBC) throughout the 
breeding season deny the hypothesis that little auk 
females desert the brood earlier than the male because 

Table 3. The rank of the best linear models for factors affecting BKC and SMI based on Akaike information criterion corrected for  
small sample size – AICc; BreedPhase – breeding phase, Hete, Lymph, Leuco – number of heterophils, lymphocytes, leucocytes per 10 000 
RBC.

Model: Studied variable ∼ Predictors DF AICc ΔAICc Akaike’s weights (w) Wald test p

BKC ∼ SMI, BreedPhase, Sex, H/L
SMI  BreedPhase  H/L  Sex 114 336.6 0.0 0.28  0.001
SMI  BreedPhase  H/L 115 338.7 3.7 0.18 0.007
SMI  BreedPhase 116 342.4 5.8 0.11 0.004

BKC ∼ Sex, BreedPhase, Hete  Lymph  Leuco
Hete  Lymph  Leuco  Sex  BreedPhase 115 256.9 0.0 0.22  0.001
Sex  BreedPhase  Hete 116 267.8 7.1 0.18  0.001

SMI ∼ Sex, H/L, BKC, BreedPhase
Sex  BKC  BreedPhase 114 178.3 0.0 0.36  0.001
Sex  H/L  BKC  BreedPhase 113 179.8 8.1 0.26  0.001
Sex  H/L  BreedPhase 114 181.8 10.1 0.21 0.006
Sex  H/L 115 189.9 11.6 0.14 0.004

Table 4. The rank of the best OLS regression models for factors affecting BKC separately for four phases of breeding season based on Akaike 
information criterion corrected for small sample size – AICc.

Model: Studied variable ∼ Predictors DF AICc ΔAICc Akaike’s weights (w) Wald test p

Prelaying: BKC ∼ SMI, H/L, Sex
SMI  H/L 24 116.7 0.0 0.31  0.001
SMI  H/L  Sex 23 124.8 8.1 0.12 0.011
H/L  Sex 24 131.2 14.5 0.16 0.033

Beginning of incubation: BKC ∼ SMI, H/L, Sex
SMI  H/L 30 148.6 0.0 0.26 0.003
SMI  H/L  Sex 29 159.3 10.7 0.13 0.043

End of the incubation: BKC ∼ SMI, H/L, Sex
SMI  H/L 36 104.2 0.0 0.27 0.007
SMI  H/L  Sex 35 113.9 9.7 0.09 0.037

Chick rearing: BKC ∼ SMI, H/L, Sex
SMI  H/L 26 98.2 0.0 0.35  0.001
SMI  H/L  Sex 25 109.9 11.7 0.19  0.001

Figure 4. Relationship between the values of bacteria killing capacity and scaled mass index at the two phases of breeding which for the 
relationship was significant: prelaying (partial regression coefficient; b  0.42, p  0.021, n  25) and chick rearing (partial regression 
coefficient; b  0.38, p  0.035, n  27) in adult little auks. Least squares regression lines are shown for significant relationships.
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Nevertheless, decreased immune function of a paren-
tal bird may affect the chick care strategy of the little auk, 
especially during transition to paternal-only care at the 
end of the chick rearing phase. Despite similar conditions 
at the end of breeding expressed by body mass, corticoster-
one and prolactin level (Wojczulanis-Jakubas et al. 2012, 
2014, 2015) and similar allocation from self-maintenance 
to reproduction (this study), females may be more prone to 
elevated investments, and a consequence may be predisposed 
for brood desertion more than males due to the additive 
effect of all parental investments, including egg production 
(Wojczulanis-Jakubas et al. 2014). Moreover, long-lived 
species such as the little auk are predicted to restrict their 
current reproductive investment because even a small reduc-
tion in survival will have a large negative impact on lifetime 
reproductive output (Charlesworth 1980).

In conclusion, our study indicates that immunocompe-
tence of the adult little auks decreases with the progress of 
the breeding season. This coincides with a decrease in body 
mass. Both processes are associated with re-allocation of 
energy from self-maintenance to reproduction. This sug-
gests that reproduction takes place at the expense of other 
organismal systems, which may also have an impact on 
future survival. Lack of sex differences in BKC and SMI 
throughout the breeding season indicates similar parental 
investments of males and females. Our study shows that little 
auks may modulate their immune response and body mass 
as an adaptive life-history strategy for maximizing current 
reproduction. Further studies are needed to characterize the 
roles of the individual (e.g. age, experience, health status), 
environmental (e.g. local food conditions) and spatial (e.g. 
carry-over effects from wintering quarters) effects on the re-
allocation size and how current re-allocation affect breeding 
success and adult survival.         
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