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Abstract

Background Endurance flight impose substantial oxidative costs on the avian oxygen delivery system. In particular,
the accumulation of irreversible damage in red blood cells can reduce the capacity of blood to transport oxygen and
limit aerobic performance. Many songbirds consume large amounts of anthocyanin-rich fruit, which is hypothesized
to reduce oxidative costs, enhance post-flight regeneration, and enable greater aerobic capacity. While their antioxi-
dant benefits appear most straightforward, the effects of anthocyanins on blood composition remain so far unknown.
We fed thirty hand-raised European starlings (Sturnus vulgaris) two semisynthetic diets (with or without anthocyanin
supplement) and manipulated the extent of flight activity in a wind tunnel (daily flying or non-flying for over two
weeks) to test for their interactive effects on functionally important haematological variables.

Results Supplemented birds had on average 15% more and 4% smaller red blood cells compared to non-supple-
mented individuals and these diet effects were independent of flight manipulation. Haemoglobin content was 7%
higher in non-supplemented flying birds compared to non-flying birds, while similar haemoglobin content was
observed among supplemented birds that were flown or not. Neither diet nor flight activity influenced haematocrit.

Conclusion The concerted adjustments suggest that supplementation generally improved antioxidant protection in
blood, which could prevent the excess removal of cells from the bloodstream and may have several implications on
the oxygen delivery system, including improved gas exchange and blood flow. The flexible haematological response
to dietary anthocyanins may also suggest that free-ranging species preferentially consume anthocyanin-rich fruits for
their natural blood doping, oxygen delivery-enhancement effects.
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Background

Fruits provide frugivores with energy, vitamins and min-
erals [1, 2] as well as phytochemicals that may yield spe-
cific physiological benefits for animals [3]. For example,
anthocyanins are pigments responsible for the dark-red
colours of fruit and serve as strong free radical scavengers
and metal chelators [4—6], that could benefit both the
plants and their consumers. Specifically, anthocyanins
may either directly mitigate oxidative stress by quench-
ing free radicals and disrupting free radical formation
[4], or indirectly affect oxidative balance by activating
signalling pathways involved in endogenous antioxidant
responses [7, 8]. In addition, anthocyanins are known to
improve energy metabolism [9-12], increase vasodilation
[13-17], regulate iron metabolism [18, 19], attenuate the
endocrine stress response [20], and stimulate reproduc-
tive hormones and behaviour during the breeding season
[21]. The wide range of health-stimulating actions iden-
tifies anthocyanins as a valuable dietary component that
could be particularly rewarding during energy-demand-
ing events, when the risk of oxidative stress is considered
high [22-25].

The benefits of consuming dietary anthocyanins
could be relevant for birds during the migratory season,
which is known to impose distinct oxidative and meta-
bolic challenges on migrants [26—31]. For example, dur-
ing endurance flight birds may operate at five to seven
times higher metabolic rate than when at rest [32-35]
and this extreme metabolic effort is known to increase
generation of reactive oxygen species that could damage
tissues and in turn tradeoff aerobic metabolism and per-
formance during migration [28, 36—39]. To minimize the
oxidative stress risk, birds, like other vertebrates includ-
ing humans, can rely on endogenous antioxidants [28,
37, 40] that quench and balance the excess production of
reactive oxygen species under most exercise conditions
[37, 41]. In addition, birds may also consume dietary
antioxidants, which have been proposed to relieve oxi-
dative stress-related costs [42—44]. Specifically, dietary
antioxidants, including anthocyanins, may be consumed
prophylactically to increase antioxidant capacity or ther-
apeutically to prevent the accumulation of damage in tis-
sues and speed up the recovery following damage [22, 25,
28, 37, 42, 45, 46]. Presumably, the reduction of oxidative
costs and enhanced regeneration of metabolically active
tissues provided by dietary anthocyanins could enable
greater aerobic capacity and thus promote phenotypic
adjustments that support more efficient oxygen supply
during exercise. However, the effects of dietary antho-
cyanins on the oxygen delivery system have not yet been
investigated.

The oxidative hazard during intense physical activ-
ity can be acute to metabolically active tissues such as
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skeletal muscles, heart [41, 47] and blood [48]. Specifi-
cally, red blood cells are vulnerable to oxidative damage
because of their continuous exposure to high oxygen
fluxes, the high content of heme—iron (a potential cata-
lyst of free radicals formation), and membranes that
are rich in polyunsaturated fatty acids [49-52]. Moreo-
ver, mature erythrocytes are unable to repair or synthe-
size damaged proteins de novo [53], hence the oxidative
stress might eventually impair the oxygen delivery sys-
tem by permanent alterations in red blood cell prop-
erties and/or by accelerated removal of unfunctional
erythrocytes from the bloodstream. The alterations in
erythrocytes may include loss of cell volume and sur-
face [54—56]. When cell shrinkage is non-uniform (i.e.,
involves changes in the shape) and entails a decreased
surface-area-to-volume ratio (e.g. due to a greater degree
of loss of surface than volume), then it can reduce cell
deformability [56—58]. In consequence, this can substan-
tially impede the passage of red blood cells through the
microcirculation [59, 60]. In addition, oxidative damage
is known to cause haemolysis [54, 61-63], which, if not
compensated by increased erythropoiesis, may lead to
anaemia that have organism-wide consequences includ-
ing fatigue and impaired physical performance. In birds,
the exercise-induced anaemia could occur during migra-
tion as indicated by low haematocrit and haemoglobin
content of bar-tailed godwits (Limosa lapponica taymy-
rensis) sampled upon their arrival at a migratory stopover
[64, 65]. To prevent the potential oxidative costs in blood,
birds may enhance their antioxidant defenses through
increased or selective consumption of dietary anthocya-
nins and other antioxidants, which are known to increase
the resistance of erythrocytes to free radical oxidation
[61, 66—70].

Despite evidence that dietary anthocyanins are ben-
eficial for antioxidant capacity in avian blood [71], to
our best knowledge, their effects on haematological
variables have not been investigated in the context of
intense and regular physical activity like that associ-
ated with continuous flight of migratory birds. Our
research study focuses on whether migratory birds can
benefit from the consumption of an anthocyanin-rich
diet during the energy-demanding event. Specifically,
we tested the hypothesis that long-term anthocyanin
supplementation and regular flying interactively affect
functionally important blood properties in a short-
distance migratory bird, the European starling (Stur-
nus vulgaris). We hand-raised thirty hatchling birds
and employed a two-factorial experiment that involved
manipulation of dietary anthocyanin availability (with
or without supplementation) and extent of flying (daily
flying or non-flying) to test for their effects on a suite
of common haematological variables. Flights were
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performed during natural spring migration season of
starlings living in Germany, in an advanced research
wind tunnel that enables precise control of steady
flight conditions [32, 72] and has been successfully
used in numerous flight-related studies on birds [20,
32, 73]. We predicted that starlings flown each day for
several weeks would have reduced red blood cell num-
ber, lower haematocrit and haemoglobin content, and
smaller cell size compared to more sedentary starlings.
We also expected that these flight-induced changes in
blood parameters would be mitigated in anthocyanin-
supplemented starlings and that the more sedentary,
non-flying groups would have similar haematological
profiles because of their reduced physical activity and
associated lower risk of oxidative stress in blood. Cap-
tivity and a sedentary lifestyle in birds can also cause
oxidative stress, although it is apparently lower when
compared to a more active lifestyle [74]. It is important
to note, however, that oxidative stress is not necessar-
ily increased with increased physical activity but rather
mitochondrial functioning and increased protonmo-
tive force [75]. Therefore, our prediction that sedentary
birds would be better protected from oxidative stress
and consequently would have similar haematological
profiles as anthocyanin-supplemented birds should be
viewed with caution.
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Results

Out of the four primary haematological variables, only
the number of red blood cells (RBC,,,,) was increased
and the size (RBC,,,) decreased due to diet treatment
(Table 1, Fig. 1C, D, Additional file 1: Fig. S1). Haema-
tocrit (Hct) did not respond to any of the experimen-
tal treatments (Table 1, Fig. 1A, Additional file 1: Fig.
S1), whereas haemoglobin (Hb) content was the only
variable for which we detected a statistically signifi-
cant diet x flight interaction (Additional file 1: Table S1,
Fig. 1B, Additional file 1: Fig. S1). Specifically, starlings
supplemented with anthocyanin had similar Hb content
when flown compared to unflown (¢ ,5 =1.20, p=0.242),
whereas starlings not fed the dietary supplement had
7% higher Hb content when flown compared to unflown
(t125=—2.00, p=0.057). Otherwise, we found clear
effects of anthocyanin supplement but not flight on all
secondary and shaped-related haematological variables
except mean corpuscular haemoglobin content (MCHC)
and red blood cell major axis length (RBC Table 1,
Additional file 1: Fig. S1).

Anthocyanin supplemented starlings compared to non-
supplemented ones had on average 15% higher RBC_ .«
(Table 2, Fig. 1D, Additional file 1: Fig. S1) and smaller
erythrocyte size indicated by about 4% lower RBC,,.,
(Table 2, Fig. 1C, Additional file 1: Fig. S1) and 13%
lower mean cell volume (MCYV, Table 2, Fig. 1D, Addi-
tional file 1: Fig. S1). The reduction of cell size was also

major’

Table 1 Results of ANCOVA models for main effects of Diet and Flight and their interaction and Date of sampling as a covariate on

haematological variables

Trait Diet Flight Diet x flight Date of sampling

F p F p F p F p
Hct 0.014 0.908 0.020 0.890 0404 0.531 6.898 0.015
Hb 0.143 0.708 0.247 0.623 5.026 0.034 4.561 0.043
RBC ot 18494 <0.001 0011 0916 0.168 0685 7433 0.012
RBC,ea 12.794 0.001 0436 0.515 0.362 0.553 0.485 0.493
MCH 15.091 0.001 0.048 0.828 1.658 0.210 2.097 0.160
MCHC 0.113 0.740 0.533 0472 1.841 0.187 1.632 0213
MCV 26.639 <0.001 0.202 0.657 0.054 0.818 0.245 0.625
SAV 16.200 <0.001 0.399 0533 0.257 0.617 0.053 0.821
TSAE 8.945 0.006 0.114 0.738 0.044 0.836 5.949 0.022
Hb:TSAE 8478 0.007 0.002 0.962 2.556 0.122 1.531 0.228
RBCmaJO, 0.063 0.803 0.000 0.999 1.480 0.235 0.035 0.852
RBC inor 15.549 0.001 3.383 0.078 0.025 0.876 0.025 0.877
RBC,, 5584 0.026 1.094 0.306 0.737 0.399 0.057 0.813
RBC 17.305 <0.001 3.253 0.083 0.215 0.647 0.098 0.757

circ

The numerator and denominator degrees of freedom were 1 and 25 respectively for all inference tests

Statistically significant p-values are indicated in bold

Hct Haematocrit, Hb Haemoglobin content, RBC,,,,, Red blood cell number, RBC,,,, Red blood cell surface area, MCH Mean corpuscular haemoglobin, MCHC Mean
corpuscular haemoglobin content, MCV Mean cell volume, SA:V Surface-area-to-volume ratio, TSAE Total surface area of erythrocytes, Hb:-TSAE Haemoglobin-to-TSAE

ratio, RBC,,,q,, RBC major axis length, RBC,,,;. RBC minor axis length, RBC,, RBC aspect ratio, RBC,

RBC circularity

irc
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Fig. 1 The effect of anthocyanin supplementation and wind-tunnel flight activity on the primary haematological variables (upper row) and
selected secondary haematological variables (lower row). White and black colours represent non-flying and flying birds respectively. Data points are
least-squares means (LSM) with 95% confidence intervals (Cl) derived from the linear models. Hct Haematocrit; Hb Haemoglobin content; RBC
Red blood cell number; RBC,,,,, Red blood cell surface area; MCH Mean cell haemoglobin; MCHC Mean cell haemoglobin concentration; MCV Mean

cell volume; SA:V ratio Surface-area-to-volume ratio

associated with about 13% lower mean corpuscular hae-
moglobin (MCH, Table 2, Fig. 1E, Additional file 1: Fig.
S1). Birds fed with anthocyanin-rich diet had increased
surface-area-to-volume ratio (SA:V ratio, Table 2,
Fig. 1H, Additional file 1: Fig. S1) and total surface area
of erythrocytes (TSAE) by about 11% and decreased Hb-
content-to-TSAE ratio (Hb:TSAE ratio) ratio by 9%, com-
pared to birds fed with control diet (Table 2, Additional
file 1: Fig. S1). In terms of shape, smaller erythrocytes of
supplemented birds were more elongated, characterized
by a higher aspect ratio (by about 4%) and lower cell cir-
cularity (by about 3%), which have resulted from about
3% shorter length of red blood cell minor axis length
(RBC,;nor) compared to erythrocytes of non-supple-
mented birds (Table 2, Additional file 1: Fig. S1). Hct, Hb
content, RBC_, . and TSAE were additionally influenced
by the date of sampling (Table 1, Additional file 1: Fig.
S1), with all four variables consistently decreasing over
the course of the spring season.

Discussion

Our study provides novel evidence for the effects of
anthocyanin supplementation on functionally impor-
tant haematological variables in songbirds. Long-term
supplementation with anthocyanins in starlings resulted
in substantially smaller and more numerous red blood
cells compared to control birds not fed the anthocyanin

supplement. Contrary to our predictions and except for the
interaction effect on haemoglobin content, we detected no
clear effect of wind tunnel flight activity on the haemato-
logical variables. We acknowledge that the unclear flight-
induced effects may be due to the potentially mild nature of
the exercise, which in turn may not be sufficient to induce
oxidative stress and haematological changes in starlings.
However, using similar flight training regimens, previous
studies have successfully simulated the exercise nature of
migratory flights and its effects on bird physiology [20, 32,
76] including the effects on oxidative status [71, 73]. Worth
noting, the flying group in our study was exposed to an
additional 600-700 km of continuous flapping flight com-
pared to non-flying birds, which likely increases the risk of
oxidative damage compared to sedentary birds, although
it may not have been sufficient to induce acute effects on
haematological variables, such as typically associated with
strenuous activities. The observed changes in size and
number could have several implications related to the
exchange of respiratory gases, blood flow behaviour and
efficiency of haemoglobin use.

Consuming dietary anthocyanins produces smaller

and more abundant red blood cells with implications

for oxygen delivery

Erythrocytes are continuously exposed to various stress-
ors and oxidative challenges in circulation [48, 52] and
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Table 2 Least Squares Means with 95% confidence intervals of haematological variables of starlings from different diet and flight

groups derived from the full ANCOVA models reported in Table 1

Trait LSM [95% ClI] per diet group (averaged across flight LSM [95% ClI] per flight activity group (averaged
activity groups) across diet groups)

Control Anthocyanin % difference Non-flying Flying % difference
relative to relative to non-
control flying

Hct Haematocrit (%) 5240[50.13-54.67] 52.21[49.81-54.62] | 04 5242 [50.01-54.82] 52.19[49.93-54.46] | 0.4

Hb* Haemoglobin con- 18346 [177.12- 185.16 [178.44~ 109 183.20 [176.47- 18543 [179.08- 12
tent (mg/cm3) 189.81] 191.89] 189.93] 191.77]

RBCeoun:  Red blood cell 3.83 [3.64-4.02] 440[420-4.60] 1 15.0 4.11[391-4.31] 4.12[393-431] 103
number (10%/mm?)

RBC,., Redblood cell 13241 [13041- 127.35[125.24~ 138 12941 [127.30- 130.35[128.35- 107
surface area (Um?)  134.40] 129.47] 131.53] 132.34]

MCH Mean cell haemo-  48.30 [46.10-50.50] 42.24 [39.91-44.58] | 12.5 4510 [42.76-47.44] 4544 [43.24-47.65]1 0.8
globin (pg/cell)

MCHC  Mean cell haemo- ~ 35.21[33.88-36.54] 35.53 [34.11-36.94] 1 0.9 35.02 [33.61-36.44] 35.71[34.38-37.04] 1 2.0
globin content
(mg/mm?)

MCV Mean cell volume  137.39[132.33- 11892 [113.57- 1134 128.96 [123.60- 127.35[122.30- 112
(pm3) 142.44] 124.28] 134.32] 132.40]

SAV Surface-area-to- 0.97 [0.93-1.01] 1.08[1.04-1.12] 111.2 1.01 [0.97-1.05] 1.03[0.99-1.071 117
volume ratio (um2/
um?)

TSAE Total surface area 253.22 [240.35- 28045 [266.81— 110.8 265.29 [251.65— 26838 [255.51- M2
of erythrocytes 266.08] 294.10] 278.94] 281.25]
(um?/um?)

Hb:TSAE  Haemoglobin-to- 0.73[0.70-0.76] 0.66[0.63-0.70] | 9.0 0.70 [0.66-0.73] 0.70 [066-0.73] 1 0.2
TSAE ratio (pg/
mm?)

RBCmaJO, RBC major axis 11.75[11.56-11.94] 11.79[11.59-11.99] 1 0.3 11.77 [11.57-11.97] 11.77[11.58-11.96] 0.0
(um)

RBC,nor RBC minor axis 707[709-7.26]  694[685-703] | 3.3 700[691-7.091  711[7.03-7201 116
(um)

RBC,, RBC aspect ratio 1.64 [1.61-1.68] 1.70[1.66-1.74] 1 3.6 1.69 [1.65-1.72] 1.66[1.62-1.69] | 1.5

RBC..  RBCcircularity 0.81[0.80-0.81] 0.7810.78-0.79] |27 0.79[0.78-0.80] 0.80[0.79-081] 1 1.2

Bolded values indicate statistically significant differences between experimental groups—see Table 1 for the results of proper inference tests from ANOVA. | and 1

arrows indicate respectively decrease and increase response

*Hb content was interactively affected by diet and flight activity; detailed statistics for this interaction and contrast comparisons are described in the main text

thus may particularly require effective antioxidant safe-
guards [54, 56, 59, 60]. Anthocyanin supplementation
has been demonstrated to increase the resistance of
red blood cells to oxidative stress [70] and thereby may
prevent excessive destruction and removal of eryth-
rocytes from the bloodstream. Alternatively, it is also
possible that dietary anthocyanins induce changes in
blood independently of their effects on oxidative stress
mitigation. For example, anthocyanin supplementation
can increase testosterone levels in starlings [21], which
in turn can enhance erythropoietic processes in birds
(Herrick et al.[77] but see Kern et al. [78]). Considering
these various possibilities, we found accordingly that
birds fed dietary anthocyanins had about 15% more red
blood cells (Fig. 1D) compared to non-supplemented

birds. The higher number of erythrocytes in anthocya-
nin supplemented birds was accompanied by size effects;
erythrocytes were with about 4% lower surface area
(Fig. 1C) and about 13% lower volume (Fig. 1G) sub-
stantially smaller than that of control birds. The adjust-
ments in the two size-related traits resulted in about
11% higher surface-area-to-volume ratio (Fig. 1H).
However, it is important to note that the increase in the
surface-area-to-volume ratio was due to non-uniform
shrinkage, which favorably impacted both cell size and
shape (Table 2). Possibly, if non-uniform shrinkage
had caused a larger loss of surface area than volume, it
could have had a negative effect on oxygen delivery pro-
cesses through a decrease in the surface-area-to-volume
ratio (see next paragraphs). Interestingly, in mammals,
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senescent erythrocytes appear to decrease cell surface
area by a similar degree as cell volume and this may
consequently lead to constant surface-area-to-volume
ratio and more dense cells [56, 79, 80]. Assuming that
similar mechanisms are involved in birds, the consider-
able increase in surface-area-to-volume ratio found in
our study may suggest that the cell size changes not only
result from a higher proportion of older cells since they
were better protected from oxidative damage, but could
be also accompanied by additional structural changes in
the cytoskeleton and shape of erythrocytes. The bullet-
like shape of erythrocytes (i.e., shorter minor axis, higher
aspect ratio, lower circularity, Table 2) found in antho-
cyanin-supplemented birds might also suggest that the
cells are less resistant to flow and may have larger con-
tact area with surrounding tissues [81]. Taken together,
the increase in red blood cell number with the paralleled
decrease in cell size and adjustments in shape may sup-
port the view that circulating erythrocytes of antho-
cyanin supplemented birds are better protected against
oxidative damage. Yet, the physiological significance of
changes in cell number, size, and shape of avian erythro-
cytes requires further investigation.

One of the most important implications of adjustments
in the size of red blood cells is the effect on the exchange
of respiratory gases. In general, smaller erythrocytes are
known to have a higher rate of oxygen uptake and release,
which is attributed to a larger surface-area-to-volume
ratio of smaller cells [82—-84]. However, due to relatively
high energy demands for the maintenance of ion gradi-
ents, smaller cells may promote higher basal metabolism
at the whole animal level [85, 86]. The negative relation-
ship between basal metabolic rate and erythrocyte size
has been demonstrated in various vertebrates at the inter-
[87-89] and also the intra-specific level [90-94]. High
surface-area-to-volume ratio found in anthocyanin-sup-
plemented birds thus could facilitate considerably faster
gas exchange, although this might come at higher energy
costs required for maintenance of metabolism. However,
it is important to note that increased energy metabolism
of the cell does not necessarily increase the production of
reactive oxygen species, and can actually have the oppo-
site effect depending on the balance between mitochon-
drial efficiency and uncoupling processes [75]. Further
studies should address the question of how red blood cell
size and surface-area-to-volume ratio affect mitochon-
drial functioning and oxidative stress.

In addition to the effects on the exchange of respira-
tory gases, the decreased cell size and the increased
surface-area-to-volume ratio could also promote more
efficient blood flow. Specifically, there is a positive rela-
tionship between surface-area-to-volume and the degree
to which erythrocytes can deform when passing through
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narrow capillaries [95-97]. Furthermore, the suspen-
sions of smaller red blood cells were found to have lower
resistance to flow than that of larger cells [98]. Accord-
ingly, the here observed changes in red blood cell size
and surface-area-to-volume ratio may not only suggest
the improved erythrocyte deformability but also serve
as the mechanism to reduce blood flow resistance [96,
99-101]. Importantly, blood flow can be considerably
reduced by high haematocrit, a well-known factor that
increases blood viscosity [96, 102—104]. In this study,
despite the substantial increase in red blood cell number,
haematocrit remained unchanged (Fig. 1A), which might
be explained by the concomitant decrease in erythro-
cyte size (Fig. 1A, G) or an expansion of plasma volume
[104, 105]. The maintenance of constant haematocrit can
thus represent the additional mechanism of blood viscos-
ity optimization and could help to minimize the cost of
blood circulation at a given flow rate [106, 107], promot-
ing more efficient oxygen transport during exercise [108].

The adjustments in cell size and number could also ena-
ble more efficient haemoglobin use, especially when birds
encounter increased blood flow [109, 110]. Full haemo-
globin saturability in the lungs depends on haemoglobin-
oxygen affinity [111], the rate of gas exchange [82] and
the available exchange surface of erythrocytes relative to
the haemoglobin content in the blood (haemoglobin-to-
total-surface-area-of-erythrocytes ratio) [109, 110, 112].
A rapid capillary transit associated with increased blood
flow may reduce the time required for full haemoglobin
saturation, hence, a larger total surface of erythrocytes
area per blood volume unit may help to overcome even-
tual limitations of increased blood flow and enable more
efficient haemoglobin use. We found about 11% larger
total surface area of erythrocytes among anthocyanin
supplemented birds (Table 2, Supplementary Additional
file 1: Fig. S1), which combined with relatively small
changes in haemoglobin content, also resulted in a 9%
lower haemoglobin-to-total surface area of erythrocytes
ratio of supplemented birds compared to non-supple-
mented ones (Table 2, Supplementary Additional file 1:
Fig. S1). This may suggest that the full haemoglobin satu-
ration in non-supplemented starlings could be limited by
the rapid capillary transit during flight. Kostelecka-Myr-
cha [109] found that birds, independently of physiological
and environmental conditions, have a constant haemo-
globin-to-total surface area of erythrocytes ratio. This
constancy has been suggested optimal for haemoglobin
saturation with oxygen, which in birds takes place under
constant conditions due to cross-current gas exchange in
their tubular lungs [109, 113]. Our study challenges this
view and demonstrates that the haemoglobin-to-total-
surface-area of erythrocytes ratio in birds can be modu-
lated by appropriate adjustments in size and number of
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red blood cells in response to diet. The increase in total
surface area of erythrocytes found among anthocyanin
supplemented birds could represent one of the mecha-
nisms to overcome limitations in haemoglobin saturabil-
ity potentially associated with elevated blood flow, but
may also compensate for an eventual reduction in the
oxygen-carrying capacity of the blood, ensuring the more
efficient haemoglobin use during flight.

No effect of physical activity (flight) on haematological
variables

Haematological variables in birds, like in other verte-
brates, are portrayed as phenotypically flexible traits that
can respond to the increased levels of physical activity.
This response may differ depending on the duration of
exercise (i.e. short exercise bouts vs periods of repeated
exercise) [114] and it was demonstrated that red blood
cell number, haemoglobin content and haematocrit
decrease after weeks of increased flight activity in zebra
finches [114]. Similarly, reduced haematocrit and haemo-
globin content was found in bar-tailed godwits (Limosa
lapponica taymyrensis) at the beginning of migra-
tory stopover [64, 65]. One explanation could be that
migrants suffer from haemolytic anaemia incurred by
oxidative stress during endurance flights. Alternatively,
birds may increase plasma volume—and thus decrease
haematocrit—to reduce blood viscosity and costs asso-
ciated with circulation [115, 116]. Because in our study
the changes in blood haemoglobin occurred without a
change in haematocrit (Fig. 1A), birds could have altered
the amount of haemoglobin within a single erythrocyte,
indicated by the analogous change in mean corpuscular
haemoglobin concentration. Although we did not find
such an effect (Fig. 1F), there is a relatively large uncer-
tainty around the effect size estimates (Additional file 1:
Fig. S1), that may suggest we did not have enough statisti-
cal power to detect the effect. Collectively, the interaction
effect on haemoglobin content and lack of clear effects of
flight activity in other haematological variables may sug-
gest that starlings in our study did not experience flight-
induced anaemia or had quickly recovered from flights
each day during the wind tunnel flight training period.

Phenotypic flexibility in erythrocyte size and number

and its implications for migratory birds

Simultaneous adjustments in red blood cell number,
haematocrit and haemoglobin content often occur in
response to changes in environmental and physiological
conditions [114, 117-119]. Our study shows that such
parallel responses are not consistent and might depend
on additional changes in other blood-related traits.
Importantly, if we would have studied only the routinely
measured variables in avian studies—haematocrit (for
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review see [120]) and haemoglobin content (for review
see [121, 122])—we would have missed the response
in red blood cell size and number to the dietary antho-
cyanin manipulation. Considering this potential bias of
many studies that have only single variables, comparable
phenotypic flexibility in erythrocyte size in concert with
cell number changes like that reported here may in fact
occur more often in response to other environmental or
endogenous conditions. Clearly, more comprehensive
investigations on haematological variables beyond the
easily obtained measurements are required.

Independent of flight activity and diet, several eryth-
rocyte traits (i.e., red blood cell number, haemoglobin
content and haematocrit, total surface area of erythro-
cytes; Table 1) decreased from February to March. These
temporal trends are consistent with seasonal changes of
haematological variables documented in other northern
hemisphere birds, with higher values of blood-related
traits during winter and lower values during spring and
summer [123-125]. The observed effect could be asso-
ciated with genetically preprogrammed seasonal adjust-
ments in body mass and metabolism [126], which are
known to affect energy requirements and, consequently,
modulate oxygen demands of the tissues [125].

While our study provides evidence that dietary antho-
cyanins can have a positive impact on blood parameters,
measuring the uptake of anthocyanins into the blood and
assessing the total antioxidant capacity of the blood or
plasma could have provided more comprehensive insights
into the effectiveness of the supplemented diet in prevent-
ing oxidative damage to the blood cells. Due to limitations
in our experimental design, we were unable to measure
these parameters in the current study. However, as previ-
ously reported in our companion study [71], we found
that anthocyanin supplementation can have mixed effects
on the oxidative status of birds. Specifically, we found
that there were no consistent changes in oxidative status
between birds on diets with and without anthocyanin sup-
plement. Starlings on the anthocyanin-rich diet decreased
in non-enzymatic antioxidant capacity during the 15-day
flight training period and this decrease occurred regardless
of whether the birds were trained or untrained. In contrast,
birds on the control diet maintained their non-enzymatic
antioxidant capacity over the course of this period [71].
These results suggest that anthocyanin-supplemented birds
may have utilized non-enzymatic antioxidants more effi-
ciently than birds fed with the control diet. In future stud-
ies, it would be beneficial to include measurements of the
uptake of anthocyanins into the blood. This would allow for
a better understanding of the observed effects. Addition-
ally, assessing the total antioxidant capacity of the blood
or plasma would provide more conclusive evidence that
the effects seen are due to greater antioxidant protection.
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Finally, it is important to note that the elderberry extract we
used as the supplement contains other phytochemicals in
addition to anthocyanins, which can display a range of bio-
chemical effects [127], and thus contribute to the observed
changes in haematological parameters. Although we can-
not retrospectively measure the total antioxidant capacity
and phytochemical profile of the control and anthocyanin-
rich diets, we suggest that future studies could include
these measurements in order to fully understand the extent
of possible diet-treatment effects.

The flexible response of blood composition to dietary
anthocyanins is novel and suggests that free-ranging spe-
cies may preferentially consume anthocyanin-rich fruits for
their natural blood doping, oxygen delivery-enhancement
effects. Because our study focused exclusively on female
birds, it is important to note that further research is needed
to assess potential gender-specific differences in response
to dietary anthocyanins. Nevertheless, our findings are
likely generalizable to males, similar to what was previously
observed in the effects of dietary flavonoids (including
anthocyanins) on the immune responsiveness of black caps
[42]. Although the underlying mechanism, as well as the
ecological relevance for this phenotypic flexibility, remains
to be directly investigated, the observed adjustments in the
size and number of red blood cells may impact several vari-
ables associated with the efficiency of supply and removal
of respiratory gasses to and from the tissues. A combina-
tion of potential effects on the exchange of respiratory gas-
ses, blood flow behaviour and efficiency of haemoglobin
use, may set up the physiological machinery for an energy-
efficient metabolism. Such slow but enduring effects estab-
lished through dietary effects could still be modulated by
short-term effects, for example in response to immediate
responses like shown for other song birds (e.g., [114]). In
other words, an additional decrease in red blood cell size,
as well as the increased haematocrit and haemoglobin con-
tent at the moment of peak aerobic metabolism, may fur-
ther enhance oxygen supply or may provide assets against
the eventual limitations in the oxygen delivery system
during flight [114]. Considering the dietary preferences of
many songbirds during the migratory season [26, 27], our
study also supports the view that migrants could select
anthocyanin-rich fruits for their natural oxygen delivery-
enhancements effects.

Methods

Hand-raising of hatchlings from a local colony of migratory
European starlings

Thirty female five-to-eight-day old European starlings
(Sturnus vulgaris) were collected from nest boxes in
late-April to early-May 2015 from a native colony in
Upper Bavaria, South Germany (47° 58 N, 11° 13/ 142
E) and brought into an animal care facility at the Max
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Planck Institute for Ornithology (MPIO), Seewiesen,
Germany. We chose to focus on female starlings as they
may face unique physiological challenges during migra-
tion in relation to their reproductive success. Migratory
birds prepare to breed shortly after spring migration
and depositing antioxidants into eggs has been shown to
lead to higher hatching and fledging rates for offspring
[128, 129]. Female birds may thus face substantial oxi-
dative tradeoftf during migration, as they must balance
preventing oxidative damage with their future reproduc-
tive success [44]. Hatchlings were hand-raised and fed a
high protein diet consisting of bee larvae, crickets, wax
worms, green bottle fly larvae (pinkies and buffaloes),
beef heart with vitamin mixture and calcium carbonate
powder. Once hatchlings were able to feed independently,
we additionally offered them live mealworms, fresh fruits
and vegetables. The diet has been successfully used to
hand-raise starlings at the MPIO in previous experi-
ments [32, 73, 130]. From about the age of 35-100 days,
the starlings were moved to outdoor aviaries, kept under
a natural light cycle, and maintained on an MPIO diet
that consisted of insect powder, lettuce, fresh apples and
oranges, dried fruit pellets, and mealworms.

Experimental diets and supplementation with dietary
anthocyanins from elderberry fruits

Starting from August 2016, birds were fed with a semi-
synthetic (agar-based) diet that simulated a relatively
high lipid natural fruit diet (41% carbohydrates: 23% pro-
tein: 20% fat) [1, 131]. In October 2016, starlings were
randomly assigned to either control-diet (#=16) or
anthocyanin-diet (n=14) group. The two semi-synthetic
diets were identical except 1.64 mg of standardized elder-
berry extract (6.5% Powder; Artemis International, Inc.,
Fort Wayne, IN, USA) per gram of food was included in
the anthocyanin diet (see [21] for the detailed compo-
sition of these diets). Elderberries are one of the most
anthocyanin-rich fruits found in nature [132] and are
commonly consumed by starlings and other passerine
birds during autumn [133]. The anthocyanin concentra-
tion was chosen to reflect a natural level of consump-
tion that birds would experience during periods of lower
fruit intake [42]. This was determined to be equivalent to
a bird consuming around 17 berries per day, based on a
daily food intake of 35 g. A standard vitamin-mineral mix
was also included in both diets to ensure the nutritional
adequacy of other micronutrients and to provide the nec-
essary Vitamin C for efficient use of the dietary anthocya-
nin supplement [21].

Housing conditions prior to the start of flight-training
After ca. 100 days old, birds were provided ad libitum
fresh semi-synthetic diet and drinking and bathing water
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each day. From August 2016 to at least February 9, 2017,
birds were housed in separate outdoor aviaries (two avi-
aries per each experimental diet) in groups of 15-20 indi-
viduals (the number includes other starlings fed with the
same diet, that were used in study by [71]. Outdoor aviar-
ies were 3.0 x 4.0 x 2.0 m with a 3 m long half-wall sub-
dividing the aviary into sections: one larger (1.9 x 4.0 m)
and one smaller (1.0 x 4.0 m). During the colder winter
months (November to February), food and water were
placed on a heater mat to avoid its freezing. The outdoor
aviaries were maintained on a 13D:11N light cycle, until
December 22, 2016, when the light schedule was tempo-
rarily changed (until February 14, 2017) to 10D:14N to
simulate the natural light cycle of starlings wintering in
Rome. After January 21, 2017, the natural light transmit-
ted through the opaque ceiling and front window of each
outdoor aviary was longer than the provided aviary lights
so thereafter the birds were exposed to natural photoper-
iod in the outdoor aviaries (for details see [21]).

Flight training of cohorts in a wind-tunnel and blood
sampling

The following experimental procedures and measure-
ments took place during natural spring migration season
of starlings. Prior to February 9, 2017, starlings in each of
the two diet groups were randomly assigned to cohorts
of four—six individuals each of which included at least
two—three birds to be flown in the wind tunnel or not
flown. Starting on February 9, 2017, and continuing every
three—nine days, birds from a randomly selected cohort
were transferred to the wind tunnel facility and housed
in indoor aviaries (1.5 x 2.5 x 2.5 m) that surrounded the
wind tunnel. These indoor aviaries were maintained on a
13D:11N light cycle and at relatively constant tempera-
ture (18-22 °C). Non-flying birds in a given cohort were
placed in cloth-covered cages (25x50x 30 cm) with
perch and without access to food and water while flying
birds were flight trained each day for 15 consecutive days
in the wind tunnel. Each day during flight training, flown
birds from a given cohort were allowed to fly out of their
aviary, into an enclosed area adjacent to the wind tunnel,
and then into the working section (L x W: 2 m x 1.2 m;
octagon-shaped). Wind speed was a constant 12 m s~
and ambient temperature was 18-22 °C for all experi-
mental flights. Numerous other recent studies have used
a similar wind speed and temperature, and a 15-day
flight-training regime to successfully fly small groups
of starlings for relatively long durations [20, 32, 71, 73,
76, 134, 135]. After five days of habituation to the wind
tunnel, all flown birds were exposed to the same 15-day
flight-training regime as follows: days 1-3=20 min;
day 4=30 min; day 5=60 min; day 6=30 min; day
7=60 min; day 8=90 min; day 9 resting=no flight;
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day 10=120 min; day 11 =180 min; day 12 resting=no
flight; day 13 =60 min; day 14 =30 min. On day 15, star-
lings flew for up to 6 h until they refused to stay aloft
and attempted to perch on the ground or netting at least
three times within a five-min period.

After the 15 day flight-training period, females in each
cohort were transferred to outdoor aviaries that con-
tained seven—eight male starlings (sex ratio of 1.5 males:
1 females) as part of a companion study focusing on the
effects of dietary antioxidants on breeding behavior [21].
For the next five consecutive days, females could interact
with males while having constant access to their origi-
nal diet. In the afternoon (~15:00) of day 20, birds were
transferred back to the wind tunnel facility for overnight
measurements of basal metabolic rate (BMR) at 25 °C
temperature (data not covered in this paper). Food was
removed at ~ 15:00 on Day 20 so that BMR was measured
in post-absorptive birds. At ~8:00 on day 21, we sampled
~400 pL of blood from the brachial vein of each bird
using heparinized capillary tubes after puncture with a
17G needle. Blood samples were immediately transferred
to a 0.5 mL heparinized Eppendorf tube for temporary
storage. Collecting blood samples 5 days after two weeks
of daily flying and with males present mimics the arrival
to the breeding grounds following the completion of
spring migration.

Measurements of haematological variables

Measurements of haemoglobin (Hb) content, haema-
tocrit (Hct) and red blood cell count (RBC,,,,,), as well
as preparations of blood smears for measurements
of red blood cells surface area (RBC,,,), were done
within 30—60 min of blood sampling each bird, hereaf-
ter referred as primary haematological variables. Hae-
moglobin content (g/L) was measured with HemoCue
AB (Angelholm, Sweden) and for the reliability of this
method, we additionally cross-calibrated the device with
reference to Drabkin’s solution method. To assess Hct,
we filled micro-capillaries with ~9 pL of blood and then
centrifuged them for 6 min at 11,500 rpm (Eickemeyer,
Tuttlingen, Germany) and then measured with callipers
the fraction of red blood cells to the nearest hundredth
of a millimetre. RBC . (per pL) was counted using a
standard microscope and Biirker’s chambers. If possible,
Hb, Hct and RBC_,,, were measured in duplicate sub-
samples to increase reliability and the mean was used
as estimates of each variable. To measure RBC,,,, (um?
we fixed and stained blood smears on glass slides (stain-
ing with Gill II Hematoxylin, Sigma, Aldrich, Germany;
Eosin Y, Analab, Warszawa, Poland). Microscope pho-
tographs were taken four—five months after preparation
of glass slides, under 100-fold magnification of a light
microscope (Nikon Eclipse 801, Tokyo, Japan) connected
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to a camera (Nikon DS-Ri2, Tokyo, Japan) and NIS Ele-
ments software (Nikon, Tokyo, Japan). Finally, we used
Fiji software (imagej.nig.gov/ij; fiji.sc/Fiji) to measure
area from 50 erythrocytes and the mean value was used
as an estimate of RBC,,,. The software was set to auto-
matically measure the cell area after image thresholding.
Cells with a distorted shape and those deformed due to
touching other cells were excluded from the measure-
ments. In addition to cell surface area, the software
also measured length (RBC,,,,) and width of the cells
(RBC,,inor) and calculated the aspect ratio (RBC,; the
ratio of major to minor axis) and cell circularity (RBC,;
471 x area X perimeter % a value of 1 indicates a per-
fect circle cell shape and as the value approaches 0, cells
are increasingly elongated in shape), which we refer to
shape-related variables. Based on the four primary hae-
matological variables, we calculated a set of secondary
haematological variables that could help us in the inter-
pretation of eventual alterations in erythrocyte proper-
ties: Mean Corpuscular Haemoglobin Content (MCHC,
pg/cell) calculated from Hb and RBC,_,,,, Mean Corpus-
cular Haemoglobin (MCH, g/dL) calculated from Hb and
Hct and Mean Corpuscular Volume (MCYV, fL) calculated
from Hct and RBC_ ... The surface-area-to-volume ratio
of erythrocytes (SA:V ratio, um?/um?®) was calculated by
dividing the RBC,,., by MCV, while the total surface area
of erythrocytes (TSAE, um?/um®) by multiplying SA:V
by RBC_,+ The haemoglobin-to-total-surface-area-of-
erythrocytes ratio was calculated by dividing Hb content
by TSAE (Hb:TSAE ratio, pg/mm3).

Statistical analysis

Statistical analyses were performed in R (version 4.0.3,
R Core Team 2020). We used linear models to test
the effects of diet (control-diet vs anthocyanin-diet),
migratory flight activity (non-flying vs flying), and their
interactive effect on all haematological variables meas-
ured or calculated in this study. To control for potential
temporal changes, all models included the date of sam-
pling as a fixed covariate. Initially, all the models con-
tained first and second-order interactions between the
covariate and main effects; however, all these interac-
tions were not significant and were removed from the
final models. We checked the assumptions of normality,
homogeneity and lack of remaining patterns on residu-
als. To infer the fixed effects, we used Type III F-test
from the R package “car” (function “Anova”; [136]). We
used the R package “emmeans” [137] to estimate (a) the
Least Squares Means with 95% confidence intervals for
each experimental group (conditional and marginal
means), and (b) the standardized effect sizes (Cohen’s
d [138]; function “eff_size”) following Nakagawa and
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Cuthill [139]. In the case of statistically significant
interaction between main effects, we further analyzed
simple effects (Tukey-adjusted) of flight activity (non-
flying vs flying) separately within the two diet groups.
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Additional file 1: Fig. S1. Standardized effect sizes in response to antho-
cyanin-rich diet among non-flying (A) and flying starlings (B); in response
to wind-tunnel flight activity among control-(C) and anthocyanin-diet
(D) fed starlings. Effect size higher or lower than 0 indicates respectively
higher or lower values among anthocyanin supplemented (panel A

and B) or flying birds (panel C and D). Circles and squares depict directly
measured and calculated variables respectively. Colors: light grey, dark
grey and black indicate small (d > 0.2), medium (d > 0.5) and large effect
(d > 0.8) sizes following Cohen [138]. Standardized effect size (Cohen's d)
are reported with their 95% confidence interval. The detailed effect size
estimates are described in the Additional file 1: Table S1. Hct Haematocrit;
Hb content Haemoglobin content; RBCcount Red blood cell number;
RBCarea Red blood cell surface area; MCH Mean cell haemoglobin; MCHC
Mean cell haemoglobin concentration; MCV Mean cell volume; SA:V ratio
Surface-area-to-volume ratio; TSAE Total surface area of erythrocytes;
Hb:TSAE ratio Haemoglobin-to-total-surface-area-of-erythrocytes ratio.
RBCmajor Red blood cell major length; RBCminor Red blood cell minor
axis length; RBCar Red blood cell aspect ratio; RBCcirc Red blood cell
circularity. Table S1. Effect size estimates (% change, absolute change
and standardized Cohen’s d) for the comparisons of experimental groups
(conditional effects) for all haematological variables considered in this
study. Hct Haematocrit; Hb content Haemoglobin content; RBCcount Red
blood cell number; RBCarea Red blood cell surface area; MCH Mean cell
haemoglobin; MCHC Mean cell haemoglobin concentration; MCV Mean
cell volume; SA:V ratio Surface-area-to-volume ratio; TSAE Total surface
area of erythrocytes; Hb:TSAE ratio Haemoglobin-to-total-surface-area-of-
erythrocytes ratio. RBCmajor Red blood cell major length; RBCminor Red
blood cell minor axis length; RBCar Red blood cell aspect ratio; RBCcirc Red
blood cell circularity.
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