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ANIMAL NAVIGATION

Homing pigeon navigation  
relies on superparamagnetic 
macrophages under 
overcast conditions
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Birds use a variety of navigational strategies, including the 
geomagnetic field, especially when other cues are not available, 
such as under overcast or nocturnal conditions. Magnetite 
particles in the beak, cryptochromes in the eye, cellular 
ion- channel alterations, and changes in the vestibular system 
have been proposed to explain magnetoreception, but the  
exact mechanisms remain debated. Here, we used physical, 
morphological, functional, and genomic assays to identify  
the presence of superparamagnetic macrophages in the liver. 
We found that after macrophage depletion, pigeons flying  
under overcast conditions lacked their usual orientation 
capabilities. Orientation was unimpaired in birds without 
macrophages when the sun was visible, suggesting that this 
was their primary cue. We propose that in homing pigeons, 
superparamagnetic macrophages in the liver are required for 
finding magnetic direction.

For many animals, the ability to determine their position on the globe 
and to maintain the correct course toward a target destination, known 
as navigation, is essential for survival (1, 2). Field studies show that 
many species rely on magnetic orientation when other senses, such as 
vision, are limited (3, 4). Birds have long provided an excellent model 
system for studying navigation. For example, songbirds migrating 
at night or under overcast skies can maintain a magnetically calibrated 
flight direction, set at sunset, over hundreds of kilometers (5, 6). 
Pigeons use visual landmarks and/or environmental odors to deter-
mine their position and may also use a magnetic map (7). To keep a 
chosen course, birds use either a sun compass or a magnetic compass, 
which might operate independently. Unlike other vertebrate sensory 
systems with well- defined receptor organs (8), the mechanisms of 
magnetoreception have remained elusive and widely debated despite 
decades of intensive research (9–15).

Three principal mechanisms have so far been proposed to ex-
plain magnetoreception. The first is chemical magnetoreception via 
cryptochromes in the avian visual system (16–18). According to this 
theory, light- induced radical- pair reactions in cryptochromes provide 

sufficient activation energy to generate a magnetic- direction signal, 
allowing birds to “see” the magnetic field superimposed onto their 
visual scene (19). However, because cryptochromes are light- dependent, 
this mechanism cannot readily account for navigation in complete 
darkness. Moreover, the cryptochrome hypothesis has proven difficult 
to reproduce experimentally, and there is limited evidence for sus-
tained magnetic navigation under natural dark conditions. Behavioral 
assays such as the Emlen funnel, a confinement device to study birds’ 
migratory orientation by observing nocturnal restlessness and collect-
ing foot scratches on a lined floor (20), do not fully recapitulate natural 
environments and are prone to interexperimenter variability (21), fur-
ther complicating interpretation.

The second hypothesis posits that ferric iron (Fe3+) or magnetite 
(Fe3O4) particles in cells of the upper beak align with Earth’s magnetic 
field and may relay directional information via the trigeminal nerve 
(10, 22). The third, more theoretical, model suggests that changes in 
magnetic fields may influence ion- channel activity or membrane dy-
namics, but neither the responsible cell types nor the neural pathways 
involved have been identified (23). Along these lines, a recent study 
identified neuronal activity in vestibular and pallial regions of pigeon 
brain after artificial magnetic stimulation (24), suggesting that these 
sites might also be involved in processing magnetosensory informa-
tion. Although that study did not identify the underlying molecular 
mechanism and requires validation of in vivo relevance for navigation 
behavior, it supports the existence of light- independent magnetorecep-
tion and suggests possible candidate brain regions. Overall, none of 
these hypotheses fully explains magnetoreception, and key mechanis-
tic gaps remain.

We previously reported that splenic red pulp macrophages in mice 
and humans are intrinsically superparamagnetic (25). This is due to 
their function of degrading damaged or aged erythrocytes, which re-
sults in the liberation of iron from hemoglobin; this iron is stored 
within these macrophages as ferritin, a protein complex that seques-
ters iron in nontoxic form (26, 27). These dynamic, spherical protein 
nanocages can store up to 4500 iron atoms in a mineralized form and 
exist as soluble cytoplasmic proteins or are associated with vesicular 
compartments, such as lysosomes (28, 29). It is unknown whether 
these magnetic properties are involved in magnetoreception.

Results
Pigeon liver tissue has superparamagnetic properties
To test for tissues with magnetic properties in pigeons, we screened their 
organs (liver, spleen, muscle, and inner and outer beak) by vibrating 
sample magnetometry (VSM). This revealed a magnetic blocking effect 
at a blocking temperature (TB) of 12 K for liver and spleen (Fig. 1A), 
whereas muscle tissue and inner and outer beak showed increased mag-
netization only below 50 K (Fig. 1B, note the different scales). The super-
paramagnetic response of muscle and beak may have arisen from the sum 
of various types of unpaired electrons (Langevin paramagnetism), 
whereas in pigeon liver and spleen, this was overlaid by much stronger 
ferrimagnetic signals. Figure 1C shows a field- dependent magnetization 
of liver tissue. After subtracting a strong diamagnetic background, the 
saturation magnetization (MS) decreased markedly between 2 and 30 K, 
resulting in a MS of 0.024 ampere–square meters per kilogram (A·m2 
kg−1) at T = 2 K. Such MS cannot arise from paramagnets (here ferric iron) 
because their response would be strictly linear at magnetic induction 
(B) = 9 T and T = 30 K following the Brillouin function. The coercive field 
μ0HC decreased from 67 mT at T = 2 K to zero above TB (Fig. 1C). These 
signals were similar to the temperature-  and field- dependent behavior de-
scribed in highly purified ferritin nanoparticles from horse spleen (MS = 
0.83 A·m2 kg−1) (30) or in macrophages isolated by magnetic- activated 
cell sorting (MACS) from murine spleens (MS = 0.067 A·m2 kg−1) (25). The 
higher magnetization of purified ferritin (>30- fold) from horse spleen or 
isolated macrophages from murine spleen (nearly threefold) compared 
with that from pigeon liver tissue was likely due to the lower concentration 
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Fig. 1. Pigeon liver tissue exhibits superparamagnetic properties and contains iron- positive MHC II+ macrophages. (A) Temperature- dependent magnetization according  
to the zero- field- cooling (ZFC) and field- cooling (FC) protocols of pigeon liver and spleen at B = 20 mT. (B) Temperature- dependent magnetization of muscle and the inner and 
outer beak. All curves start at a lower magnetization value after ZFC to T = 2 K. Liver and spleen samples exhibit a peak at the blocking temperature TB = 12 K, whereas the magnetic 
responses of the muscle and inner and outer beak samples are independent of ZFC or FC. (C) Field- dependent magnetization at temperatures of 5 to 30 K of liver after the 
subtraction of diamagnetic slopes. The ferrimagnetic contribution saturates in inductions at B greater than ±6 T for all temperatures. For T = 2, 5, and 10 K, hysteresis loops are 
obtained, indicating long- range magnetic order. The inset shows a magnification of the first branch of hysteresis at a higher point density. The coercive field μ0HC is read from the 
zero crossing of the magnetization. (D) Representative histological images of ferric iron (Fe3+) staining in different organs isolated from rock pigeon (C. livia). Scale bars for liver,  
spleen, and brain are 100 μm; scale bars for beak and eye are 10 μm. The dashed line in the liver panel indicates a liver lobule with a central vein (CV); the arrows indicate sinosoids. 
(E) Representative histological image of MHC II staining in liver tissue. Scale bar is 100 μm. (F) Representative histological images of MHC II+, Fe3+, and combined staining of liver 
tissue. Scale bar is 50 μm. (G) Representative photo of hepatic cells isolated over a magnetic column. (H) Experimental setup for the sorting and sequencing of superparamagnetic 
liver cells. (I) Isolated paramagnetic liver cells were sorted, sequenced, and indexed according to the C. livia reference genome [Cliv_1.0 reference genome (GCF_000337935.1)];  
n = 1 pigeon. Fisher’s exact test (significance determined as Padj for multiple testing) was used to evaluate the probability of magnetic cells to be macrophages, dendritic cells,  
or B lymphocytes, on the basis of signature genes from the cellxgene.cziscience.com database. (J) Transcripts per million (TPM) of genes involved in erythrocyte clearance and 
iron metabolism, identified in sorted MHC II+ cells. (K) Fluorescently labeled dextran (or nonlabeled dextran as vehicle control) was fed to isolated (magnetic) pigeon liver cells and 
human THP- 1 cells (a monocyte- macrophage cell line) to estimate their phagocytic capacity. After 2 hours, cells were washed, fixed, and analyzed by flow cytometry. n = 3 or  
4 independent experiments with THP-1 cells, and n = 4 independent experiments with isolated MHC II+ pigeon cells. Data are shown as mean ± SEM.
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of magnetic ferritin particles in tissue sections relative to sorted cells or 
purified ferritin. These magnetic signals, though modest, were 20 to 30 
times higher than the magnetometer’s noise level, which indicated an 
accumulation of iron and thus a substantial accumulation of nanomag-
nets in pigeon liver, and a much lower accumulation in the spleen. We 
verified this interpretation by demonstrating the presence of ferric iron 
with Prussian blue, which specifically stains ferric iron (Fe3+) within fer-
ritin proteins (28). A high number of Fe3+- containing cells were seen in 
the liver and a few in the spleen, but none were observed in the brain, 
muscle, eye, or beak (Fig. 1D), consistent with results of the VSM analyses 
(Fig. 1, A to C).

Pigeon liver contains MHC II+ macrophages that store Fe3+

The morphology and localization of the iron- positive cells in the sinu-
soids of the hepatic portal triad suggested that these might be macro-
phages. Unfortunately, few antibodies exist that can identify pigeon 
cells with immunohistology. One of them identifies major histocom-
patibility complex class II (MHC II), which is expressed by antigen- 
presenting cells, including macrophages, dendritic cells, and B 
lymphocytes. We detected MHC II+ cells in the same cellular localiza-
tion and with the same morphology as Prussian blue–positive cells in 
pigeon liver (Fig. 1E) and confirmed colocalization by combining iron 
and MHC II staining, which yielded overlapping signals (Fig. 1F).

We next wanted to isolate these cells for further analysis by exploit-
ing their ability to bind to magnetic columns as previously reported (25), 
and we indeed recovered magnetic liver cells from the columns (Fig. 1G). 
We also purified MHC II+ cells by fluorescence- activated cell sorting 
(FACS) and performed 3′ mRNA sequencing (Fig. 1H). Sequencing 
reads were annotated using a publicly available Columba livia refer-
ence genome [Cliv_1.0 reference genome (GCF_000337935.1)], which 
identified 7116 protein- coding genes. The expression profile of these 
cells was compared with mammalian macrophage signature genes 
from the cellxgene.cziscience.com database. We observed a significant 
overlap between our dataset and 43 macrophage signature genes 
[Fisher’s exact test, adjusted P (Padj) = 0.0321], whereas no significant 
overlap was detected for dendritic cell or B cell signatures (Padj = 
0.2461) (Fig. 1I). Because the macrophage, dendritic cell, and B cell 
gene sets contain both cell type–specific and shared markers, we per-
formed two comparisons: one using only cell type–specific markers 
and one using the full marker sets. In both analyses, the macrophage 
signature showed significant enrichment in our isolated MHC II+ cells, 
but the dendritic cell and B cell signatures did not.

Additionally, we found high expression of iron metabolism–related 
genes such as Spi- c, which encodes a transcription factor essential for 
red pulp macrophage development in the mammalian spleen (Fig. 1J). 
This suggested that the sorted MHC II+ cells were involved in eryth-
rocyte clearance and ferric iron and ferritin accumulation (31). Finally, 
we cocultured these cells with fluorescently labeled dextran and ob-
served that they took it up nearly as efficiently as THP- 1 cells (a human 
monocyte- macrophage cell line), which served as a positive control 
(Fig. 1K). Together, these findings confirmed that pigeon liver contains 
macrophages that accumulate iron, providing them with superpara-
magnetic properties.

Clodronate treatment depletes superparamagnetic cells in vivo
A defining feature of macrophages is their elimination after phagocy-
tosis of clodronate liposomes, a widely used approach for macrophage 
depletion in vivo (32, 33). Intravenous clodronate liposome administra-
tion depletes liver and spleen macrophages within 24 hours for up to 
5 days, whereas peritoneal and lung macrophage depletion requires 
intraperitoneal injection and takes 3 days (34). To preferentially target 
pigeon liver macrophages, clodronate was administered intravenously 
24 hours before analysis. After treatment, iron- containing hepatic cells 
were significantly (Student’s t test, P ≤ 0.001) reduced, supporting their 
macrophage identity, and residual iron staining appeared diffusely 

distributed, likely reflecting iron scavenging by hepatocytes (Fig. 2A). 
Consistently, magnetic cell separation failed to recover magnetic cells 
from clodronate- treated pigeon livers (Fig. 2B), which also showed a 
decrease in hepatic Spi- c expression (Fig. 2C) and fewer MHC II+ cells 
(Fig. 2D). Clodronate treatment has been reported to affect neutrophil 
function (35). Although neutrophils are circulating and not classical 
tissue- resident immune cells, we wanted to exclude heterophils, the avian 
neutrophil equivalent (36), as candidate iron- positive cells. Heterophils 
were absent from liver tissue but detectable in blood smears, where 
they showed no iron accumulation (Fig. 2E). Moreover, polymorpho-
nuclear cells isolated from blood (Fig. 2F) lacked magnetic blocking 
or hysteresis in VSM, displaying strictly linear magnetization behavior 
around zero field (Fig. 2G) and no magnetic blocking at low tempera-
tures (compare with Fig. 1A) or hysteresis loops (compare with Fig. 1C), 
confirming the absence of ferrimagnetic properties of heterophils. 
Collectively, these results confirmed that the cells accumulating ferric 
iron in pigeon liver are macrophages.

Iron- positive macrophages are in proximity to hepatic nerve fibers
We next investigated how macrophages might transmit signals to the 
brain and hypothesized that innervation of hepatic sinusoids might 
mediate this communication. In mammals, hepatic nerve fibers tra-
verse the sinusoids and frequently surround blood vessels and bile 
ducts, particularly within the portal triad (37, 38) (Fig. 3A). Given the 
conserved architecture of the avian liver, we reasoned that similar 
neural structures would be present. Using Masson- Goldner staining, 
we identified nerve bundles embedded within green- stained collage-
nous connective tissue of the portal triad (Fig. 3B). These bundles were 
characterized by their wavy fiber texture in pale red with elongated 
Schwann cell nuclei, in contrast to dark, densely red- stained hepato-
cytes in the surrounding tissue. Additionally, we used silver staining 
to specifically stain for nerve fibers. We identified neurons in pigeon 
brain (used as positive control; fig. S1C) and peripheral nerve fibers in 
liver tissue (Fig. 3C). Prussian blue staining of sequential tissue 
slides showed the presence of iron- positive macrophages in the same 
area. After clodronate treatment, these associations were no longer 
observed. To further assess macrophage- nerve interactions, we per-
formed electron microscopy. We identified bundles of unmyelinated 
axons containing neurofilaments, visible as small puncta in cross sec-
tions or as fine elongated filaments in longitudinal sections (fig. S1A), 
as well as large mitochondria and neurotransmitter vesicles, which 
are indicative of nerve bundles of the autonomic nervous system. 
Macrophages were identified by their heterogeneous, irregularly 
shaped nucleus and cytoplasm rich in mitochondria, lysosomes, and 
intracellular vesicles and vacuoles (fig. S1B). We found macrophages 
frequently located in proximity (≤2 μm) to nerve fibers, allowing for 
paracrine signaling or direct cell- cell contact. After clodronate treat-
ment, the few remaining macrophages displayed apoptotic- like 
morphology, marked by numerous membrane- bound phagolyso-
somal vacuoles, altered mitochondria, and condensed nuclei, whereas 
nerve structures remained intact (Fig. 3D and fig. S1D). Overall, these 
images confirmed a close spatial relationship between macrophages 
and nerve fibers, suggesting their potential interaction.

Temporary macrophage depletion in pigeons impairs their homing 
orientation and navigation
Under completely overcast conditions, when the sun and polarized 
light cues are unavailable and visual landmarks are obscured, homing 
pigeons rely on their magnetic sense (39–41) [and see (42, 43) for ongo-
ing debate in this field]. To explore whether superparamagnetic mac-
rophages contribute to pigeons’ navigation, we performed clodronate 
depletion in living pigeons.

Thirty- four pigeons were trained individually to home over a 19- km 
route from west to east. After 10 successful training flights, birds were 
randomized to receive either intravenous clodronate liposomes (n = 18) 
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Fig. 2. Effect of clodronate treatment on hepatic macrophages and peripheral heterophils. (A) Pigeons were treated with clodronate or control liposomes and sacrificed  
24 hours later. Representative histological images of iron staining of liver tissue from control (see also Fig. 1D) and clodronate- treated pigeons. Scale bars are 100 μm. Iron-  
loaded cells were manually counted by microscopy per 1 mm2 of liver tissue. Four independent experiments were performed, and for each, the mean of two technical 
replicates is shown. (B) Representative photo of hepatic cells isolated by a magnetic column from control and clodronate- treated pigeons. (C) Gene expression of Spi- c in the 
liver tissue of control or clodronate- treated pigeons. (D) Representative flow cytometry plots and quantification of MHC II+ cells in liver tissue from control and clodronate- 
treated pigeons. (E) Representative bright- field microscopy images of pigeon blood smears stained with Giemsa or Prussian blue showing nucleated erythrocytes and 
heterophils (black arrows), the avian equivalent of mammalian neutrophils. (F) Polymorphonuclear cells isolated by density gradient centrifugation from pigeon blood, stained 
with Giemsa or Prussian blue. (G) Vibrating sample magnetometry as function of temperature T at B = 20 mT (top) and induction B at T = 2 K (bottom). The inset indicates a 
strictly paramagnetic (linear) field dependence without hysteresis around zero field. For quantification in (A), (C), and (D), unpaired two- tailed Student’s t test was used to 
determine statistical significance. Data are from independent experiments and presented as mean ± SEM.
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or control liposomes (n = 16) (Fig. 4A) when the weather forecast pre-
dicted completely overcast conditions for the next day. Twenty- four to 
28 hours later, pigeons were released individually under completely 
overcast conditions and tracked using real- time Internet of Things 
GPS devices (44, 45) (Fig. 4B). All control- treated pigeons homed within 

70 min, whereas none of the clodronate- 
treated birds returned on the same day 
under persistent overcast conditions, in-
stead displaying random spatial orientation 
(Fig. 4, C to E). Importantly, macrophage- 
depleted pigeons homed normally once 
cloud cover cleared and the sun became 
visible, indicating intact flight capacity, 
motivation, and overall health. When we 
retreated control pigeons with clodronate, 
they successfully homed under sunny con-
ditions (i.e., when directional solar in-
formation is available ), with high track 
efficiency, similar to their prior perfor-
mance (Fig. 4F). Together, these findings 
indicated that pigeons can sense magnetic 
direction inde pendent of a purported vi-
sual (cryptochrome- mediated) magnetic 
sensing system and that macrophages 
are required for finding magnetic direc-
tion under conditions in which solar and 
land mark cues are unavailable.

Discussion
Three principal theories for magnetore-
ception in pigeons have been proposed 
to date. Our findings support a fourth 
mechanism, on the basis of the collective 
sensing capacity of superparamagnetic 
macrophages, located predominantly in 
the liver, that enables perception of geo-
magnetic direction. Drawing on estab-
lished macrophage- neuron communication 
pathways (46, 47), we propose that he-
patic macrophages sense changes in 
Earth’s magnetic field and transmit this 
information to the brain via afferent va-
gal innervation. We posit that magnetic 
sensing requires a cell population–level 
signal, rather than single- cell detection, 
to reach the threshold for neuronal ac-
tivation. Liver macrophages are well 
equipped for this role, as they accumulate 
ferric iron during erythrocyte clearance 
and are closely associated with autono-
mous nerves. Such nerves, for example, 
the vagus or sympathetic nerves, gener-
ally provide rapid, bidirectional commu-
nication between peripheral organs and 
the brain and are ideally positioned to 
relay magnetic information sensed in the 
liver (48).

At the cellular level, we propose that 
ferritin- bound unpaired electrons interact 
through magnetic dipole- dipole coupling, 
which increases collective magnetic sus-
ceptibility, enabling uniform alignment 
along Earth’s declination lines. This pro-
cess may be functionally analogous to 
magnetosomes in magnetotactic bacteria 

that drag prokaryotic cells along the magnetic field (49). The charac-
teristic circling behavior observed in pigeons after take- off (50) may 
facilitate the imprinting of the magnetic information of electrons in 
ferritin particles in a uniform manner before directed flight. Such 
alignment is likely to induce changes in intracellular organization or 

Fig. 3. Iron- positive macrophages and nerve fibers in the pigeon liver. (A) Schematic liver anatomy. On the left is a 
cross section showing three liver lobules and the portal triad containing branches of portal vein, bile duct, and hepatic 
artery. In the middle is a portal triad showing nerve branches around blood vessels and the bile duct. On the right is a 
longitudinal section depicting the portal vein, central vein, bile duct, and hepatic artery, as well as nerve fibers and Kupffer 
cells. [Figure created with BioRender.com] (B) Sequential cross sections of pigeon liver tissue stained with Masson- 
Goldner (top) or Prussian blue (bottom). The left column shows a region surrounding a portal vein (PV), including bile duct 
(BD) and hepatic artery (HA). Boxes highlight a nerve bundle (NB) embedded in connective tissue (green). Scale bars are 
50 μm. The right column is a magnification of the nerve bundle. The black arrow indicates an association between nerve 
fibers and macrophages. Scale bars are 10 μm. (C) Sequential cross sections of pigeon liver tissue stained with silver for 
nerve fibers (top) or Prussian blue (bottom) for iron- positive macrophages. Red arrows indicate nerve fibers in proximity 
to vessels. Black arrows indicate iron- positive macrophages in the same area. Dashed boxes indicate a nerve in 
clodronate- treated liver (top) and the corresponding area with Prussian blue staining (bottom). Scale bars are 10 μm.  
(D) Electron microscopy of liver tissue from control and clodronate- treated pigeons. The top row shows the original 
images, with red arrows indicating nerve fibers and “M” indicating a macrophage. The bottom row shows pseudo- 
colorization of the images, where yellow indicates nerve bundles and blue indicates macrophages. Scale bars are 2 μm.
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polarization within hepatic macrophages (51), consistent with known 
macrophage responses to mechanical stimuli (52). Acting as a coordi-
nated array, macrophages could transmit magnetic information to 
nearby nerve afferents through spatial summation, either through 
direct mechanical coupling (53), analogous to baroreceptor signaling 
(54) and similar to other vertebrate sensing and induction systems such 
as peripheral macrophage- to- sensory redox cross- talk (55), or through 
paracrine release of soluble mediators, an established macrophage- 
nerve signaling mechanism (56). The brain would then integrate this 
magnetic input with other sensory cues to compute spatial orienta-
tion, for example, in the pallial regions in the brain, as suggested re-
cently (24).

A strength of our model is its potential to also explain magneto-
reception in animals that lack functional cryptochromes or operate 
in environments with little to no light, including bats (57, 58) and 
blind mole rats (59). Additionally, elasmobranchs such as sharks 
can detect variations in the geomagnetic field (60), and tiger sharks 
(61), blue sharks (62), and scalloped hammerhead sharks swim in 
straight lines over long distances, with the latter even orienting 
toward seamounts associated with geomagnetic anomalies (63). 
Beyond magnetoreception, our findings contribute to a broader emerg-
ing concept: Tissue- resident macrophages can function as peripheral 
sensory cells, providing direct, biologically meaningful feedback to the 
brain (25, 47, 64).

Fig. 4. Effect of clodronate treatment on pigeon navigation. (A) Pigeons (n = 34) were trained to return home from west to east. One day before inclement weather 
conditions (completely overcast, during a total of six experimental days across 2 years), the pigeons were intravenously treated with 0.5 ml of clodronate (n = 18) or control 
liposomes (n = 16). (B) After 24 to 28 hours, the pigeons were released 19 km from home and tracked by GPS (white indicates control birds, n = 16; red indicates clodronate- 
treated birds, overcast conditions, n = 18; yellow indicates clodronate- treated birds, sunny conditions, n = 9). (C) Pigeon tracks of the three experimental groups depicted 
separately. Each line represents one pigeon. (D) Most of the pigeons in the control and clodronate sun groups returned home on the experimental day, whereas none of the 
clodronate- treated birds managed to do so on the overcast day of release. (E) GPS data within 95 min after take- off were transformed into vectors resembling flight  
trajectories for all groups. Arrows represent the flight direction of each pigeon, and their length corresponds to the aerial distance covered within the 95 min, showing that 
pigeons in the clodronate group exhibited reduced navigational efficiency, as they covered considerable distances but in a less directed manner. (F) Track efficacy of control or 
clodronate- treated pigeons (sunny and overcast conditions), calculated as the aerial distance from release site to home divided by the total distance traveled to reach home 
(within the 95 min of measurement), where 1 indicates perfect efficiency (the bird traveled in a straight line) and 0 indicates least efficiency. Data were analyzed by one- way 
analysis of variance (ANOVA) with Tukey’s honest significant difference post hoc test. Data are presented as box plots showing median (line), 25th to 75th percentiles  
(box), and minimum-maximum values (whiskers).
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Homing pigeon navigation relies on superparamagnetic macrophages under
overcast conditions
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Daniel Zuniga, Wolfgang Fiedler, Dina K. N. Dechmann, Kasper Thorup, Jan Hasenauer, Lars Fester, Stefanie Kuerten,
Michael Farle, Ulf Wiedwald, Martin Wikelski, and Christian Kurts

Science 392 (6801), .  DOI: 10.1126/science.ady2486

Editor’s summary
It has long been known that birds rely, at least in part, on magnetoreception to orient their movements. The
mechanisms underlying this reception appear to be numerous and are still being discovered. Physiological connections
have been found in the head, including the beak, eyes, and brain, but Lisowski et al. have now identified the presence
of superparamagnetic macrophages in the liver (see the Perspective by Spiro and Drakesmith). On cloudy days when
they could not see the sun, pigeons whose magnetic macrophages had been depleted were unable to navigate home.
The authors conclude that these liver-based macrophages are required for navigation when the sun doesn’t shine. —
Sacha Vignieri
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