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A sense of place: pink salmon use a magnetic map for orientation
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ABSTRACT

The use of ‘map-like’ information from the Earth’s magnetic field
for orientation has been shown in diverse taxa, but questions
remain regarding the function of such maps. We used a ‘magnetic
displacement’ experiment to demonstrate that juvenile pink salmon
(Oncorhynchus gorbuscha) use magnetic cues to orient. The
experiment was designed to simultaneously explore whether their
magnetic map is used to direct fish (i) homeward, (ii) toward the center
of their broad oceanic range or (iii) along their oceanic migratory route.
The headings adopted by these navigationally naive fish coincided
remarkably well with the direction of the juveniles’ migration inferred
from historical tagging and catch data. This suggests that the large-
scale movements of pink salmon across the North Pacific may be driven
largely by their innate use of geomagnetic map cues. Key aspects of the
oceanic ecology of pink salmon and other marine migrants might
therefore be predicted from magnetic displacement experiments.

KEY WORDS: Migration, Dispersal, Oncorhynchus, Animal
navigation, Movement ecology, Magnetic orientation

INTRODUCTION

Shifts in habitat are common across diverse animal species, as
reproductive sites are often spatially distinct from the nursery areas
of juveniles or foraging grounds of adults (Harden Jones, 1968;
Dingle, 2014). Individuals moving among these locations benefit
from information about their current position relative to their
migratory destination (Gould and Gould, 2012; Dingle, 2014). The
sensory basis of this positional (or ‘map’) information is especially
important in movement ecology (Gould and Gould, 2012;
Hays et al., 2016; Mouritsen, 2018), because understanding the
environmental cues animals use to guide their movements may help
predict species responses to altered habitats and changing
environmental conditions (Sutherland, 1996; Secor, 2015;
Putman, 2018).

Increasing evidence suggests that animals use cues from the
Earth’s magnetic field as a type of ‘map’ to assess their position and
orient accordingly (Lohmann et al., 2007; Gould, 2014, 2015).
Gradients of total field intensity increase from the equator to the
poles, as do the angles of the magnetic field lines that intersect the
Earth’s surface (Lohmann et al., 2007). Across much of the globe
these two gradients are not entirely parallel, and thus form a
bicoordinate grid from which both latitudinal and longitudinal
information can be extracted (Putman et al., 2011). For animals that
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can detect geographic north, declination (the angular difference
between geographic and magnetic north) may also be a component
of'this magnetic grid (Chernetsov et al., 2017). The most compelling
evidence for this ability has come from ‘magnetic displacement’
experiments, whereby animals are exposed to the magnetic
intensity, inclination or declination that exists at a distant location,
but olfactory, inertial, visual, auditory and other potential
orientation cues are held constant (Gould, 2014). Thus,
differences in orientation between or among treatments can be
unequivocally attributed to an ability to perceive changes in the
magnetic conditions, and the direction adopted by the animals gives
an indication as to how this magnetic information might be used in
an ecological context (Putman et al., 2017). Magnetic displacement
experiments have been successfully used to show that diverse taxa
derive map information from the Earth’s magnetic field, including
crustaceans (Boles and Lohmann, 2003), fish (Putman et al., 2014a,
b; Naisbett-Jones et al., 2017; Scanlan et al., 2018), amphibians
(Fischer et al., 2001; Phillips et al., 2002), reptiles (Lohmann and
Lohmann, 1994, 1996; Lohmann et al., 2001, 2004, 2012; Merrill
and Salmon, 2011; Fuxjager et al., 2011, 2014; Putman et al., 2011,
2015) and birds (Kishkinev et al., 2015; Chernetsov et al., 2017,
Pakhomov et al., 2018).

The bulk of studies that have conclusively demonstrated that
animals use magnetic maps are on marine migrants (Putman, 2018).
This ability to use magnetic maps may be critical for the wide-
spread life-history strategy among marine animals to undertake
large-scale ontogenetic shifts in location; for instance, as innate sign
posts for juveniles to reach nursery and foraging grounds (Lohmann
et al., 2012; Naisbett-Jones et al., 2017; Taylor and Corbin, 2019)
and as learned or imprinted cues for homing (Putman and Lohmann,
2008; Lohmann and Lohmann, 2019). Nonetheless, the importance
and function of magnetic sensing in the migrations of marine
animals continues to be controversial (Courtillot et al., 1997; Freake
et al., 2006; Durif et al., 2017). Progress in resolving these
controversies is hampered by practical constraints: the sensory
biology of animals that spend many years traveling across thousands
of kilometers of open water is difficult to experimentally evaluate
(Putman et al., 2017).

Among marine migrants, salmonids represent a particularly
powerful system to study magnetic navigation (Gould, 2014). Most
species of anadromous salmonids spend 1-2 years in freshwater
prior to migrating to the sea and remain in the open ocean for
1-5 years, with individuals in the same population and cohort
returning to spawn over a range of several years (Quinn, 2018). Pink
salmon, Oncorhynchus gorbuscha (Walbaum 1792), differ from
other Pacific salmonids in that they typically spawn in freshwater
near the ocean, juveniles migrate to the sea shortly after emerging
from gravel nests, they spend a relatively brief period in the ocean
(12—16 months) prior to returning to their natal site to spawn, and
they have a strict 2 year life-cycle (Hard et al., 1996; Quinn, 2018).
Compared with other salmon species, homing pink salmon appear
to ‘stray’ more widely and frequently (Quinn, 2018), display less
robust behavioral responses to olfactory cues (Ueda, 2011) and are
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less sensitive to changes in temperature (Clark et al., 2011).
Analysis of a dataset that tracked the migratory routes of homing
pink salmon for 5 decades showed that nearly 50% of the variance
could be explained by gradual drift of the Earth’s magnetic field, but
environmental variables associated with ocean temperature,
currents and olfactory cues provided no explanatory power
(Putman et al., 2014c). While such findings suggest that pink
salmon may rely more heavily on geomagnetic cues than other
sensory information, direct evidence for sensitivity to magnetic map
cues has not been obtained in this species.

Here, we used a magnetic displacement experiment to test
whether juvenile pink salmon behaviorally differentiate two
magnetic fields that exist at different points on their oceanic
migratory route. We chose magnetic fields that exist in regions
where the headings adopted by salmon would differ depending on
whether they were orienting (i) homeward, (ii) toward the center of
their broad oceanic range or (iii) along their oceanic migratory route
(Fig. 1). Thus, the experimental design allowed us to determine
whether pink salmon possess a ‘magnetic map’ (Lohmann et al.,
2007; Gould, 2014) and to explore how that map functions in their
oceanic movements.

First year
of migration

Toward home

Second year

Toward center . )
of migration

of ocean range

Following
migratory route

Fig. 1. Map of the hypothesized migratory route of pink salmon and
possible orientation responses of juvenile pink salmon to magnetic
displacements. Light blue arrows show migratory movements during the first
year at sea (solid light blue indicates movements during the first spring and
summer, dashed light blue indicates movements during the first autumn and
winter). Dark blue arrows show hypothesized movements during the second
year (thinner arrows are movements during the second spring and summer,
thicker arrows are the homeward migrations during the second summer and
autumn). Arrows within the circles show the direction that salmon might adopt if
they use magnetic cues to assess their location and orient (i) back towards their
home location (orange arrows), (ii) towards the center of their oceanic range
(green arrows) or (iii) along the migratory route (blue arrows). Modified from
Hard et al. (1996).

MATERIALS AND METHODS

Juvenile pink salmon were obtained from the Washington
Department of Fish and Wildlife Hoodsport hatchery in
Washington, USA (47.406800°N, 123.138986°W), in March
2018. Salmon were transferred to the Mukilteo Research Station
of the NOAA Northwest Fisheries Science Center, Washington,
USA (47.95°N, 122.302°W), for experiments. Fish were reared in
indoor fiberglass tanks, plumbed with flow-through saltwater from
nearby Puget Sound. Magnetic conditions across the tanks were
fairly uniform [total field intensity 51.6 pT (£1.9%), inclination
angle 69.3 deg (+1.7%)], though the total field intensity was
somewhat reduced relative to the natural ambient field (53.67 uT,
69.37 deg). The fish were approximately 8 cm total length at the
time of testing. Experiments were conducted between 06:00 h and
11:00 h, local time, from 11 to 26 August 2018.

Following protocols from prior magnetic displacement
experiments (Putman et al., 2014a,b; Scanlan et al., 2018), the
magnetic field was controlled using two orthogonally arranged, four-
coil systems (Merritt et al., 1983) (outer, vertical coil length 3.28 m;
inner, horizontal coil length 3.05 m) connected to DC power supplies
located in a shelter adjacent to the test area. The frame of the coil
system was covered by a shade cloth to reduce stress to the animals
during the experiment and to limit access to celestial cues. Fish were
tested on a platform at the center of the coils. A single fish was placed
in each of the 13 opaque, cylindrical arenas (diameter 30.5 cm) filled
to a depth of 21.5 cm with saltwater from the same source in which
the test subjects were maintained. Prior to the placement of fish in the
arenas, DC power supplies were turned on so that fish experienced the
natural magnetic field associated with the geographic location of
testing (intensity 53.67 uT, inclination 69.37 deg). Fish remained
in this magnetic field for 10 min, after which they were exposed to
one of two different magnetic fields. One of the test magnetic fields
exists in the northern Gulf of Alaska (59°N, 148°W; intensity
55.2 uT, inclination=73.3 deg). The other test field exists in the
southern Gulf of Alaska (43°N, 135°W; intensity 49.2 uT, inclination
63.0 deg). Field values were determined using the International
Geomagnetic Reference Field (IGRF-12) (Thébault et al., 2015) and
measured using a triaxial fluxgate magnetometer (FVM-400, MEDA,
Inc., Dulles, VA, USA).

Beginning 8 min after the field change, cameras hanging above
the test platform recorded digital images for 1 min at 10 s intervals
(Scanlan et al., 2018). Thus, six images were recorded for each fish.
For every image, the heading of each fish relative to magnetic north
was measured using ImagelJ software (US National Institutes of
Health) and the mean direction was calculated for each fish. A total
of 100 fish were tested, 50 fish in each of the two magnetic fields.
Upon completion of the experiment, fish were killed in accordance
with University of Washington Institutional Animal Care and Use
Committee (IACUC) rules and approval (protocol no. 4096-1).

We pooled the mean headings of individual fish for each test field
and used the Rayleigh test to measure the strength of orientation at
the population level. We used the non-parametric Mardia—Watson—
Wheeler test to assess whether pink salmon differentially orientated
to the two test fields. Means, 95% confidence intervals and statistics
were calculated using Oriana Circular Statistics v.2 (Kovach
Computing Services).

RESULTS

The orientation of juvenile pink salmon exposed to northern and
southern magnetic displacements significantly differed (Mardia—
Watson—Wheeler test #=7.9, P=0.019), indicating that pink salmon
use map information associated with the Earth’s magnetic field for
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orientation. Salmon that were magnetically displaced to the north
oriented southwestward [mean heading 213 deg, 95% confidence
interval (CI) 174-253 deg, Rayleigh r=0.279, P=0.02, n=50],
whereas those experiencing a magnetic displacement to the
south oriented more southeastward (mean heading 109 deg, 95%
CI 62156 deg, Rayleigh r=0.236, P=0.06, n=50) (Fig. 2).

DISCUSSION

This experiment demonstrated that pink salmon perceive map
information from the Earth’s magnetic field and use it for
orientation. The magnetic map responses do not appear to simply
inform fish whether they have been displaced north or south (as
inferred from similar experiments in nonanadromous salmon;
Scanlan et al., 2018). Neither do the adopted headings suggest
that the fish are orienting toward their home site [as in newts
(Phillips et al., 2002), lobsters (Boles and Lohmann, 2003) and
older sea turtles (Lohmann et al., 2004)]. Rather, the orientation
adopted by fish in both test fields suggests that this behavior may be
an important component of the large-scale oceanic migration of
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juvenile pink salmon (Figs 1 and 2). Mark—recapture and catch data
(Takagi et al., 1981; Hartt and Dell, 1986; Ogura, 1994) indicate
that the migratory direction of juvenile pink salmon is to the
southwest in the northern Gulf of Alaska and to the southeast in the
southern Gulf of Alaska (Hard et al., 1996). While the orientation
patterns from tagging data reflect the movements of pink salmon
several months older, these directions coincide remarkably well
with the 95% CI of the mean headings of pink salmon exposed to
magnetic displacements that correspond to those locations (Fig. 2).
These experimental findings in juvenile pink salmon combined with
a prior study examining homing routes of adult pink salmon relative
to geomagnetic dynamics (Putman et al., 2014c) suggest that
magnetic map cues are used to guide the entire marine migration of
this species.

The use of magnetic map cues to guide migration has been
observed in other species. An elaborate magnetic map that guides
juvenile migration around the North Atlantic Ocean is observed in
loggerhead sea turtles (Caretta caretta) (Lohmann et al., 2012;
Putman et al., 2012, 2015). Similarly, magnetic displacement and

0 deg

180

Fig. 2. Orientation of juvenile pink salmon to magnetic map information. (A) Map information available from the geomagnetic field across the northeast Pacific
Ocean. Colored bands indicate total field intensity; black lines show isolines of inclination angle. The white star indicates the location where pink salmon were reared
and tested. White circles indicate the locations from which magnetic values for the two magnetic displacements were obtained. Given that the gradients of intensity
and inclination in this region are non-orthogonal, depending on their sensory acuity, salmon may perceive these magnetic cues as discrete points or ‘swaths’
extending up to a couple hundred kilometers (Putman, 2015). (B) Map of the hypothesized migratory route of pink salmon (modified from Hard et al., 1996) and
juvenile pink salmon orientation in response to magnetic displacements. Light blue arrows show the migratory movements of pink salmon during their first year at sea;
dark blue arrows show their hypothesized movements during the second year. Circular graphs show the orientation of juvenile pink salmon to magnetic fields that
exist at the corresponding locations. Triangles show the mean heading of individuals (n=50 per magnetic field) (Table S1); the central arrow and gray shading show
the population-level mean direction and 95% Cl, respectively. Values are plotted relative to magnetic north (0 deg). The mean heading that juvenile pink salmon
adopted in response to the magnetic displacements coincides with the direction of migration at those locations inferred from catch and tagging data (Fig. 1).
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modeling experiments in European eels (4nguilla anguilla) indicate
that their magnetic map functions to guide the juveniles’ migration
toward Europe (Naisbett-Jones et al., 2017). In terrestrial systems,
Eurasian reed warblers (Acrocephalus scirpaceus) also use
magnetic map cues during their seasonal migrations. Present
evidence suggests that adults, but not juveniles, can correct their
orientation after physical and magnetic displacements from their
migratory route (Kishkinev et al., 2015; Chernetsov et al., 2017).
However, the experiments to determine the role of magnetic map
cues for following (rather than returning to) the migratory route have
not been performed, and it is premature to conclude that juvenile
birds do not also use magnetic maps.

Another important outcome of our study is the demonstration that
investigations into the magnetic map sense of salmonids are robust
and portable. Prior work had all been conducted in a single
laboratory in Oregon and with salmon tested ~40 km inland, in
freshwater (Putman et al., 2014a,b; Scanlan et al., 2018). The
present study was conducted ~60 m from Puget Sound and in
saltwater. Furthermore, it appears that pink salmon could be an
excellent model species to study magnetic map orientation. As in
other magnetic displacement experiments conducted with salmon,
these juvenile pink salmon had no prior navigational experience by
which they could have learned the geomagnetic field gradients
across the Pacific Ocean. Their ability to discriminate the two test
fields suggests that differential orientation to magnetic fields is
innate (Putman et al., 2014a). However, we were able to show fish
differentiate magnetic map cues, using a relatively small sample
size (n=50 fish per treatment) relative to studies in steelhead trout
(O. mykiss), which used 160 fish per treatment (Putman et al.,
2014b), or Chinook salmon (Oncorhynchus tshawytscha) and
Atlantic salmon, which used over 200 fish per treatment (Putman
etal., 2014a; Scanlan et al., 2018). Likewise, the sensory ecology of
pink salmon appears to favor their use of geomagnetic cues over
other potential sources of information (Putman et al., 2014c) and,
relative to other species of salmon, their use of olfactory cues
appears reduced (Ueda, 2011).

Our present finding that spontaneous orientation of juvenile pink
salmon to magnetic fields closely agrees with catch-based inferences
on migratory directions (Fig. 2) lends support to the view that
magnetic map cues play an important role in the ontogenetic
migrations of diverse marine species (Secor, 2015; Putman, 2018).
Magnetic displacement experiments paired with simulation of the
observed behavior in realistic environmental models could be a
powerful and relatively inexpensive way to investigate the many open
questions in migration ecology (Putman, 2015; Burke et al., 2016).
Such work could provide an important component of the information
needed to improve predictions of shifting distributions and
abundances of marine species in response to changing
environmental conditions (Secor, 2015; Hays et al., 2016).
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