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Hrc (Table I) range from about 0·1 (for the sk in . the ethmoid cartilage and the 
ethmoid tissue) to 0·3 (for the eye). 

Among the samples taken from adult sockeye sa lmon , the narrowest and least 
variable coe rci vity spectrum is that shown for the ethmoid tissue in Fig. lA o The 
ethmoid tissue acqui red and lost little of its slRM below IOmT or above 100 mT. 
Consequen tly, the IRM acquisition and Af demagnetization curves both have 
pronounced 'shoulders' (Fig. lA) like those seen in the magnetotactic bacteri a 
(Stolz el al. 1986), yellowfin tuna (Walker el 01. 1984) and chinook sa lmon 
(Kirschvink el al. 1985). As in the yellowfin tuna (Walker et al. 1984) and chinook 
salmon (Kirschvink el til. 1985), the variability in the coercivity spectra among 
individuals was low (see Fig. IA; Table 1). The coercivity data are consistent with 
the prese nce of single-domain magne[ite in the ethmoid tissue of the adult sockeye 
salmo n. This interp retation has been confirmed by electron diffraction and lattice
imaging studies (Ma nn el al. 1988). 

The broadest and most va riable coercivity spectrum among the samples taken 
from adult sockeye salmon was that fo r the eye (Fig. 2A). The descending lim b of 
the Af demagnetization curve for the eye is almost a straight line. indicating loss of 
re manence ove r the whole range of demagnetizing fie lds used (1- loomT) . The 
eye began to acquire measurable remanence (greater than the background noise in 
the magnetometer) by 5 mT and continued to acq uire remanence up to 300 mT. 
The estimate of Hrc was 28 mT (Table 1), which was substantially lower than for 
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Fig. 2. IRM acquisi tion and Af demagnetization curves for the eyes of sockeye salmon 
adults (A), a single adult (B) , yearli ngs (C) and hy (D). The curve fo r AI 
demagnetization of anhyslcrctic remanent magnetization (ARM) for the eye from the 
individual adult fish is shown in B. (A,C) Mean values ± S.E. M. 
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the other samples. This result suggested the presence of magnetica lly SOfl , 

multidomai n mate rial. perhaps as contaminants th at were not removed success
fully by the ultrasonic cleaning given to all samples. The variability of the magnet ic 
properties among individuals is shown by the high standard errors aboUllhe curves 
for the eye (Fig.2A). The estimate of the ratio of the error and the mean 
percentage magnetization at Hrc for the eye was 0·3 (Table 1), the highest value of 
the ratio we obtained in the adult fish. The cu rves for IRM acquisition and Af 
demagnetization of the slRM for the eye from one of the fish are shown in Fig. 2B. 
As in Ihe pooled results. these curves indicated the presence of relatively low 
coercivity part icles in the eye of this fish. We gave this sample an anhysteretic 
remanent magnetization (A RM) by Af demagnetizing it in the presence of a 
200 JlT (= 2 Gauss) d.c.-bias field. The sample acquired a moment of2x 1O-~ Am2, 
or one-thi rt ieth the sl RM (6x 10- 11 A m2). The eye sample failed the Lowrie- Fuller 
(Lowrie & Fuller. 197 1: King el al. 1982) test fo r the presence ofsingJe domains 
because the curve for Af demagnetiza tion of the ARM fell we ll below ra ther than 
above the curve fo r the Af demagnetization of the sIRM (Fig. 28). 

Among the tissues from the adult sockeye not shown in Figs I or 2. th e skin and 
the e thmoid cartilage also had coercivity spectra that were relatively narrow with 
low variability amo ng individuals . As noted above, however, the variation in the 
total moment s and intensities of magnetiza tion did not suggest that these tissues 
contained similar concentra tions of magne tic material in different fish (Table 1). 
The remaining ti ssues, the ossified bone and the cartilage from the orbital and 
parieta l regions of th e skull , respectively. and the olfactory rosette , acquired and 
lost remanence over a wide ran ge of applied fields. and their coe rcivi ty spectra 
resembled the spectrum fo r the eye more than that fo r the ethmoid tissue . 

Measurements of satu rated remanent moment. intensity of magne tiza tion and 
cocrcivity spect ra, reported in Table 18-0 and Fig. 18- 0, showed that the heads 
of the juvenile sockeye salmon had magnetic properties similar to those found in 
the ethmoid ti ssue of the adults. There was only a two-fold ra nge in mean peak 
mome nts <lnd intensities among the ethmoid sam ples from the smolts and two- and 
threefold ranges in mean peak moments and intensi ties, respective ly, from the 
ante rior skulls of the yea rlings. Coefficients of variation in the saturated remanent 
mome nts and intensities of magnetization for the anterior skulls of the yearlings 
and smolts were not only similar to each other but also among the lowest recorded 
within each age class. These results suggested that, as in the adults. there were 
similar concentrations of magnet ic mate rial in the anterior part of the skull of fish 
in each age class. 

Oetennination of the media n coercivity of magnetic material in tissue samples 
became increasingly difficult with decreasing age in the younger fish because the 
saturated remanen t moments of their skulls were much lower tha n in the adult 
fish. Consequently, the background noise in the magnetometer made a greater 
contributi on to the variation about the IRM acquisition and Af demagnetization 
curves , particularly for the yearling fish (Fig. IC). The estimates of Hrc for the 
anterior skulls of the juvenile fi sh (Fig. 18-0) all fell between 40 and 44 mT and 
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the estimates of R all were clustered around 0·30 (Table 1). The estimated errors 
at Hrc were also low, particularly fo r the smolts (Table I). Taken together, these 
properties strongly suggested the presence in the juve nile fish of interacti ng single 
domains of magnetite. Alt hough il was not possible 10 measure the elhmoids of the 
fry or the yearlings separately from other parts of the skulls. the consistency of 
their magnetic properties with those for the ethmoids of the smolts and adults 
strongly implied that the magnetic material present in the skulls of the fry and 
yearling fish was the magnetite ultimately found in the eth moid tissues of the 
adults. 

Many of the other samples from the juvenile fi sh were only weakly magnetized, 
if at all . In the yearlings, for example, the saturated remanent moments of the eyes 
were below the noise in the magnetometer, whereas those for the skin were 
greater than the noise but were not high enough to permit estimation of Hrc and R 
(Table 1). Where they coul d be made, estimates of Hrc in the juvenile fi sh ra nged 
from 24 to 35 mT (eyes in the fry and smolts; Fig. 2C,D; Table I) and from 24 to 
40mT (posterior skull s in the yearlings and smolts: Table I ). Estimatcs of R were 
between O· 16 (caudal regions in the fry) and 0·37 (orbital bone in the smolts), and 
the rati os of the standard error to percentage magnetization at Hrc we re generally 
about 0·2 (Table I). 

Discussion 

As well as describing the product ion of single-domain magnetite pa rticles during 
life by sockeye salmo n. our results investigate the development of the ferromag
netic hypothesis of magnetoreception and methods for testing its pred ictions. In 
the absence of anatomical or neu rophysiological data, behavioural tests of the 
hypothesis provide thc only mea ns of demonstrating a connection between the 
magnetite particles and the nervous system. 

As in tuna and chinook salmon, the eth moid tissue in the ad ult sockeye salmon 
possessed magnetophysical propert ies consistent with the presence of large 
numbers of single domains of magnetite formed under close biochemical control of 
their size , shape and composition. Magnetic material ex tracted from th e ethmoid 
tissue of the adult sockeye has been identified as single-domain magnetite (Mann 
et al. 1988). The parti cles occur in long chains that closely resemble the 
magnetosome from magnetotactic bacteri a. This arrangement makes it possible 
for the particles to be used in magnetoreception because summation of their 
mome nts will give a net ene rgy of interaction with the 50 IJT geomagnctic field 
greater than the background therm al energy, kT. Our data also indicated the likely 
presence of magnetite in the skin and ethmoid cartilage of the adu lt sockeye 
sa lmon. The variability among individuals in the amount and concentration of the 
particles (Table 1) suggested that these tissues were not likely sites for a 
magnetoreceptor system (Kirschvink el al. 1985) . In addition, the presence of 
magnetite in tissues other than the ethmoid tissue has yet to be confirmed by 
ex traction of the materi al and analysis of its diffraction spectra. 
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investigation of the separation between grains in interacting assemblages of 
magnetite particles. In the presence of a systematically varied d.c.-bias field , the 
total ARM acquired by a sample is a sensitive indicator of the distance between 
interacting particles (Cisowski , 1981). The intergrain separation is of interest 
because it will 'Iffec t the size of candidate magnetoreeeptors and their detect ability 
in any histological or ultrastructu ral studies of the ethmoid tissue. 

Our results permit two new behaviou ral predictions from the magnetite-based 
magnetoreception hypothesis. First , correlation of the amount of magne tit e 
present in the ethmoid region of the skull with age and size in the sockeye sa lmon 
suggests that , if the particles are used in magnetoreception, there will be age
dependent limits on the sensitivity of the fish to the geomagnetic fi eld . From the 
calculations of Kirschvin k & Gould (1981), it is easily shown that the numbers of 
particles necessary to produce the mean moments for the ethmoids of the different 
life slages of the salmon are roughly 1 x 10\ 2x 10', 3x 107 and I x LOS for the fry. 
yearlings, smolts and adu lts, respectively. These numbers of particles arc more 
than sufficient to mediate directional responses to magnetic field stimuli exhibited 
by the sockeye fry and smolts (Quinn, 1980; Quinn el al. 1981; Quinn & Brannon, 
1982). The numbers of magnetite particles presen t in the yearlings, smolts and 
adults are sufficient to mediate responses to small changes (IOO- lOOOnT) in 
geomagnetic field intensity (Kirschvink & Gould , 198 1; Kirschvink & Walker, 
1985; Yorke, [981), although behavioural evidence fo r such sensitivi ty has ye t to 
be obtained. 

The second predi ction concerns the poss ible effect on magnetoreceptio n of the 
magnetized wires with which cultured salmon pore often tagged. lllesc tags are 
inserted into the ethmoid region of the fry before they leave the hatchery. The 
magnetic fie ld produced by a 1 mm piece of the wire decays as the inverse cube of 
distance, from extremely high values (> I T) at the surface through eart h-strength 
(50,uT) at about 3 mm to the range of normal geomagnetic diurnal variation 
(50nT) at 30mm from the wire. The field produced by the tag will be sufficient to 
increase significantly lhe magnetic to thermal energy ratio of magnetite particles 
within 5-1Omm of the wire. An increase in this ratio will cause a decrease in the 
variance of motion of the particles and should lead to a reduction in sensiti vity to 
changes in magnetic fie ld intensity (Kirschvink & Gould , 1981; Kirschvink & 
Walker, 1985). 

Two suggestions for futu re work in vestigating the hypothesis of magnet ite-based 
magnetoreception arise from this study. The fi rst is to develop magnetic-field 
conditioning procedures to provide basic psychophysical data that test behavioural 
predictions of the hypothesis. Responses to magnetic field polarity should be 
reversed by remagnetization of the magnetite particles, whereas the accuracy of 
response to magnetic fie ld direction should follow the Langevin function , that is it 
should increase rapidly with background field up to earth-strength (50 ItT) and 
asymptotically beyond earth-strength (Kirschvink , 1981; Ki rschvink & Walker, 
1985). Threshold responses to magnetic field intensity should also depend on 
background field strengt h (Kirschvink & Walker, L985) and, as noted above . 
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should depend on the age of the salmon. It seems unlikely that (he orientation 
procedures used so far to investigate magnetic sensitivity in sockeye salmon 
(Quinn , 1980; Quinn el til. 1981; Quinn & Brannon. 1982) are powerful enough to 
provide such detail ed psychophysical data. Thus, although magnetic-field con
ditioning studies have on ly rarely been successful with fish (Kalmijn , 1978; Walker , 
1984) , developmen t of conditioning procedures is essential if responses to 
magnetic-field stimul i and their sensory basis are to be investigated in detail. 

Second, there is a need for detailed histological and ultrastructural studies of the 
ethmoid tissue in the sockeye salmon and Q(her fishes. The sockeye salmon smolts 
provide suitable material for such studies because of their small size and relatively 
high concentration of magnetic material in the ethmoid region. Although it must 
first be demonstrated that both the magnetite and nervous tissue can be detected in 
ethmoid tissue secti ons, ult rastructural studies of the hypothesized magnetorecep
tors themselves should eventually be possible. It should be pointed out , however, 
that the volume fraction of the pa rticles will still be very low (less than five parts 
per billion; Kirschvink el af. 1985), even in the sockeye salmon smolts. It therefore 
will be necessary to develop procedures to loca lize further the areas where 
magnetite is concentrated to improve the chances of detection of the particles in 
normal 100 nm thick transmission electron microscopy sections. 
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