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ABSTRACT 

Studies have been made of the growth curvatures induced in the roots of Lepidium sativum, 
the coleoptiles of Avena sativa and the sporangiophores of Phycomyces blakesleeanus by exposure 
to an intense magnetic gradient during continuous rotation on a slow klinostat (0·5 rpm). 
Attempts have been made to determine the relationships of the curvature responses to the 
parameters of the magnetic field (H, dH/dx, and H .dH/dx). Analysis of the data was by a 
progressive regression analysis up to the third order coupled with an analysis of variance to 
test the improvement of fit at each stage. Response is characterized by an initial lag (reaction 
time, T) followed by a constant rate of curvature down the magnetic gradient for the first 
20 or 30° of curvature. The reciprocal of T was the most satisfactory measure of response 
(i.e. a measure of the rate of induction of the response while the organ was in a constant magnetic 
environment) and in Avena and Phycomyces was best fitted by linear regressions on loge dH /dx 
and on logeH .dH/dx. For Lepidium, with much more variable data, the best fit was with a 
linear regression on logeH. The significance of these-results is discussed. 

INTRODUCTION 

In an attempt to induce the migration of statoliths in the cells of the root cap of 

Lepidium sativum by use of possible differences in the diamagnetic susceptibilities 

of starch grains and surrounding cytoplasm, it was discovered that actively growing 

roots could be induced to curve away from regions of high to regions oflow magnetic 

flux, i.e. down a steep magnetic gradient under conditions in which geotropic 

response had been eliminated on a klinostat (Audus, 1960). In this work and an 

extension of it, which included some studies of the Avena coleoptile (Audus and 

Whish, 1964) it was shown that, unlike the situation in gravity-induced responses, 

there was no correlated movement of the amyloplast statoliths in the sensitive cells 

of the tips and it was concluded that these magnetic gradient-induced curvatures 

had nothing in common with geotropic responses. The phenomenon was called 

magnetotropism. 
In the later extended study, Audus and Whish attempted to analyse the relati~m

ship between the rate of initiation of the response (viz. the reciprocal of the reaction 

time where the latter is the time taken for a measurable curvature to be established) 

and the magnetic field gradient producing it. The limited data then available 

pointed to a positive correlation between the two. 

1 Present address: 29 Knightsbridge Park, Belfast, BT9 5EH, Northern Ireland. 
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Since~then, observations on Lepidium roots and Avena coleoptiles have been 
augmented by the use of an improved magnet assembly and have been extended 
to young immature sporangiophores of Phycomyce8._A more thoroughgoing analysis 
of response parameters and their relationships to the properties of the magnetic 
field has thus been made possible, and this is reported in this paper. 

MATERIALS AND METHODS 

The magnet assembly 

The improved magnet assembly (Plate 1) employed the same basic principles as those of the 
prototype (Audus, 1960; Audus and Whish, 1964). A permanent magnet was formed by a 
Ticonal bar (supplied by Mullard Ltd.), 160 mm long and 70 X 70 mm cross section. The ends 
were flanked by heavy L-shaped soft-iron bars which were brought together at pole pieces 
(P, P) to give an air gap of 7 mm. The whole was mounted in a heavy brass cylinder (B) sup
ported on two brass rods (R, R) (diameter 2·5 cm) which were rotated by a geared motor at 
a speed giving one rotation of the drum/magnet assembly every 2 min. Dummy pole pieces 
of soft iron (D, D) of the same dimensions, geometry, and orientation as the magnet pole pieces 
were mounted on a brass rod on the drum axis at a distance of 71 cm from the magnet pole 
pieces for control experiments (see Plate 1). The object of these control experiments was to 
check and eliminate the possibility that gradients, other than magnetic, associated with the 
experimental set-up, might be responsible for the curvatures observed. The planes of the gaps 
were along the axis of rotation of the magnet/drum assembly (see Fig. 1). 

The magnet field strength (H) was determined at successive points along a line through the 
centre of the air gap between the pole pieces, and in a direction perpendicular to the axis of 
rotation, with the aid of a Hall-effect magnetometer (A.E.I. Type FB22). The field parameters 
of the magnet (H, dH/dx, and H .dH/dx, where xis the distance along the above line through 
the magnet gap), are plotted in Fig. 1. These graphs show that the maximum magnetic gradient 
{8·9 x 103 G/cm) occurred at a distance of 1·7 mm outside the gap above the flat surfaces of 
the pole pieces. The maximum (calculated) value of H.dH/dx (4·5x 107 G2/cm) occurred at 
about 1·3 mm outside the gap. In all experiments the long axis of the organ under observation 
was placed on the line of maximum H. dH /dx or on lines parallel to this and further out from 
the gap. These lines thus nm parallel to the internal faces of the pole pieces and also to the 
axis of rotation of the magnet/drum assembly. 

Plant material and growth conditions 

Plant material was grown for experiments in thin-glass chambers (Plate 1, c) (external 
dimensions 7 ·5 x 3·8 x 0·7 cm). Seeds of Lepidium sativum and Avena sativa (surface sterilized 
in the case of Avena) were germinated on a 2-mm layer of l ·5 per cent sterile agar in the growth 
chambers. For studies with Lepidium observations were made on the roots as they grew over 
the surface of the agar. For coleoptile studies with Avena, the agar layer was removed on the 
coleoptile side of the grain so that the coleoptile could grow freely in the air. Seedlings were 
left to grow in their normal vertical orientation until needed for experiments. Growth was in 
the dark at 25 °Cat all times, both before and during the experimental period, except that the 
Avena seedlings were illuminated with dim red light (615 to 665 nm) for 1 hat 4 d to inhibit 
mesocotyl growth. The chambers were enclosed in thin polythene bags to reduce water loss. 
Phycomyces blakesleeanus Burgeff (-strain) was cultured on nutrient-oatmeal agar (50 g 
oatmeal to 15 g bacteriological agar in 1 1 of distilled water). Similar sterile agar was used to 
fill a thin-glass growth chamber (as above). Two-thirds of this was then cut away from one 
end, leaving an air space for sporangiophore growth. At 5 d mycelium from the edge of the 
fungus culture was applied at the free edge of the agar on one side of the chamber, and the 
lid closed so that there was close contact between the lid and the agar surface at the filled end. 
The chamber was then enclosed in a thin, sterile, polythene bag and incubated at 25 °C in the 
dark for 4 d. Mycelium grew down over the free edge of the agar producing a sequence of 
sporangiophores which grew vertically into the air space from the edge of the agar. Oatmeal 
agar was the preferred medimn because it restricted otherwise luxuriant growth, and produced 
suitably spaced sporangiophores. Darkness was chosen for the pre-experimental growth 
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conditions because this delayed the duration of Stage I preceding sporangium formation (see 
Castle, 1942) after which magnetotropic sensitivity is lost ( see later); these conditions produced 
10- to 20-mm-long Stage I sporangiophores after 4 d, at which time they were observed in 
the magnet gradient. The chambers were not opened subsequent to the initial inoculation 
before they were placed in the magnet gap, so that all observations were made on undisturbed 
cultures. 

Recording methods 

As in the previous experiments, the glass growth chamber, still inside the polythene bag, 
was held in a brass screw clamp between the poles of the magnet (Plate l, c) so that the long 
axes of the structures under observation lay along a line of uniform field strength and gradient 
just outside the gap and parallel to the horizontal axis of rotation of the magnet (see Audus 
and Whish, 1964, for general details). Photographic records of response were taken on 35-mm 
Kodak Panatomic-X film with an Exakta Varex camera and synchronized electronic flash 
illumination (1 ms duration; 100 J output). To reduce the light energy to the minimum neces
sary for an acceptable negative at full aperture (f 2·8) and to reduce the risk of phototropic 
curvatures, particularly with Avena and Phycomyces, the light was filtered through 1·5 cm 
of glass to absorb u.v. light, 18·0 cm of 2·5 per cent copper sulphate solution to absorb infra-red 
wavelengths, and a red cinemoid filter with a band pass at 595 to 660 nm. 

Photographs were taken manually without interrupting the rotation, at suitable intervals 
in a direction perpendicular to the axis of rotation and to the line of maximum magnetic 
gradient. Lepidium and Avena were photographed by reflected light but, to improve the 
definition and contrast, Phycomyces was photographed by back lighting the glass chamber. 
To check the efficiency of the lighting precautions in photography, some experiments were 
conducted in complete darkness with only one final record at the end of the experiment. No 
response differences due to the periodic 'flash' were observed. After each photograph of the 
experimental material in the magnet gap, a similar photograph was made on the same film 
of exactly similar material between the dummy non-magnetized pole pieces rotating on the 
same axis and serving as controls. These records were subjected to the same measurements 
as the experimental records, but no consistent curvatures vis-a-vis the pole pieces were ever 
detected in any material studied. From this, it is reasonable to conclude that no other gradients 
associated with the presence of soft-iron pole pieces, e.g. due to 'flash' light reflected from the 
surface of the pol€' pieces, possible small asymmetry of cosmic ray incidence due to selective 
absorption by the mass of soft iron, etc., were causing the curvatures observed. These control 
results also showed that other gradients within the chamber itself (e.g. humidity, chemical 
including possible interactions between neighbouring organs) were not producing curvatures. 

One other possible cause of curvature in Avena coleoptiles is an asymmetric nutation men
tioned by Larsen (1962). Avena seedlings rotated on a klinostat may sometimes show spon
taneous coleoptile curvatures away from the grain. To offset such curvatures Avena grains 
were orientated with the scutellum sometimes towards and sometimes away from the magnet 
gap. No consistent differences in the subsequent responses were noticed due to these different 
orientations. 

All experiments were conducted as far as possible in complete darkness. Apart from the 
period of recording 'flash', the experimental material was exposed only briefly to very low 
intensity red light (615-65 nm), once during the initial setting-up of the experimental cell in 
the magnet gap, and once before each exposure, since this was done manually and necessitated 
visual observation of the rotating magnet as it came up to the correct orientation for the 
photograph. 

Computation of response parameters 

In all three species the response to the magnetic field was a growth curvature away from 
the magnet gap, i.e. directly down the magnetic gradient and therefore towards regions of 
lower flux density. Records were usually taken at intervals of 30 min for a total period of 
2·5 to 4 h depending on the rate of response. Measurement of curvatures were made directly 
from the photographic negatives under a travelling microscope fitted with a long-focus objec
tive and cross wires in the ocular. The ocular could be rotated so that the cross wires could 
be orientated either parallel to the image of the edge of the magnet gap or through the mid 
line of the tip of the image of the curving organ. This rotation was recorded by an attached 
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pointer moving over an accurate protractor scale. The travelling microscope could also be 

used to measure the exact distance from the axis of the organ to the magnet surface so that 

the field strength and gradient at the start of the exposure could be calculated from the graphs 

(Fig. 1 ). Occasionally the changing position of the tip of the moving organ was also measured 

by the travelling microscope. 
There was usually a considerable lag after the commencement of the experiment before 

curvature could be detected; then the curvature rate remained relatively constant for periods 

of up to 1,5 to 2 h, and then declined as the tip moved into regions of low flux. Measures of the 

lag time and the initial rate of curvature were made from the time-course records by a statistical 

technique in the following way. The time of curvature initiation was estimated roughly by 

eye from the graphs of curvature against time. Two regression lines were then fitted, one to 

the points for the preceding observations and representing a 'zero-response' line; the other to 

the 'curvature' points. The time at which these two regression lines crossed was calculated 

and taken as the reaction time ( T), a term borrowed from other tropic responses. The slope 

of the second regression line was taken as the initial rate of curvature, Other response para

meters used were the final maximum curvatures obtained at the end of the experimental period. 

ANALYSIS OF DATA 

General responses 

The responses of Lepidium roots and Avena coleoptiles were very similar to those 

already described (Audus and Whish, 1964). For lag periods of 30 to 90 min after 

placing the organ in the magnetic field on the klinstat no movement could be 

observed, except those small oscillations characteristic of circumnutation. Subse

quently curvature, always down the magnetic gradient, set in quickly and within 

30 min the rate had risen to a maximum and remained constant for about 2 h. 

As seen in the early experiments, the lag was related to the field parameters (see 

later analysis). 
The sporangiophores of Phycomyces differed from the organs of the higher plants 

in that their responses to the magnetic gradient depended on the stage of develop

ment, Castle (1942) has recognized four main stages; Stage I is the apical growth 

of sporangiophores preceding the initiation of sporangia; Stage II corresponds to 

the cessation of sporangiophore growth during the initiation and expansion of the 

sporangium; Stage III is a stationary phase when the sporangium is fully expanded; 

Stage IV corresponds to the maturation of the sporangium and the renewal of 

sporangiophore growth. A survey of all the data so far obtained with both the 

original and the improved magnet shows that curvature responses occur only in 

Stage I sporangiophores, and then only in the steepest gradients. The means of 

a number of maximum curvatures induced in sporangiophores at various stages 

and exposed to the same steep magnetic gradients are recorded in Table 1. They 

show clearly that only Stage I sporangiophores are sensitive. 

The time course of curvature in these sensitive sporangiophores is similar to that 

in the other two organs, with a lag of the order of 30-60 min and a subsequent 

curvature rate which remains constant over 60-90 min. 

Relationships of responses to field parameters 

The measures to be used to make a quantitative estimate of curvature responses 

which might be meaningfully related to field parameters poses considerable prob

lems. These arise from the fact that these magnet field parameters change so rapidly 
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TABLE 1. Mean curvature (0
) induced in Phycomyces sporangiophores after 

150±5 min exposure in a steep magnetic gradient on a rotating clinostat 

±s.e. mean. Figures in parenthesis denote the number of observations in the sample 

Stage 

I 
II and III 
IV 

Approximate field parameters at sporangiophore 
(Hin G x 10-3 and dH/dx in G/cm x 10-3) 

H = 4·0 
dH/dx = 5·6 

19·7±1·76 (21) 
1·2±1·53 (5) 

-1·14±1·12 (7) 

H = 7·0 
dH/dx = 8·0 

16·0±1·36 (12) 
- 3·0± l ·73 (3) 

0·4±0·51 (5) 

with distance out from the magnet gap that even a small curvature response will 
dramatically change the magnetic environment of the curving organ, which is 
therefore subject to a constantly changing stimulus. Since there was no possibility, 
with the apparatus available, of maintaining the stimulus constant at any point 
of the responding organ, the only meaningful correlation would be one between 
the field parameters at the position of the organ before curvature started (i.e. in 
the lag phase) and some measure of curvature response in the first stages of curva- · 
ture before the organ has moved appreciably. One of these is obviously the re~ction 
time, whose reciprocal give an indication of the rate at which the magnet field 
induces changes which eventuate in differential growth of the two sides of the organ 
and subsequent growth curvatures. As we have seen, this has been calculated by 
regression analysis. Another acceptable measure would be the initial rate of curva
ture after the lag. Since in all cases the curvature, once started, seems to continue 
for some considerable time at a constant rate, irrespective of the fact that the 
magnetic environ·ment of the organ is constantly changing, it seems reasonable to 
conclude that this constant rate is in some way conditioned by the changes induced 
when the organ is in the lag phase and hence not curving. It would be expected 
that both these measures might be related to some property of the magnetic field 
on the main axis of the organ in its initial position during the lag phase. 

The discovery of these phenomena arose from attempts to move amyloplast 
statoliths in geosensitive organs by virtue of their diamagnetic properties (Audus, 
1960) for which the relevant magnetic force is proportional to H .dH /dx. A response 
which was a function of this parameter would indicate some movable diamagnetic 
particle as the perceptor body. However, previous rough analysis (Audus and 
Whish, 1964) suggested at that time that the speed of response (reciprocal of the 
reaction time) was correlated with the gradient dH/dx alone. 

It was therefore thought desirable to make a thorough statistical analysis of all 
the available data to determine which field parameter, dH/dx or H.dH/dx, was 
more closely correlated with the rate of perception and initial rate of curvature. 
For completeness, the final curvatures at the end of the experiment were also 
included as a response measure and the field strength (H) as a third magnet 
parameter. 
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Since physiological responses to stimuli of various kinds are usually described 
by the Weber-Fechner law where, with a wide range of stimuli, response bears a 
roughly linear relationship with the logarithm of the stimulus intensity, it was 
deemed desirable to extend the above analysis to correlations with logedH/dx and 
logeH .dH/dx and also logeH. 

The relationships betwe.en the three response parameters and the six field para
meters in all possible combinations have been analysed by a progressive regression 
analysis up to the third order, an analysis of variance being carried out at each 
stage to determine the degree of improvement of fit by the inclusion of the second
and third-order regressions. The analysis was performed by the CDC6600·computer 
of the University of London Computer Centre, using programme 'POLRG' from 
IBM SSP Package 1968. 

The rationale of this approach was to identify, for each response parameter, that 
field parameter which gave the most significant first-order regression and the 
least-significant or non-significant second- and third-order regressions~ i.e. to find 
the field parameter most closely related linearly to the response. 

TABLE 2. Regression analyses of curvature responses on field parameters 
F values and significance. *P = 5percent. **P = !percent. ***P = O·lpercent. ns = not 
significant. 

Field Order Avena Lepidium Phycomyces 
parameter of 

regrn. l/T l/T Rate Cl'.150 t l/T Rate Cl'.150 t 

H 1 6·85* 45· 19*** 10·59** 7·77** 76·50*** 55·50*** 28·40*** 
2 7·13* 22·20*** 5·53* 24·7*** 
3 4·28* 

(26·9) (64-7) (46·3) (24·5) (68·7) (59·1) (57-4) 
log,H 1 8·57** 48· 12*** 11·41 9·16** 108·0*** 59·6*** 44·5*** 

2 0·26ns 6·37* 
3 16·05** 9·74** 

(29·9) (66·0) (31·3) (27·6) (73·1) (55·4) (58·9) 
dH/dx 1 9·67** 36·27*** 20·58*** 7·39* 90·2*** 47·1*** 31·64*** 

2 5·13* 4·93* 21·4*** 8·71 ** 18·49*** 
3 

(32·6) (59·23) (51·6) (34·9) (70·8) (54·3) (52·7) 
log, dH/dx 1 10·76** 27·60*** 16·02*** 6·81 * 108·4*** 56·4*** 24·0*** 

2 8·40** 
3 

(35·0) (60·0) (45·0) (23·5) (69·8) (53·5) (51·6) 
H.dH/dx 1 5·79* 41·95*** 13·51 *** 9·85** 63·7*** 44·33* 18·89*** 

2 9·02** 2·67ns 33·2*** 11·8** 26·2*** 
3 8· 18** 4·18* 7·31 ** 5·65* 

(22·5) (62·7) (49·0) (48·5) (69·3) (57-7) (53·6) 
log8 H.dH/dx 1 10·59** 35·34*** 18·82*** 10· 18** 114·6*** 67·6*** 55· l *** 

2 8· 18** 1·06ns 10·6** 
3 4·46* 

(34-5) (64·7) (51-4) (29·8) (70·9) (58·5) (59·4) 

Figures in parentheses denote the percentage sums of squares due to total significant regressions. 
Degrees of freedom for deviations about the regression line, depending on the order. 

Avena= 20 Lepidium = 25, 24, or 23. Phycomyces = 48, 47, or 46. 
t Cl'.150 and Cl'.180 are the final angles reached after 150 and 180 min respectively. 



466 Schwarzacher and A udus-Further Studies in M agnetotropism' 

RESULTS 

The results of all these analyses are brought together in Table 2. They are recorded 
as the F values of all regressions reaching the 5 per cent level of significance and 
determined by the appropriate analysis of variance. The percentage of the total 
sum of squares accounted for by the regression(s) is also recorded in parenthesis. 
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Avena coleoptile 

The results with Avena coleoptiles show that only the reciprocal of the lag time 
(1/T) has any significant relationship to any field parameter. Rates of curvature 
and extent of curvature after 3 h (end of observations) although positively corre
lated with all field parameters, did not yield regression coefficients with values 
pf P ~ 5 per cent. Values of 1/T yielded significant regressions of the first order 
only, each with relatively low F values and a correspondingly small percentage 
of the total sums of squares due to this regression. There is correspondingly no 
clear-cut distinction between field parameters as regards the degree to which they 
explain 1 / T. The parameters loge dH /dx and loge H. dH /dx yield the highest F 
values with dH /dx a close third. Clearly the closeness of fit for these three parameters 
are not significantly different. Values of 1/T plotted against logedH/dx (the regres
sion with the highest level of significance) are plotted in Fig. 2. 

Lepidium roots 

The data for Lepidium roots show that all three measures of response have highly 
significant correlations with all six field parameters, but that the degree of signifi
cance declined in the order 1/T >rate> o:180 as judged by declining F values and 
percentage sums of squares due to regression. The patterns of fit, however, differ 
from those of Avena coleoptiles. For 1/T, where the closest fit is observed, logeH 
shows only the first-order regression to be significant, accounting for 66 per cent 
of the total sums of squares. The next best fit is with H, also with only the first-order 
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regression significant. An identical degree of fit is shown by loge H. dH /dx, but here 

a significant second-order regression (positive) appears, giving a fitted curve which 

is slightly curvilinear upwards. The best linear fit (1/T v logeH) is shown in Fig. 3. 

For rate of curvature, dH /dx gives the best fit with a significant second-order 

(negative) regression, yielding a fitted curve which is strongly concave to the 
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dH/dx axis. The best purely linear fit is 

given by logedH/dx; both fitted curves 

are shown in Fig. 4. Clearly, the data are 

unreliable because of the bunching of the 

points around particular values of dH /dx 

and because of the inclusion of no-

response data over a wide range of low 

values of dH/dx. However, Fig. 4 does 

suggest that rate might be related to dH /dx 

by a kind of asymptotic curve levelling 

out at a field gradient of about 4 x 103 

G/cm. 
The final angle obtained after 3 h ex

posure (cx180) is most closely related to 

H.dH/dx. The curve of best fit (third

order regression) is shown in Fig. 5. In 

view of the large residual sum of square 

(51·5 per cent of the total) no physio

logical significance could be attached to the 

dip at H.dH/dx values of 16X 106 G2/cm; 

the relationship is most likely to be of a rectangular hyperbola type rising from 

zero curvature at low or near zero values of H. dH /dx and reaching an asymptote 

at values of about 6 to 8 x 106 G2/cm. This is what might be expected, since the 

maximum curvature might be set by that position reached by the curving organ 

during its response where the field parameter value fell below the threshold for 

detection by the root. 

Phycomyces sporangiophore 

This organ yielded the most satisfactory results since the degree of scatter about 

the regression line was much smaller than with Avena coleoptile or Lepidium root. 

Clearly the closest fit was obtained between 1/T and logeH.dH/dx with over 

70 per cent of the total sum of squares being accounted for by the linear regression 

(Fig. 6A). However, the situation with logedH/dx was very similar, giving almost 

as great an F value and indicating a degree of fit not distinguishable from t_hat 

for logeH .dH/dx. A similar although not quite so close fit was found for curvature 

rate and the same parameters. '\Vith the curvature value after 2·5 h (cx150) the best 

fit is still obtained with loge H. dH /dx, although here the scatter is much larger 

(only 59·4 per cent of sums of squares due to regression), and the curve of best fit 

approximates to the kind ofrectangular hyperbola indicated for the same measure 

in Lepidium roots (Fig. 5) and reaching an asymptote at a value of H .dH/dx of 

j 
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Fm. 6. Graphs showing best fit of curvature responses to field parameters for Phycomyces 
sporangiophore. 

(A) Linear regression of 1/T against loge H. dH/dx; P ~ 0·001. 
(B) Linear regression of rate of curvature on loge H .dH/dx; P < 0·001. 
(c) Linear regression of final angle after 150 min on logeH.dH/dx; P < 0·001 
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approximately 107 G2/cm. The same explanation could be advanced for this curve 

as for that of Lepidium roots. 

DISCUSSION 

The above analysis shows that the measure of magnetotropic response which shows 

the closest linear relationship to any of the magnetic field parameters for all three 

organs is the reciprocal of the initial lag, which we have postulated as representing 

the rate at which internal processes initiating curvatures proceed. Unfortunately, 

with all three organs the variability of response is so great as to make it impossible 

to decide which field parameters most clearly determine the response; in all cases 

there are highly significant and purely linear relationships with more than one 

parameter. However, Table 2 shows that for both Avena and Phycomyces the best 

fit is shown with loge dH /dx and loge H. dH /dx and although for Lepidium the 

smallest variance about the regression line is given with logeH, yet in this case 

too loge H. dH /dx, with a second-order regression curve slightly convex to the field 

parameter axis, gives almost as good a fit. Magnetotropic response then, as measured 

by the reciprocal of the reaction time, follows the Weber-Fechner law above a 

certain stimulus threshold. This is clearly seen from Table 2, where with very few 

exceptions the fit with loge (field property) is better than with the property itself. 

The consistently better fit ofloge dH /dx and logeH. dH /dx in Avena and Phycomyces 

suggests that the activating stimulus in these organs is proportional to either 

dH /dx or H. dH /dx; only further experiments with considerably more replication 

and greater precision will distinguish between these two. Unfortunately, such a 

distinction is essential before we can decide the magnetic properties and nature 

of the perceptor component of the cell. 

TABLE 3. Threshold values for field parameters 

Organ H(G) dH/dx H.dH/dx 
(G/cm) (G2/cm) 

Avena coleoptile 271 94 42 X 103 

Lepidium root 1010 78 840 X 103 

Phycomyces sporangiophore 1350 510 550 X 103 

The thresholds below which there is no response ( as calculated from the intercepts 

where 1/T = 0) are relatively high, and are given in Figs. 2, 3, and 6 and in Table 3. 

In spite of the different sources of the estimates, they show a satisfactory similarity. 

Both Avena coleoptile and Lepidium root seem to require a threshold field of about 

300 to 1000 Gora field gradient of about 100 G/cm. Phycomyces sporangiophore 

seems much less sensitive, requiring a threshold field strength of over 1000 G or 

a threshold field gradient of about 500 G/cm. 

As we have seen, the curvature rate after the lag gives a much more variable 

measure of response and shows much poorer fit to any field parameter. Where 

significant correlations exist in Lepidium and Phycomyces the pattern of fit follows 

close on those for 1/T, indicating that they are reflections of the same changes 
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induced by the magnetic field. The final angle achieved by the curving organ after 
2·5 to 3 h in the field is an even less satisfactory measure of response. As seen in 
Fig. 5 for Lepidium and Fig. 6c for Phycomyces, it tends to a steady maximum 
at about 20 to 25° over a very wide range of field strengths and this is presumably 
due to the fact that this degree of curvature has taken the responding zone into 
low fields below the thresholds shown in Table 3, where the stimulus ceases. 

To conclude, it is clear that the results at present available are not sufficiently 
precise to allow us to decide unequivocally whether the magnetotropic stimulus 
is proportional to dH/dx or H.dH/dx. A proportionality to dH/dx would indicate 
a differential action across the organ on a population of polar sensors rotating to 
different degrees under a couple proportional to the field strengths at those points. 
A different degree of rotation on the two sides of the organ would then cause the 
differential growth response. Proportionality to H.dH/dx would indicate a movable 
diamagnetic particle whose redistribution across the organ would ultimately cause 
the growth differential and the curvature. At the moment, all we can say is that 
there is slightly greater evidence for the latter of these two possibilities. 
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EXPLANATION OF PLATE 

PLATE 1. General view of magnet assembly (approx. Xi-) 
B. Brass supporting cylinder 
c. Glass plant chambers 
P. Soft-iron pole pieces (N.B. The Ticonal bar is obscured inside the brass supporting cylinder)• 
R. Brass supporting rods rotating in steel bearings and driven by a geared motor just visible 

at bottom left. 
L. PTFE-faced brass collars to stop axial movement of assembly on rods. 
D. Soft-iron dummy pole pieces 
T. Position of Ticonal bar inside brass cylinder. 
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