
the membrane can be characterized by 
a single frequency, since multiple mark- 
er particles on a single RBC membrane 
moved with the same frequency during 
the motion (Fig. 3C). Figure 4 shows the 
tank tread frequency (f) measured as a 
function of y and 0o. There was a linear 
increase off with y with the same slope 
for all values of To tested. In contrast, 
the observed elongation for a particular 
shear rate strongly depends on o70 (16, 
17). 

The results reported here lead to a 
number of observations about red cell 
micromechanics: 

1) The demonstration of the existence 
of shear flow within the cell proves the 
fluidity of the cytoplasm and rules out 
the assumption of elastic elements in the 
cytoplasm. 

2) The constant phase relationship be- 
tween multiple membrane markers dur- 
ing tank tread motion makes it unneces- 
sary to postulate an extremely inviscid 
liquid membrane film (4) to explain the 
fluid droplike behavior of the entire red 
cell. In contrast, our observations show 
that despite the well-established shear 
elasticity of the membrane (18), continu- 
ous shear deformations are tolerated and 
allow the generation of stationary flow 
within the cytoplasm. Other results (19) 
show that tank tread motion can occur 
even after the normally low shear modu- 
lus of the membrane has been strongly 
increased on modification of membrane 
proteins by reagents with SH groups. 

3) For better definition of individual 
RBC's, the tank tread motion in whole 
blood was observed at a small distance (5 
,um) between cone and plate. This gives 
rise to the objection that the proximity of 
the cone and plate is responsible for the 
tank tread motion. However, elongation 
and orientation could be observed at a 
much greater distance (15 /tm), where 
wall effects can be neglected. From this 
we conclude that the tank tread motion 
also occurs in the bulk flow of whole 
blood at sufficiently high shear rates. We 
postulate that the participation of the 
RBC cytoplasm in the shear flow of the 
whole suspension is an important factor 
in the low-bulk viscosity of whole blood 
and its shear thinning behavior at high 
shear rates. 

4) Although an emulsion is a better 
model for blood than a suspension, there 
are decisive differences in the behavior 
of red cells and liquid droplets when the 
viscosities of continuous and dispersed 
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tinuous phase, whereas in RBC's the 
tank tread frequency is independent of 
the suspending media investigated and 
thus of the viscosity ratio. This differ- 
ence could be attributed either to a fa- 
vorable ratio of the volume to the surface 
area of the RBC, allowing large deforma- 
tion of the cell without an increase of the 
membrane area, or to the predominance 
of the mechanical properties of the mem- 
brane over the viscosity ratio of the cyto- 
plasm and the suspending phase (20). 
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An old problem in psychophysics is 
the question of whether the thresholds 
for certain classes of simple stimuli are 
controlled primarily by retinal mecha- 

Table 1. Comparison of receptor and psycho- 
physical time constants from several sources. 

Receptor Psychophysical 
time constants time constants 

TI Reference 4r rT Reference 

0.19 (5)* 0.76 0.82 (6)t 
0.19 (3)t 0.76 0.74 (8)? 
0.15 (6)* 0.60 0.50 (2,7)11 

*Late receptor potential. tElectrical phosphene. 
t10? field. ?7? field. |lGanzfeld. 
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nisms or by higher visual centers. For 
photopic flicker thresholds, some insight 
into this question is provided by the pho- 
toreceptor diffusion model proposed by 
Veringa (1). As modified by Kelly (2), 
the diffusion model describes the flicker 
sensitivity as a function of frequency by 
the expression 

nisms or by higher visual centers. For 
photopic flicker thresholds, some insight 
into this question is provided by the pho- 
toreceptor diffusion model proposed by 
Veringa (1). As modified by Kelly (2), 
the diffusion model describes the flicker 
sensitivity as a function of frequency by 
the expression 

G(ct) - exp(- \/-r) G(ct) - exp(- \/-r) (1) (1) 
where G is the amplitude sensitivity, w is 
the flicker frequency multiplied by 2ir, 
and r is the time constant of the diffusion 
process. At relatively high flicker fre- 
quencies, this exponential square-root 
function fits the sinusoidal flicker data 
from many sources (2-8), both psycho- 
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still an exponential square-root characteristic, but with a longer time constant. This 
seems to explain why flicker thresholds obey the Kelly-Veringa diffusion model at 
high frequencies, even though the psychophysically inferred diffusion process is 
much slower than the first stage of visual transduction measured by, for example, 
late receptor potentials. Two such stages in tandem are sufficient to account for the 
psychophysical data, because the psychophysical time constant is proportional to 
the square of the number of stages involved. In addition, the nonlinear behavior of 
flicker thresholds under intense light adaptation can be explained if the loss factor in 
the first stage is proportional to the amount of the photopigment bleached. Appar- 
ently the flicker thresholds are governed by first- and second-order retinal neurons. 
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physical and electrophysiological. It also 
accounts for the traditional data on criti- 
cal flicker frequencies (CFF). 

We will argue that this psychophysical 
flicker characteristic can be resolved into 
a small number of cascaded diffusion 
stages, very likely two. We confirm that 
the first stage represents "the diffusion 
of a transmitter molecule inside the reti- 
nal receptor cells," as Veringa hypothe- 
sized (1, p. 413). We suggest that the sec- 
ond stage may represent the passive, 
graded-potential response of bipolar 
cells. Near the flicker threshold, the rest 
of the visual system apparently performs 
no further frequency-dependent filtering 
on the output of this second retinal dif- 
fusion stage. 

Two different types of experiments, 
involving electrical phosphenes (3, 4) 
and late receptor potentials (5), agree ex- 
actly on a value of 0.19 second for the 
time constant of the receptor stage. That 
agreement was first pointed out in a re- 
cent study by Kelly, Boynton, and Bar- 
on (6), who noted that this electrophys- 
iological time constant is much smaller 
than the usual psychophysical one. They 
concluded that the psychophysical flick- 
er characteristic is not controlled solely 
by transmitter diffusion within the recep- 
tor cells, but must involve more proxi- 
mal stages of the visual process. 

However, they also found that they 
could bring the psychophysical time con- 
stant into agreement with the electro- 
physiological one by superimposing an 
intense adapting background (25,000 tro- 
lands) on the psychophysical stimulus. 
Their explanation for this result was that 
the slower diffusion process that gov- 
erned the psychophysical data must be 
somehow "desensitized" by the adapt- 
ing background, allowing the faster, 
electrophysiological one to be detected. 
That is, they believed that the flicker 
characteristic revealed by intense adap- 
tation was that of the receptors. 

But a background intense enough to 
bleach half the available cone pigment 
would be more likely to suppress the fre- 
quency dependence of the photoreceptor 
response, leaving the remaining stages of 
the visual system in control of the shape 
of the psychophysical flicker character- 
istic. We hypothesize that an increase in 
the (normally negligible) losses of the re- 
ceptor diffusion process causes just such 
a flattening of its contribution to the 
flicker characteristic. Indeed, by making 
the loss term of the receptor stage pro- 
portional to the (steady state) amount of 
cone pigment bleached, we can predict 
the nonlinear behavior of the flicker 
threshold under intense light adaptation. 
24 NOVEMBER 1978 

Thus the agreement found by Kelly et 
al. (6) between the electrophysiological 
flicker characteristic and the intensely 
adapted psychophysical characteristic 
plays a different role in our inter- 
pretation: It suggests that the time con- 
stants of various neural diffusion pro- 
cesses in the retina may be nearly alike. 
With that assumption and a knowledge 
of the time constant of any one of these 
processes, we can calculate the number 
of diffusion stages controlling the psy- 
chophysical flicker data. 

To do this, we first generalize Eq. 1 to 
represent the behavior of n different 
stages in cascade 

exp(-\/or) = [exp(- /wo1)] x 

[exp(- V/)r2)] ... [exp(- x/~r)] (2) 

The more such stages we cascade, the 
slower the total process will appear to 
be; its time constant can be calculated as 

T/r = /Tr, + /T2 . . . + X /rn (3) 

If we now assume that all stages are alike 
(that T1 = T2, and so forth), then Eq. 2 
reduces to 

exp(-o\/j) = [exp(-(oWT)ln (4) 

and 

n2 = T/7T (5) 

That is, if the psychophysical character- 
istic is controlled by n identical diffusion 
processes in cascade, its time constant 
will be n2 times the constant for a single 
such process. 

All the available values that we could 
use for r and rT are given in Table 1; sub- 
stituted in Eq. 5 they give values of n 
ranging from 1.6 to 2.3. Indeed, if we as- 
sume that Tr = 0.19 (the value on which 
the phosphene data and receptor poten- 
tials agree), and r = 0.76 (a value be- 
tween the 7? and 10? values of r in Table 
1), we obtain n = 2 exactly. 

In deriving Eq. 5, we did not specify 
that T1 is a property of cone cells; only 
that it represents one stage in a chain of 
cascaded diffusion processes governing 
the psychophysical data. However, if the 
psychophysical flicker thresholds are 
controlled by two stages with equal time 
constants, there is no longer any reason 
to assume that the intense background of 
Kelly et al. (6) somehow flattened the 
frequency response of the second stage; 
first-stage flattening is much more likely. 
In fact, it can be predicted from photo- 
pigment bleaching, as we will show. To- 
gether with the receptor potentials and 
phosphene data, this result provides 
strong evidence that the first stage does 
in fact represent transmitter diffusion in- 

side the receptor cells, as hypothesized 
by Veringa (1). 

What about the second stage? We sug- 
gest that the retinal bipolar cells (second- 
order neurons that generate passive 
graded potentials) may be the site of a 
second diffusion process, with about the 
same time constant as the receptor dif- 
fusion process. Intracellular recordings 
in Necturus (9) show that response to a 
spot of light occurs at about 150 msec in 
the receptor cells and about 600 msec in 
the bipolar cells. That is the relation pre- 
dicted by Eq. 5 with n = 2. It appears 
that no further mechanisms are needed 
to account for the high-frequency flicker 
thresholds (10). 

Of course it might be fortuitous that 
the data appear to obey Eq. 5 so precise- 
ly. But in a well-designed signaling chan- 
nel, the filtering characteristics of suc- 
cessive stages should be approximately 
matched. Moreover, the single-stage 
time constants required by the psycho- 
physical characteristic decrease as the 
inverse square of the number of stages, 
so that values of n much greater than 2 
become implausible. For example, main- 
taining r = 0.19 second and apportion- 
ing the remainder of the psychophysical 
process equally among two stages makes 
rT = 0.048; with three stages, T2 = 0.021 
second, an order of magnitude smaller 
than r1. 

On the other hand, Tr and rT need not 
be exactly matched. If the former repre- 
sents intrareceptor diffusion and the lat- 
ter intrabipolar diffusion, they may well 
differ slightly. Our argument is not af- 
fected by small differences between 
these time constants, as shown by the 
following examples. Suppose we cas- 
cade Tr = 0.19, the receptor time con- 
stant, with T2 = 0.15, as measured by 
Kelly et al. (6), which we regard as the 
bipolar time constant. This gives r = 
0.68 second, which is within the range of 
psychophysical values in Table 1. Or if 
we combiner = 0.74 with r2 = 0.15, and 
solve for ri, we obtain 0.22 second for 
the receptor diffusion constant, which is 
probably within the accuracy of the 
phosphene and receptor-potential data. 

Next, we show how intense light adap- 
tation can eliminate the frequency de- 
pendence of receptor diffusion, thus re- 
vealing the second-stage characteristic 
psychophysically. In the presence of loss 
or decay of the diffusing substance, Eq. 1 
becomes 

G(co) exp - k + /k2 + W22 

(6) 
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(7) where k is the rate constant for the 
decay (11). For adaptation levels at 
which pigment bleaching is negligible, 
the flicker data are adequately fitted with 
k = 0 (2, 6, 8). However, if k >> cor, k 
will dominate the frequency response 
of the first stage, which approaches 
exp(-\/2); that is, the response of that 
stage becomes constant. Then the over- 
all response of our two-stage model is 

G(w) - exp(- /2)exp(- 72) (7) 

Equation 7 predicts that extensive loss in 
the photoreceptor stage will (i) reduce 
the overall sensitivity of that stage and 
(ii) decrease the slope of the psycho- 
physical flicker curve. These are exactly 
the two effects reported by Kelly et al. 
(6) under intense adaptation, where their 
data were fitted by the lower, dashed line 
in Fig. 1A. 

If the adaptation level is not held con- 
stant, but varies with the stimulus ampli- 
tude (as in traditional flicker studies), a 

more complicated result is obtained (Fig. 
1A). These data, all obtained with 100 
percent modulated, sinusoidal wave- 
forms, fit Eq. 1 to about 1000 trolands, 
but at higher levels, the sensitivity de- 
creases so rapidly that the frequency re- 
sponse function becomes double-valued. 
Traditional flicker studies have exten- 
sively confirmed that the CFF increases 
to a maximum at about 104 trolands and 
decreases slightly at higher intensities 
(12). But previous attempts to account 
for the high-intensity decrease of flicker 
sensitivity in terms of pigment bleaching 
have not succeeded. As Kelly et al. (6) 
pointed out, the amplitude threshold at 
20,000 trolands should be about twice as 
great as that predicted by Eq. 1 if flicker 
sensitivity is proportional to pigment 
concentration; but the actual threshold is 
about ten times greater than that predic- 
tion. 

The reason for this failure, we suggest, 
is that the effect of pigment bleaching is 

not a simple sensitivity loss; it is fre- 
quency-dependent in the manner of Eq. 
6. We hypothesize that the loss constant, 
k, of the first diffusion stage is propor- 
tional to the amount of photopigment 
bleached in the receptor cells. We have 
tested this hypothesis by calculating the 
values of k for the seven lowest points in 
Fig. 1A. The ratio (R) of these thresholds 
to the prediction of Eq. 1 varies from 1 to 
122. The theoretical expression for these 
ratios 

R=exp - 
/r~+ k +/k2+o2T12) 

(8) 

depends only on the parameters of re- 
ceptor stage, rT and k. Solving Eq. 8 for 
k, we obtained the seven values plotted 
against the adaptation level in Fig. lB. 
These values of k are adequately fitted 
by the smooth curve, which represents 
the equation 
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where I is the adaptation level. This ex- 
pression has the correct form to repre- 
sent the amount of photopigment 
bleached in the steady state, and its half- 
bleach value of 25,000 trolands is reason- 
ably close to the value of 20,000 trolands 
measured by Rushton and Henry (13). 
We therefore conclude that k is directly 
proportional to the concentration of 
bleached photopigment, which implies 
that the first diffusion process must take 
place within the photoreceptors. 

We can reverse the calculation (Fig. 
lB to Fig. 1A) by using the overall ex- 
pression for our two-stage flicker model, 

G(w) = 

C exp (- k+ V k2 + r12 -2) 

(10) 

where C = 2222 (troland-1) fits the data 
of Fig. 1A. Since G is inversely propor- 
tional to I at 100 percent modulation, we 
can combine Eqs. 9 and 10 to obtain the 
theoretical prediction of o& versus I 
shown by the solid line in Fig. 1A, which 

I i < ~~i I I fits the data well. We therefore conclude 

20 40 60 80 that the dynamics of intrareceptor dif- 
k fusion explain the high-intensity maxi- 
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Eq. 10 does represent the temporal filter- 
ing effects of these visual cells on the sig- 
nals they transmit. 
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Ascribing a function to a particular 
trait of an organism implies that that trait 
enhances fitness. A given trait, however, 
may have more than one function (1), 
and it is likely that, of the selective 
forces molding that trait, only one or a 
few will select for its degree of adapt- 
edness (2). Hence, when ascribing func- 
tions to a trait, fitness-enhancing proper- 
ties of selection should be distinguished 
from those perfecting that trait. 

The most serious drawback of the tel- 
eonomic approach, that is, the study of 
adaptations, is that one never knows 
when the list of functions suggested for a 
trait is exhausted (1). A self-checking 
procedure of detecting all functions of a 
given behavior by assessing its costs and 
benefits and relating these to fitness (3) 
may be a solution to this fundamental 
problem. The practical difficulties, how- 
ever, are formidable. 

Apart from notable exceptions [for ex- 
ample, (4)], the study of adaptation has 
remained largely guesswork, as evi- 
denced, for example, by the numerous 
hypotheses regarding the function of 

SCIENCE, VOL. 202, 24 NOVEMBER 1978 

Ascribing a function to a particular 
trait of an organism implies that that trait 
enhances fitness. A given trait, however, 
may have more than one function (1), 
and it is likely that, of the selective 
forces molding that trait, only one or a 
few will select for its degree of adapt- 
edness (2). Hence, when ascribing func- 
tions to a trait, fitness-enhancing proper- 
ties of selection should be distinguished 
from those perfecting that trait. 

The most serious drawback of the tel- 
eonomic approach, that is, the study of 
adaptations, is that one never knows 
when the list of functions suggested for a 
trait is exhausted (1). A self-checking 
procedure of detecting all functions of a 
given behavior by assessing its costs and 
benefits and relating these to fitness (3) 
may be a solution to this fundamental 
problem. The practical difficulties, how- 
ever, are formidable. 

Apart from notable exceptions [for ex- 
ample, (4)], the study of adaptation has 
remained largely guesswork, as evi- 
denced, for example, by the numerous 
hypotheses regarding the function of 

SCIENCE, VOL. 202, 24 NOVEMBER 1978 

8. _ , ibid., p. 632. 
9. F. S. Werblin and J. E. Dowling, J. Neurophys- 

iol. 32, 339 (1969). 
10. Our results do not prove that the bipolar cells 

are the site of the second diffusion stage in pri- 
mates, but this conclusion is implied by the pro- 
cess of elimination. We require a mechanism 
that (i) is proximal to the receptor cells, (ii) gen- 
erates continuous, graded potentials, (iii) re- 
sponds linearly, at least for small signals, and 
(iv) acts as a broadband, low-pass filter. Condi- 
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mobbing predators. Although causal as- 
pects of mobbing behavior have been 
frequently studied (5-8), little is known 
about its function or functions. There 
can be little doubt that mobbing has sur- 
vival value, because it is potentially dan- 
gerous for the mobber (9) or its brood 
(7), is time-consuming, and is extremely 
widespread in vertebrates (5, 8, 10, 11). 
The type or degree of mobbing varies 
geographically as well as with the threat 
imposed by the respective predators (7, 
8) and with the mobber's social organiza- 
tion (12). Yet the benefits of mobbing re- 
main a matter of much speculation. The 
behavior has been suggested to confuse 
the predator (13-15), to discourage its 
presence through molestation (5, 16) or 
advertise the futility of further hunting 
(12, 13), to sensitize escape responses of 
other prey (10, 17), or to avoid the place 
where the encounter has previously oc- 
curred [(10, 18), but see also (5)]. The 
"cultural transmission hypothesis" sug- 
gests that perceiving other birds mob an 
object teaches an individual to fear that 
object and thus subsequently avoid it, 
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mob it more strongly, or both (14, 15, 17, 
19). Casual observations of jackdaws 
tend to support this suggestion (20). The 
benefits for the receiver are obvious, and 
while those for the transmitter are not so 
evident, the latter might benefit either 
immediately through confusing or mo- 
lesting the predator, or at a future time 
from a larger number of knowledgeable 
warners it has engendered. However, 
these possible teacher benefits would be 
unnecessary if the receivers were rela- 
tives of the transmitter (21). 

We examined the cultural transmis- 
sion hypothesis directly by experiment- 
ing with captive blackbirds (Turdus me- 
rula L.) in the nonbreeding season. An 
"observer" bird was kept singly in an 
aviary (3 by 3 m) that was separated 
by a hallway 1 m wide from a second 
aviary (2 by 3 m) containing another 
blackbird that served as the "teacher" 
in all experiments, unless otherwise in- 
dicated. In the middle of the hallway a 
cardboard box with four radially and 
horizontally oriented chambers was ro- 
tated by a thread running to the experi- 
menter behind a blind. By rotating the 
box 90?, an object in each of two oppo- 
site chambers was either exposed to the 
two birds on both sides of the hallway, or 
to only one of them. Two of the four 
chambers contained no object. A stuffed 
male noisy friarbird (Philemon cornicu- 
latus), an Australian honeyeater, was 
chosen as the conditioned object for the 
observer since it fulfilled the following 
necessary conditions: it is novel, resem- 
bles no genuine predator of blackbirds, 
yet is- of a size similar to some actual 
predators. In order to effect the teacher's 
mobbing at the place of the honeyeater, a 
stuffed little owl (Athene noctua) was 
presented to it at the very moment rota- 
tion of the box exposed only the honey- 
eater to the observer. The stimulus ob- 
jects occupied the two opposite cham- 
bers, 20 cm apart, that were hidden from 
view between trials. Juxtaposition of the 
two stimuli ensured, we think, that the 
observer associated the teacher's spatial 
orientation (if any) plus mobbing with 
the honeyeater alone. After presenta- 
tion, the box was rotated back to its orig- 
inal position, revealing an empty cham- 
ber to each bird. 

The first stimulus situation of an ex- 
periment, at 0930 hours, controlled for 
the stimulus effect of rotating an emp- 
ty chamber back and forth. Rotation 
movements of a stimulus situation were 
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periment, at 0930 hours, controlled for 
the stimulus effect of rotating an emp- 
ty chamber back and forth. Rotation 
movements of a stimulus situation were 
spaced 5 minutes apart. The second situ- 
ation, at 1000 hours, measured the stimu- 
lus effect of the novel honeyeater. The 
third situation, at 1200 hours, involved 
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Abstract. There are at least ten suggested hypotheses for the function of mobbing 
predators by fish, birds, and mammals. Experiments with captive European black- 
birds support one of these-the "cultural transmission hypothesis." Perceiving a 
mobbing conspecific together with a novel, harmless bird induced blackbirds to mob 
the innocuous object. The mobbing response persisted during subsequent presenta- 
tions of the novel bird alone, which was more effectively conditioned than an arti- 
ficial control object. Enemy recognition could be culturally transmitted along a chain 
of at least six individuals. 
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