Table 1. The mean cross-section areas of
osteons in ribs is shown for nondiabetic and
diabetic persons.

Age Cases tsngx-s Cross-section
(yr.) (No.) (No.) area (mm?)
Nondiabetic (6500)

0-9 10 20 0.035 =+ 0.004 *

10-19 10 20 040 = .005 *

20-29 10 20 .045 + .007 *

30-39 10 20 .041 =+ .007 *

40-49 10 20 037 &= .005 *

50-59 10 20 .033 = .008 *

Mean t .038 «+ .007 *
(9 X 10-°)%

Diabetic (2200)

20-29 2 4 0.037

30-39 2 4 .035

40-49 3 6 .039

5059 7 14 036

Mean 1 14 28 037 == .006 *
(2 X 101

* One standard deviation. The areas exclude the
areca of the Haversian canals. 7 Of 60 cases,
120 sections. % Standard error of the mean.

the diabetics, 11 had been marked in
vivo on one or more occasions with a
tetracycline antibiotic in such a way
that the thickness of the layer of new
bone matrix added daily at actively
forming Haversian systems could be
measured.

The mean cross sectional areas of
6500 Haversian systems in the 60 non-
diabetic subjects and of 2200 systems
in 14 diabetic subjects were measured.
These areas excluded the areas of the
Haversian canals. The measurements

Table 2. The mean thickness of new bone
matrix added to the inner wall of tetracycline-
labeled Haversian systems. The average time
between deposition of the markers in the
skeleton and the event which led to skeletal
sampling (column 3) is noteworthy in that
the markers were deposited long before the
incidents which allowed the skeleton to be
sampled, and so were unaffected by them.
The difference between the means of the
adult diabetics and nondiabetics, and adult
diabetics and nondiabetic children, was highly
significant (p <.001).

Av.
time
Mean  Osteons between M=
; 4
age measured labeling (u/day)
(yr) (No.) and uraay
sampling
(mo)
6 Children, nondiabetict
7 298 11 1.53 = 7%
13 Adults, nondiabetict
43 301 31 093 = 4%
11 Adults, diabetic
57 234 217 0.21 = .07%

* My is the depth of layer of new organic matrix
added to underlying bone in microns per day.
1 From reference 8. % One standard deviation.
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were made with a Zeiss integrating eye-
piece I, by a method described by
Chalkley and by Hennig (6). The ac-
curacy of each Haversian system mea-
surement was = 0.0015 mm® at one
standard deviation, and precision was
+ 5 percent. With a calibrated Zeiss
eyepiece micrometer, the thickness of
fluorescing tetracycline markers was
measured in 43 sections from 11 labeled
diabetic subjects by blue-light fluores-
cence microscopy. Each marker in 234
separate, labeled Haversian systems was
measured at each of four equidistant
points around its circumference and
the mean of the four was recorded.
The accuracy of each measurement was
=+ (0.5 micron at one standard deviation,
and precision was == 11 percent. Both
measuring procedures have been de-
scribed in detail (6, 7), as have been
comparable values for the daily incre-
ment in new matrix added in actively
forming Haversian systems in non-
diabetic children and adults (8). The
case material and data are listed in
Tables 1 and 2.

The measurements reveal the fol-
lowing. (i) Over the 60-year span of
life that we studied, the mean area of
the cross sections of Haversian sys-
tems remains within 20 percent of the
mean value of 0.038 mm?® The dif-
ferences between diabetic and nondia-
betic subjects are not significant and
average less than 15 percent of their
means. (ii) The thickness of the layer
of new organic matrix added to an
actively forming Haversian system
ranges from 1.53 microns per day in
nondiabetic 7-year-old children to 0.21
microns per day in 57-year-old diabetic
adults. Since the sizes of the osteons
in these two groups are comparable,
these facts mean that there are in-
versely proportional changes in the
time taken to make the average Haver-
sian system, that is, it takes about seven
times longer for the adult diabetic to
make an equivalent amount of Haver-
sian bone than it takes the nondiabetic
child.

It can be concluded from this study
that the agencies which somehow con-
trol the rate at which Haversian sys-
tems are formed, and those which con-
trol the amount of bone in them when
they are finished, are different. This
situation might exist in other modes of
bone remodeling and in some soft tis-
sues.

OscAR LANDEROS
HaroLp M. FrosTt
Henry Ford Hospital,
Detroit, Michigan
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Ecological Design of Irrigation
Canals for Smnail Control

Abstract. The snail hosts of schisto-
somiasis have found ideal conditions
for rapid colonization in many irriga-
tion and drainage canal systems. By
studying the hydrodynamic aspects of
snail dislodgment it may be possible to
devise a control method based on engi-
neering the snail’s microenvironment.
For Australorbis glabratus, a velocity
exceeding 33 cm/sec at shell height
produces a hydrodynamic drag force
sufficient to dislodge the snail from its
position on the solid boundary of a
canal.

The agricultural benefits provided by
the vast irrigation and drainage systems
constructed in tropical countries are
often offset by a concomitant public
health problem which is assuming seri-
ous proportions in many countries (1),
Schistosomiasis, a debilitating parasitic
disease, is transmitted by certain strains
of fresh-water snails. In arid and semi-
arid regions, where the disease is often
endemic, the snail populations are
usually held in check by periodic
drought. Construction of canals and
provision of a continual supply of water
can lead to an explosive rise in snail
population and a marked increase in the
distribution and intensity of schistoso-
miasis. The design of canals without
regard to this factor can lead to condi-
tions like those shown in Fig. 1. If such
canals are poorly maintained the snail
populations thrive.

Previous studies with Australorbis
glabratus, the intermediate host of
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Fig. 1. Snail-infested irrigation canal in
tropics.

schistosomiasis in the western hemi-
sphere, show that this snail is usually
absent from those sections of snail-
inhabited streams where the average
velocity locally goes above 30 or 40
cm/sec. (2). Unfortunately, in studies
such as these, and in attempts to relate
average stream gradient to snail absence
(3), the fundamental hydrodynamic
phenomena have usually been neglected.

To dislodge a snail, a drag force must
be produced on the shell which will
pull the snail from its position on
the solid boundary. Nonuniform ve-
locity distributions near solid bound-
aries make it necessary to investigate
that velocity acting at shell height which
will dislodge the snail.

The study (4) reported herein was
therefore divided into three parts: (i)
measurement of drag forces on the dry
shells for the pertinent range of flow
conditions and snail sizes; (ii) defini-
tion of the resistive ability of live speci-
mens on various surfaces; and (iii) the
study of live snails in a controlled flow
to verify the behavior predicted from
(i) and (ii). Australorbis glabratus was
studied because of its importance in the
western hemisphere.

To measure the very small drag
forces, six snail shells of the type shown
in Fig. 2 were mounted on a thin cross
bar and then immersed in a laboratory

Fig. 2. Australorbis glabratus in harness.
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stream. The stream had a local velocity
distribution simulating the flow near
the smooth lining of an irrigation canal.
The net forces exerted on the snail
shells ranged below 1 g per shell and
were determined by a mechanical bal-
ance with a sensitivity of 50 mg. For
comparison with conventional reference
material such tests were also conducted
with small spheres of corresponding di-
mensions, for which drag coefficients
have been established in the past in
uniform velocity fields. The dimension-
less drag-coefficient Co is computed on
the basis of the relation of the total
force F to the projected area A4 of the
body in the direction of flow and to
the square of the maximum velocity
Va observed at the top of the body.
This relation is conventionally:

2 F
Co= ApV

wherein p is the density or specific mass
of the fluid. The experimental results
are given in Fig. 3 for a Reynolds num-
ber range of R = 10° to 10, which is
defined as sphere diameter, or height
of shell, d times the velocity Va divided
by the kinematic viscosity y. It is seen
that the drag coefficient for snail shells
is essentially the same as that for
spheres in the nonuniform flow field
near the boundary considered here.
These Co values, however, are gener-
ally higher than the drag coefficient
which is obtained for spheres in a uni-
form velocity field over the range of
corresponding Reynolds numbers.

For the study of resisting ability in
still water, a Puerto Rican strain of
laboratory reared snails was available.
These snails were furnished with small
harnesses (Fig. 2) and trained to pull
very light loads. A shallow aquarium
containing a submerged platform served
as the arena for this “snail taming.”
Platforms of various materials were
used. A length of nylon thread attached
to the snail harness was passed hori-
zontally over a pulley outside of the
aquarium. Increasing loads were then
applied to the snail in increments of
100 mg every 2 to 5 minutes until the
snail lost its hold. The snail was then
again placed on the surface two or
three more times, to see if it might be
able to resist a larger force. If it could,
weights were again added until dis-
lodgment. Only the highest dislodging
force was recorded for each snail to
eliminate cases where the snail let go
prematurely.

For snails tested on smooth surfaces,
Fig. 4 shows that the snails able to re-
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Fig. 3. Drag coefficients in shear flow.
R = Vd/v, where d is the height of the
shell or diameter of a sphere, V is the
velocity at height d from boundary, and »
is the kinematic viscosity of the fluid.

sist the highest dislodging force were
those of height d = 1.3 cm, requiring
a force of almost 1.6 g for dislodgment.
Larger snails were apparently weaker,
perhaps due to aging.

If the Co from Fig. 3 is used, it is
possible to calculate the velocity re-
quired to produce this dislodging force
on a snail of 1.3 cm diameter. As
shown in Fig. 4, a velocity of 94
cm/sec at a distance 1.3 cm from the
boundary would be necessary to dis-
lodge the snails of this diameter. As
the envelope curve shows, the force
produced by this velocity distribution
would also dislodge snails of all other
diameters.

For loose granular surfaces, similar
reasoning shows that a Va of 36
cm/sec at d = 1.3 cm would dislodge
all snails,

Usually, the responses of the snail
followed a definite pattern with several
interesting aspects. First, with applica-
tion of a force the snail started to move
“rapidly” in a direction opposite to the
force. Its speed was slowed with in-
creasing forces, as shown for a typical
snail in Fig. 5. In this case the snail

Vg * 36 C/SEC Vg =94 CM/SEC.
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Fig. 4. Dislodging force on live snails
plotted against shell diameter.
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Table 1. Mean velocities in trapezoidal chan-
nels for control of Australorbis glabratus.

Discharge Immobilizing
(m®/sec) mean velocity (cm/sec)

1 58

5 67
10 71
20 15
30 78
50 81

came to a halt at a load of 800 mg.
With the addition of another 100 mg
the snail lost its hold. The dislodging
force obtained with this type of be-
havior was judged to be an accurate in-
dication of the resistive ability of the

* snail.

It is amusing, if irrelevant, to calcu-
late the “horsepower output” of these
Puerto Rican snails by multiplying force
and speed. The snail had a diameter of
1.88 c¢cm and gross weight of 1.2 g. The
temperature of the water was 23°C.
For this snail, a maximum power of 5
erg or 0.40 X 10° horsepower is
obtained. Thus, the output of 2.5 mil-
lion snails would be equivalent to 1
horsepower, hardly an incentive for de-
velopment of this power source.
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Fig. 5. Snail speed and power output for

the largest snail tested.
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To test the results and conclusions
of the previous studies, snail behavior
was studied in flowing water. For this
purpose a small lucite flume was used,
equipped with recirculation and filtra-
tion devices. The width of the rectangu-
lar channel was 10 cm, the depth of
flow 7 cm, and the length of the chan-
nel 80 cm. A maximum discharge of 1
liter per second could be established,
resulting in surface velocities up to 65
cm/sec. As in the preceding study, the
snails were placed on the bottom of the
flume at still water conditions and al-
lowed to get acclimated. Once they had
resumed normal activities, the velocity
of flow in the flume was slowly in-
creased by small intervals. Water tem-
peratures within the range of 23° to
26°C were stabilized for each flow con-
dition by means of a heat exchanger
in the system.

The reaction of A. glabratus to flow-
ing water was remarkably similar in all
the tests. At very low velocities they
pointed in random directions, moving
about freely. As the flow increased, the
snails showed a definite tendency to
move against the current. Eventually
they faced directly into the flow and
pulled their shells tightly over their
bodies, with only the tentacles visible.
At a Va in the range of 20 to 30 cm/
sec the snails were completely immobile,
and this immobilizing velocity was re-
corded for each snail. The retracted po-
sition, facing upstream, offered the
least resistance to the flow and was,
therefore, the “safest.” The few snails
that persisted in moving at this point
were driven rapidly downstream and
soon lost their footing. With further in-
creases in flow, the snails attempted to
remain in a retracted position. Eventu-
ally, their shells were pulled back by the
drag, either because they tired or be-
cause they moved inadvertently. In this
position the drag on the shell became
still larger, stretching the columellar
muscle to the extreme. The snails fre-
quently attempted to pull their shells
back to a retracted position but were
unable to do so.

Finally, the shell was stretched back
in a horizontal position, oscillating rap-
idly. This action eventually pulled the
snail’s foot into a position perpendicu-
lar to the stream flow. A short time later
the snail was pulled loose and was un-
able to regain its footing. The velocities
at this stage were generally of the order
of 60 cm/sec and were recorded as the
“dislodging velocities.”

The immobilizing velocities and the
dislodging velocities for all snails are

plotted in Fig. 6. Comparison of these
results with those in Fig. 4 shows that,
for a diameter of d = 1.3 cm, a Va of
33 cm/sec will cause immobilization
and 65 cm/sec will cause dislodgment.
An envelope curve of velocity distribu-
tion is also shown through this value
following the relation Va/ Vo = (d/yo)",
wherein V., is the surface velocity and
Yo the indicated total depth.

It is interesting to note that the dis-
lodging velocity for flowing water is
significantly lower than that predicted
by still-water tests (Fig. 4). This dif-
ference is a measure of the reaction of
the animal to the dynamic character of
drag in flowing water.

Knowing the required velocity con-
ditions at the boundary, it is possible
to calculate the mean velocity for a
given channel section which will pro-
duce the desired effect (5). Such mean
velocities were evaluated for the wide
range of channel geometries normally
encountered in practice. They are sum-
marized in Table 1 for various chan-
nel discharges. Velocities which would
cause immobilization rather than dis-
lodgment were chosen for the table of
mean values. These are still significantly
higher than values recommended from
field observations (2) and should there-
fore prove quite conservative in design.

These results are of practical interest
for well-maintained canals. Chemical
and biological measures are also of great
importance in the selection of suitable
control schemes. For such planning
the systematic approach of this study
would seem to offer more reliable rec-
ommendations than were previously
available on the basis of rather isolated
field observations.

WiLLiaM R. JoBIN*

ARTHUR T. IPPEN

Hydrodynamics Laboratory, Department
of Civil Engineering, Massachusetts
Institute of Technology, Cambridge
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