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PREFACE.

THE general awakening of the community to the
importance of the arts of sanitation—accelerated by the
rapid growth of cities and the new problems of urban
life—demands new and accurate methods for the study
of the microbic world. Bacteriology has long since
ceased to be a subject of interest and importance to
the medical profession merely, but has become intimately
connected with the work of the chemist, the biologist,
and the engineer. To the sanitary engineer and the
public hygienist a knowledge of bacteriology is indis-
pensable.

In the swift development of this science during the
last ten years perhaps no branch of bacteriology has
made more notable progress than that which relates to
the sanitary examination of water. After a brief period
of extravagant anticipation, and an equally unreason-
able era of neglect and suspicion, the methods of the
practical water bacteriologist have gradually made their
way, until it is recognized that, on account of their deli-
cacy, their directness, and their certainty, these methods
now furnish the final criterion of the sanitary condition
of a potable water,
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A knowledge of the new science early became so
indispensable for the sanitary expert that a special
course in the Bacteriology of Water and Sewage has for
some years been given to students of biology and sani-
tary engineering in the Biological Department of the
Massachusetts Institute of Technology. For workers in
this course the present volume has been especially
prepared, and it is fitting, we think, that such a manual
should proceed from an institution whose faculty, gradu-
ates, and students have had a large share in shaping the
science and art of which it treats. We shall be grati-
fied, however, if its field of usefulness extends to those
following similar courses in other institutions, or occupied
professionally in sanitary work.

The treatment of the subject in the many treatises on
General Bacteriology and Medical Bacteriology is neither
special enough nor full enough for modern needs. The
classic work of Grace and Percy Frankland is now ten
years old; and even Horrocks’ valuable ‘‘Bacteriological
Examination of Water” requires to be supplemented by
an account of the developments in quantitative analysis
which have taken place on this side of the Atlantic.

It is for us a matter of pride that Water Bacteriology
owes much of its value, both in exactness of method
and in common-sense interpretation, to American sani-
tarians. The English have contributed researches of the
greatest importance on the significance of certain intesti-
nal bacteria; but with this exception the best work
on the bacteriology of water has, in our opinion, been
done in this country. Smith, Sedgwick, Fuller, Whipple,
Jordan, and their pupils and associates (not to mention
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others) have been pioneers in the development of this
new field in sanitary science. To gather the results of
their work together ‘n such form as to give a correct
idea of the best American practice is the purpose of
this little book; and this we have tried to do, with such
completeness as shall render the volume of value to the
expert and at the same time with such freedom from
undue technicality as to make it readable for the layman.
It should be distinctly understood that students using
it are supposed to have had beforehand a thorough
course in general bacteriology, and to be equipped fo
advanced work in special lines.

THE BIioLoGICAL LABORATORIES,
Mass. INSTITUTE oF TECHNOLOGY,
Boston, March 10, 1904.
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ELEMENTS OF WATER BACTERIOLOGY.

CHAPTER L.

THE BACTERIA IN NATURAL WATERS.

BACTERIA are the most numerous and the most widely
distributed of living things. They are present not merely
at the surface of the earth or in the bodies of water which
partially cover it, as is the case with most other living
things, but in the soil itself, and in the air above, and in
the waters under the earth.

Probably no organisms are more sensitive to external
conditions, and none respond more quickly to slight
changes in their environment. Temperature, moisture,
and oxygen are of importance in controlling their distri-
bution; but the most significant factor is generally the
amount of food supply. Bacteria and decomposing or-
ganic matter are always associated, and for this reason
a brief consideration of the general relation of bacteria
to their sources of food supply and to other forms of

organic life must precede the study of their distribution
in any special medium.

e ———



4 ELEMENTS OF WATER BACTERIOLOGY,

First, then, the bacteria, though possessing greater con-
structive power than any animal organism, lack the power
of green plants to build up their own food from purely
inorganic materials, and must live upon the products of
the growth of higher forms. A few species which have
become adapted to a parasitic or semi-parasitic mode
of life occur on the surface of the normal plant or animal
body or penetrate the deeper layers of diseased tissues,
feeding upon the fluids of the body or on the extraneous
material collected upon its surface. Even these bacteria,
however, may generally be cultivated under saprophytic
conditions, and the vast majority of other forms live as
true saprophytes on dead organic matter wherever it
may occur in nature,and particularly in that diffuse layer
of decomposing plant and animal material which we call
the humus, or surface layer of the soil. Wherever there
is life, waste matter is constantly being produced, and
this finds its way to the earth or to some body of water.
The excretions of animals, the dead tissues and broken-
down cells of both animals and plants, as well as the
wastes of domestic and industrial life, all eventually find
their way to the soil. In a majority of cases these sub-
stances are not of such chemical composition that they
can be utilized at once by green plants as food, but it is
first necessary that they go through a fermentation or trans-
formation in which their chemical composition becomes
greatly changed; and it is as the agents of this trans-
formation that bacteria assume their greatest importance

in the world of life.
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We may take a comparatively simple excretory prod-
uct, urea, as an example. Through the activity of an
enzyme produced by certain bacteria this compound
unites with two molecules of water and is converted into

ammonium carbonate,

NH,
CO< 4 2H, 0 = (NH.,;)ECOE'
NH,

While green plants can derive their necessary nitrogen
in part, at least, from ammonium compounds it is a well-
established fact that this element may be obtained much
more readily from nitrates, and it is, therefore, essential
as a further step that some means be employed to oxidize
the nitrogen. This process of oxidation is known as
nilrification, and takes place in a succession of steps,
the organic nitrogen being first converted to the form of
ammonium salts, and these in turn to nifrites and nitrates,
the oxygen used coming from the air. Several groups
of organisms are instrumental in bringing about this con-
version. Tt is generally assumed that one group attacks
the‘ ammonium compounds and changes them to nitrites,
e

. lly taken up by green
plants to be built up into the more complex albuminoid
substances (organic nitrogen) through the constructive
power of chlorophyll.

; y Sedgwick (Sedgwick, 1889)

to illustrate the transformations of organic nitrogen in

P

Ty
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_nature, the increasing size and closeness of the spiral on
the left-hand side indicating the progressive complexity
of organic matter as built up by the chlorophyll bodies
of green plants in the sunlight, and the other half of the
figure the reverse process carried out largely by the bac-
teria. In nature there are many short circuits, as, for
instance, when dead organic matter is used as food for
animals and built up into the living state again without
ever being nitrified and acted upon by green plants; but
the complete cycle of organic nitrogen is as indicated on
the diagram.

We have dwelt thus at length upon the general relation
between bacteria and organic decomposition because n
this relation will be found the master key to the distri-
bution of bacteria in water as well as in other natural
habitats. It is true that certain peculiar forms may at
times multiply in fairly pure waters; but in general large
numbers of bacteria are found only in connection with
the organic matter upon which they feed. Such organic
matter is particularly abundant in the surface layer of the
soil. Here the processes of nitrification proceed most
rapidly. Here the bacteria are most abundant; and in
other media their numbers vary according to the extent
of contact with the living earth. Natural waters particu-
larly group themselves from a bacteriological standpoint
in three well-marked classes, according to their relation
to the rich layers of bacterial growth upon the surface of
the globe. There are first the atmospheric waters which
have never been subject to contact with the earth; second,
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the surface-waters immediately exposed to such contami-
nation in streams and ponds; third, the ground-waters
from which previous pollution has been more or less
removed by filtration through the deeper layers of the
soil.

Even rain and snow, the sources of our potable waters,
are by no means free from germs, but contain them in
numbers varying according to the amount of dust present
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in the air at the time of the precipitation. After a long-
continued storm the atmosphere is washed nearly free
of bacteria, so that a considerable series of sterile plates may
often be obtained by plating 1-c.c. samples. These re-
sults are in harmony with the observations of Tissandier
(repm:ted by Duclaux, 1897), who found that the dust in
the air amounted to 23 mg. per cubic meter in Paris

————— T
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8 ELEMENTS OF WATER BACTERIOLOGY,

and 4 mg. in the open country. After a rainfall these
figures were reduced to 6 mg. and .25 mg., respectively.

With regard to what may be considered normal values
for rain we have no very satisfactory figures. Those
obtained by Miquel (Miquel, 1886) during the period
1883-18806, showing that rain contains on the average 4.3
bacteria per c.c. in the country (Montsouris) and 19 per
c.c. in Paris, are probably lower than would be yielded by
the present methods of examination. Snow shows rather
higher numbers than rain. Janowski (Janowski, 1888)
found in freshly fallen snow from 34 to 463 bacteria per
c.c. of snow-water, and his results indicate that the num-
ber is independent of the temperature at the time of
snowfall.

As soon as the rain-drop touches the surface of the
earth its real bacterial contamination begins. Rivulets
from ploughed land or roadways may often contain several
hundred thousand bacteria to the cubic centimeter; and
furthermore the amounts of organic and mineral mat-
ters which serve as food materials, and thus become a
factor in later multiplication of organisms, are greatly
increased.

In the larger streams several conditions combine to
make the bacterial numbers lower. Ground-water con-
taining little microbic life enters as a diluting factor from
below. The larger particles of organic matter are re-
moved from the flowing water by sedimentation; many
earth bacteria, for which water is an unfavorable medium,
gradually perish; and in general a new condition of equi-
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librium tends to be established. A good river-water under
favorable conditions should thus contain only a few hun-
dred bacteria. Heavy rains which introduce wash from
the surrounding watershed may, however, at any time
upset this condition of equilibrium and surface-waters
are apt to show sudden fluctuations in their bacterial con-
tent. Particularly in the spring and fall high numbers
manifest themselves, and seasonal variations arise, such
as are well shown in the appended table.

KUMBER OF BACTERIA PER CUBIC CENTIMETER IN CERTAIN
SURFACE-WATERS,

Water. Yr. | Observer. | Jan. | Feb. |March.| April. | May. |June

Boston tap]| |18g2- : .
water ... ‘] 1805 }Whlpiﬂﬁ 135 211 102 52 53| 86

Mermimac chr 1gotr | Clark T 5,600 2,500 Booo| 1400 I,400|3000
Thames River. . .|1888 |Frankland} o02,000| 40,000| 66,000| 13,000| 1,000/3500

River Ourcq. . i 1887= }Miquelﬁ 143,370 63,720| 47,780| 22,600| 20,340|7340

I85g0
Water. ¥r. | Observer. | July. |Aug.| Sept.| Oct. | Now. Dec.

Boston teplibor |l whigerl 73 | 1 86 55| 56 s
Merrimac River. |1go1 Clarkt 1700 |1580| 1760| 1,900 1,300/ 5,100
Thames River. . .|18388 |Frankland}| 1070 |3000| 1740| 1,130| 11,700| 10,600~
River Ourcq. -: :ggl‘ EMiquei% 7730 |8520| Bojo| 12,560 135,700| 153,200

* Whipple, 1806. T Massachusetts State Board of Health, 190a2.

1 Frankland, 189¢4. & Miquel, 1801.

Two factors influence this seasonal distribution of bac-
teria. First, during the summer months the water flow-
ing in open rivers is largely derived from springs and
subterranean sources, while during the autumn and
spring months, there is a much greater proportion of
“run-off” water contaminated by contact with the sur-

e ——
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10 ELEMENTS OF WATER BACTERIOLOGY,

face of the earth. In the second place, during these
ramy seasons the amount of dissolved organic matter is
far greater than in summer, thus making the food-supply
of the bacteria more abundant.

In standing waters all the tendencies which make for
the reduction of bacteria are intensified, and ponds and
lakes often give numbers under a hundred. The student
will ind numerous analyses of natural waters in Frank-
land’s classic work (Frankland, 1894). He notes, for
example, that the Lake of Lucerne contained 8 to 51 bac-
teria per c.c., Loch Katrine 74, and the Loch of Lintral-
then an average of 170. The water of Lake Champlain
examined by one of us (S. C. P.) in 1896 contained on
an average 82 bacteria per c.c. at a point more than two
miles out from the city of Burlington. Certain surface
water-supplies near Boston studied by Nibecker and one
of us (Winslow and Nibecker, 1903) gave the following

results:
Average
. Number of | Number
City. Samples, of Bacteria

per ce.
Wakeheld: =t - fnn oo 7 50
D TR e S R e 6 16
Elymonuth. oo St 6 35
Cambridge. ............ 5 g4
SElenyt. S e 5 232
Medford: - . -- s ae 5 524
g BEY T £y (s g, iy et 4 13
B ea Doy S e e 3 141

Russell found similar small numbers in sea-water at

Naples (Russell, 1891) and Wood’s Hole (Russell, 1892),

ST
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and in salt as in fresh water the amount of bacterial life
decreases in general as one passes downward from the
surface and outward from the shore.

The principal factors in the destruction of the bacteria
in water during storage appear to be sedimentation, the
activity of other micro-organisms, light, temperature, and
food-supply, and perhaps more obscure conditions such
as osmotic pressure.

The subsidence of bacteria either by virtue of their own
specific gravity or as the result of becoming attached to
particles of suspended matter is unquestionably partly,
if not largely, responsible for changes in the number of
bacteria in the upper layers of water at rest or in very
sluggish streams. The results of numerous inves
tigations by different workers seem to indicate that
sedimentation takes place slowly, and that the differ-
ence in numbers between the top layer and the bottom
layer of water in tall jars in laboratory experiments of
only a few days’ duration is very slight or quite within
the limits of experimental error (Tiemann and Girtner,
1889). Different species may, of course, be differently
affected, (Scheurlen, 1891). It must be remembered,
that in natural streams bacteria are to great extent
attached to larger solid particles upon which the action
of gravity is much more important.  Jordan (Jordan,
1900) is firmly of the opinion that in the lower part
of the Illinois River, where there is a fall of but 30
feet in 225 miles, the influences summed up by the term
sedimentation are sufficiently powerful to obviate the
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necessity for summoning another cause “to explain the
diminution in numbers of bacteria,” and he further adds:
‘It is noteworthy that all the instances recorded in the
literature where a marked bacterial purification has been
observed are precisely those where the conditions have
been most favorable for sedimentation.”

Little is known as to the share of other organisms in
hastening the decrease of bacteria in stored water. Doubt-
less predatory Protozoa play some part here, and cer-
tain bacteriologists have believed that the toxic waste
products of some species of bacteria materially check
the development of other forms. Horrocks (Horrocks,
1901), Garré (Garré, 1887), Zagari (Zagari, 1887),
and Freudenreich (Freudenreich, 1888) have shown
that an ‘ antagonism” exists when bacteria are grown
in artificial culture media such that the substratum
which has supported the growth of one form may be
rendered antiseptic to another. It is difficult, however,
to believe that any poisons are produced of such enor-
mous power as to cause this effect in a stream or a
lake, and there is no evidence in support of such a
view.

Temperature has a direct relation to bacterial life, and
the number of parasitic bacteria at least may be quickly
Jessened by the action of cold. Sedgwick and one of us
(Sedgwick and Winslow, 1902) have shown that of
typhoid bacilli in ice or cool water over 40 per cent will
perish in three hours and ¢8 per cent and upwards in two

weeks.

T Ty
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Many investigations conducted since the pioneer re-
searches of Downes and Blunt (Downes and Blunt, 187%)
have confirmed the results reported by them, viz., direct
sunlight is fatal to most bacteria in the vegetative state
and even to spores if the exposure be sufficiently long,
while diffused light is harmful in a lesser degree. Opin-
lons vary as to the degree to which light is active in
destroying the bacteria in natural water. Buchner
(Buchner, 1893) found by experiment that the bacteri-
cidal power of light extends to a depth of about three
meters before it becomes imperceptible. On the other
hand, Procaccini (Procaccini, 18¢93) found that when sun-
light was passed vertically through 6o cm. of drain-watey
the lower layers contained nearly as many bacteria after
three hours’ treatment as before the exposure. The
middle and upper portions showed a great falling off in
numbers, however.

But few studies have been made of the effect of light on
bacteria in flowing water. Jordan (Jordan, 1goo) has
investigated several Illinois streams and arrived at the
conclusion that in moderately turbid water, at least, the
sun’s rays are virtually without action. On the other
band, Rapp has observed a considerable reduction of
the bacteria in the Isar at Pullach after the period of
diurnal insolation, as shown by the table on the following
page.

Although it is hard to estimate the exact importance
of each factor, the general phenomena of the self-purifi-
cation of streams are easy to comprehend. A small



14 ELEMENTS OF WATER BACTERIOLOGY.

EXAMINATIONS oF THE ISAR AT PurrAcH (RAPP, 1903).

(A) CARRIED OUT SEPTEMBER 26, 1808, NO RAIN HAVING FALLEN FOR
THREE WEEKS.

Temperature
Time of the Bacteria
Experiment. per ce,
of the Water. of the Ajr,
1 ] B 8.8° C. 7.30 P.M. 146
x2.3% ¢, TR0 0.30 P.M. 270
o Ee e 6.2° C. 5.00 A.M. 370
T0.22 0, e L B 3.00 A.M. 320

(B) CARRIED OUT NOVEMBER 28, 1808, NO RAIN HAVING FALLEN FOR

SOME TIME.
»
AT B 3.02C, 6.00 P.M. 266
[fiaer e 8.00 P.M. 402
[ z.0° C. 10.00 P.M. 482
Eaf . 200 5. 3.00 AM. 532
4.52C, A B 7.30 AM. 400

brook immediately after the entrance of polluting mate-
rial from the surface of the ground contains a large num-
ber of bacteria from a diversity of sources. Gradually
those organisms adapted to life in the earth or in the
bodies of plants and animals die out, and the forms
for which water furnishes ideal conditions survive
and multiply. It is no single agent which brings this
about, but that complex of little-understood conditions
which we call the environment. If any one thing is of
prime importance it is probably the food-supply, for only
certain bacteria are able to multiply in the presence of the
small amount of organic matter present in ordinary po-
table waters. As Jordan (Jordan, 1goo) has said: “In
the causes connected with the insufficiency or unsuitability
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of the food-supply is to be found, I believe, the main rea-
son for the bacterial self-purification of streams.”

In general we have seen then that surface-waters tend
continually to decrease in bacterial content after their
first period of contact with the humus layer of the soil.
In that other portion of the meteoric water which pene-
trates below the surface of the earth to join the reservoir
of ground-water, later to reappear as the flow of springs
~and wells, this diminution is still more marked since
the filtering action of the earth removes not only most
of the bacteria but much of their food material as well.
Indeed many observers formerly believed that all ground-
waters were nearly free from bacteria, because often no
colonies appeared on plates counted after the ordinary
short periods of time. If, however, a longer period of
incubation be adopted considerable numbers may be
obtained. _

For convenience we may divide ground-waters into two
groups, namely: first, springs and shallow open wells, and
second, “tubular” (driven) or deep wells. This division is
a convenient one because ordinary springs and wells form
a group by themselves in respect to the possibility of
aerial and surface contamination, their water often being
fairly rich in bacterial life. Egger (Wolffhiigel, 1886) ex-
amined 6o wells in Mainz and found that 17 of them
contained over 200 bacteria to the cubic centimeter.
Maschek (Maschek, 1887) found 36 wells out of 48 exam-
ined in Leitmeritz which had a bacterial content of over
500 per c.c. Fischer (Horrocks, 19o1) reported 120 wells
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in Kiel which gave over 500 bacteria per c.c. and only 51
with less than that number.

Several unpolluted springs and open wells were ex-
amined by Sedgwick and one of us (Sedgwick and Pres-
cott, 1895) with the following result:

Spring No. 1. 252, 255, 258 bacteria per c.c.
‘i ii

2. 103, 140, 134 s ek
[ [ 3. 92' QS: IUS [ if i
i i 4.. {}5} IC‘I, 155 i L i
i [ Sr 193’ 2.[31 EIS L (4] (1]
' ¢ §, 216, 208, 201 2L RS

OPEN WELLS.

No. 1. 500, 525 bacteria per c.c.

(4] 245:' I_[}'D il i &

ﬁﬁzj SGO £t L3 S

355' 332 if L ff

2084, 2063, 2287 bacteria per c.c.
. 8gos, 8gos, 8640 ¢ FEIRE
n02, QIO E?I i F A
?ZDJ ?[21 TE"E [ &1 L fe

(43

i

i

o=y Ohven & L k2
a = a7 @ Al m

]

Tt should be noted that the above results were obtained
by incubating the plates for considerable periods of time.
In the ordinary standard 48-hour period but very few
bacteria develop from normal ground-waters. Thus in
an examination of spring-waters made by the Massa-
chusetts State Board of Health in 1goo (Massachusetts
State Board of Health, 19or), of 37 springs which were
practically unpolluted and had less than 1o parts per
100,000 excess of chlorine over the normal, 54 samples
were examined and gave an average of 41 bacteria per
c.c. Only 6 samples showed figures over 50. On the
other hand, the analysis of the bottled samples of the
same waters as sold after exposure to contamination in






















































































































































































































































































































































































































































































































