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by 8.9 cm). The tank tops were sealed with 0.75-inch
(ca. 1.9-cm) plywood.

Bacteriological and chlorine monitoring was ac-

complished by removing samples from within the
tanks and testing as indicated for the field tanks.
Total bacterial counts were made on nutrient agar

(Difco) incubated at 30°C for 24 h. Qualitative bacte-
rial counts were also made by lowering the water
and scraping with a sterile microscope slide an ap-

proximately 15-cm2 area of selected staves that had
been immersed below the water level. Any slime
material was disperned in 0.01 M tris(hydroxy-
methyl)aminomethane buffer (pH 7) and plated onto
either nutrient agar or m-Endo agar LES.

Media and coliform identification. Media prepa-

ration and procedures used for the identification of
coliform organisms were those recommended by Ed-
wards and Ewing (8).

RESULTS

The field survey results are presented in Ta-
bles 1 and 2 for private and public water sys-
tems, respectively. Drinking water from only
two of the ten redwood reservoirs serving pri-
vate residences was free from coliforms (Table
1). The two coliform-free systems were the only
samples with detectable chlorine in the water.
Counts in most other systems far exceeded fed-
eral and Oregon regulations for total coliform
counts. Coliform isolates were always of the
genera Klebsiella and Enterobacter; Esche-
richia coli was never isolated during this sur-

vey.
In general, the tank systems less than 1 year

old at sites 5, 8, 9, and 10 yielded the highest
coliform counts. Two older systems (sites 6 and
7) yielded high counts, but have no automated
chlorination system. Samples from sites 1 and
2, with 17- and 10-month operational systems,
respectively, were potable, but the water con-

tained a chlorine residual. The two oldest sys-
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tems (sites 3 and 4) yielded coliform counts
under the allowable limit, even though there
was no detectable chlorine.

Figures 1 and 2 show a portion of the staves
below water level as seen in a redwood reser-

voir less than 1 year old. The light staves on the
right of Fig. 1 illustrate the microbial slime
matrix that gradually accumulates on the wood
surface. The slime contains bacteria embedded
in mycelial stages of fungal growth. Note that
all staves are not coated with macroscopically
obvious growth. This may be due to differences
in the water-soluble extractive content of the
individual staves (J. Behrens, National Tank
and Pipe, personal communication). Figure 2
shows a close-up view of the matrix that has
been partly scraped off to demonstrate its depth
of accumulation.
At 9 months after the initial survey, five of

the original sites were resampled. In each case

there was a significant reduction in the coli-
form counts. Most significant was the fact that
three samples previously exceeding standards
now yielded satisfactory water (sites 6, 9, and
10). K. pneumoniae and Enterobacter spp. were

again isolated from three of the five tanks.
Ofthe four sites with automated chlorination

systems, it was possible to examine the residual
in the incoming tank water only at site 1. The
total and free chlorine (DPD method) was in
the range of 1 to 1.5 ppm for several samples
taken over about 1 year. The residual on the
service lines and in the tank water was about
0.3 ppm. The chlorine demand of the wooden
reservoir is, therefore, very high and undoubt-
edly accounts for the lack of chlorine in the
other systems. Sampling results from tank sites
3 to 5 serve to confirm this high chlorine de-
mand. Although all three tanks are on city
water lines and receive water with a residual of

TABLE 2. Field survey ofpublic drinking water emanating from wooden reservoirsa

Cl residual No. of total coliforms/ No. of fecal
Site (ppm) 1ml coliforms/ Coliform(ppm) 100 ml ~~~100 ml

1 NC 0/MF, 2/MPN 0 K. pneumoniae, Enterobacter
2 NC 5/MF, 8/MPN 0 K. pneumoniae, E. coli, Enterobacter
3 NC 1/MF, <2/MPN 1 Enterobacter
4 NC 1/MF, 5/MPN 0 Enterobacter
5 NC 0/MF, 2/MPN 0 Enterobacter
6 NC 0/MF, 5/MPN 1 K. pneumoniae, E. coli, Enterobacter
7 NC 1/MF, <2/MPN 0 Enterobacter
8 NC 2/MF, 2/MPN 0 Enterobacter
9 NC 2/MF, 6/MPN 2 K. pneumoniae, E. coli, Enterobacter
10 0.2-0.6 3/MF, 14/MPN 1 K. pneumoniae, E. coli, Enterobacter
11 0.2 1/MF, 2/MPN 0 K. pneumoniae, Enterobacter

a The chlorine concentration was measured by the DPD method. NC indicates no detectable chlorine (free
or combined); detectable chlorine (parts per million) refers to free chlorine residual. A total of 23 parks were
surveyed. The 11 parks summarized above yielded coliforms, whereas the remaining 12 were coliform-free.
MF, Membrane filtration.
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FIG. 1. Inside ofa redwood tank that had been in
use for less than 1 year. The lighter staves on the
right are coated with slime consisting of bacteria and
fungi. All staves are not evenly colonized.

approximately 0.2 to 0.4 ppm, samples removed
from the tank contained no detectable chlorine.
At seven of these ten test sites serving

homes, the water enters and leaves the tank
through the same pipe, which is commonly lo-
cated in the bottom of the reservoir (common
inlet/outlet). During periods of simultaneous
tank filling and high water demands, the wa-
ter, in effect, enters the homes directly from the
source (city lines, wells, etc.). This minimizes
mixing ofthe tank water, increases the average
retention time, and further aggrevates the
chlorine demand.

In a separate survey conducted during the
summer of 1975, drinking water samples were
examined from 23 Oregon state parks. All
parks in this survey use redwood water storage
reservoirs. In each park, three to five samples
were taken from separate faucets. Table 2
shows the highest coliform counts in each sys-
tem yielding coliforms. Unfortunately, detailed
information on plumbing, chlorination, and
tank age was not readily available. Of those
tanks actually observed, all would be consid-
ered approximately 3 years of age or older. In
all cases, the coliform counts were significantly
lower than those observed in the newer residen-
tial tank systems. Nevertheless, sites 2 and 10
exceeded federal limits for a single sampling.
At 9 months after the first survey, 10 parks
were resampled. None of these samples ex-
ceeded the coliform limits, and neither Klebsi-
ella nor E. coli was isolated.
A significant difference from the water sur-

vey of residential systems was indicated by the
isolation of E. coli from four parks. Samples
containing E. coli had MPN total coliform
counts of 5 to 14 per 100 ml. However, site 4,

with an MPN count of 5, contained only Entero-
bacter. K. pneumoniae was isolated from six
parks, four times in association with E. coli. It
was discovered that the water at site 10 was
contaminated from a sewage line break, and
the facilities were closed shortly after our sam-
pling. The influx of sewage may account for the
high counts at this site even though a chlorine
residual (DPD test) was detected in the water.

In an attempt to gain an understanding of
the origin of Klebsielleae in wooden reservoir
water, three small, 65-liter redwood tanks were
constructed for laboratory experiments. The
tanks were filled with municipal water contain-
ing 0.4 ppm of chlorine residual, covered, and
monitored for up to 50 days. A summary of the
bacteriological monitoring is provided in Table
3. As in the field tanks, coliforms of the genera
Klebsiella and Enterobacter were recovered
from the tank water and staves. Tanks con-
structed of kiln-dried staves accunmulated fewer
coliforms than did the air-dried tank, but the
coliform counts in the former were nevertheless
significant. Periodic monitoring of 1-liter sam-
ples ofmunicipal water entering the tanks indi-
cated that it was coliform-free during the entire
course of the experiments. One would have to
assume that the coliforms entered as air con-
taminants when the lid was removed for sam-
pling and then rapidly multiplied in the water
and on the stave surface, or, perhaps, the coli-
forms were originally present in or on the wood
surfaces. Recent contamination of tank water
by rodents, birds, or insects was therefore not
necessary for Klebsielleae to be present in con-
siderable numbers.
A significant feature of these monitoring ex-

periments was the observation that a very
small fraction of the total coliform population
was being detected on m-Endo agar LES. For

FIG. 2. Partially removed microbial accumula-
tion illustrating depth of slime mass.
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TABLE 3. Bacteriological monitoring of 65-liter laboratory redwood tanks

Tank Day Test performed Observation Coliform

1 1-liter MFa
2 Drain and refill with 0.4

ppm of chlorine
4 1-liter MF
10 1-liter MF
14 Slime scraped
14 Drain, scrub with 200

ppm of chlorine, and re-
fill

16 500-ml MF
21 1-liter MF
21 Drain and refill with 0.4

ppm of chlorine
30 100-ml MF
42 100-ml MF, nutrient agar

plate counts
48 100-ml MF, nutrient agar

plate counts
50 Nutrient agar plate

counts

No coliforms

11 coliforms
No coliforms
Heavy coliform growth

No coliforms
43 coliforms

1 coliform
No coliforms; total count,

3 x 103/ml
No coliforms;.total count,

4.5 x 103/ml
Total count, 9.5 x 103/ml

K. pneumoniae

K. pneumoniae

K. pneumoniae

K. pneumoniae from
10-2 and 10-3 plate
dilutions

1 1-liter MF
3 Staves scraped, drained,

and refilled with 0.4
ppm of chlorine

5 1-liter MF
6 500-ml MF
8 500-ml MF

22 100-ml MF

34 100-ml MF, nutrient agar
plate counts

35 25-ml MF
40 25 ml MF, nutrient agar

plate counts
42 Nutrient agar plate

counts

7 coliforms
Coliforms present

No coliforms
Coliforms present
1,000 coliforms
3 coliforms

300 coliforms; total count,
24 x 103/ml

120 coliforms
150 coliforms; total count,

35 x 103/ml
Total count, 16.5 x 103/ml

E. agglomerans
K. pneumoniae and E.

agglomerans

K. pneumoniae from
10-2 and 10-3 plate
dilutions

a MF, Membrane filtration.
b The air-dried tank was filled with water and held in this condition for 7 days prior to shipping to the

laboratory at Oregon State University.

example, in water from tank A (Table 3), the
total coliform counts never exceeded 4.3 per 100
ml. Nevertheless, on day 50 it was possible to
easily recover K. pneumoniae isolates from the
10-2 and 10-3 dilutions on nutrient agar. Simi-
larly, on day 40, tank C contained 600 coliforms
per 100 ml, whereas a total count on day 42
indicated the K. pneumoniae was also present
at 10-2 and 10-3 dilutions. Additional enumera-
tion experiments on all laboratory tanks indi-
cated that approximately 2,000-fold-higher coli-
form counts were obtained on nutrient agar as

compared with m-Endo agar LES. This ratio
was estimated by isolating and identifying total
colonies growing on nutrient agar, determining
the coliform fraction, and comparing this count

with that obtained on m-Endo agar LES. Coli-
form counts on m-Endo agar LES were not
obscured by overgrowth of noncoliforms. There-
fore, it would appear that only a small fraction
of the total coliform population was capable of
growing upon initial plating on the selective/
differential medium.
A surprising observation was the repeated

occurrence of coliforms after refilling the small
tanks with chlorinated municipal water and
even after scrubbing with a solution of 200 ppm
of chlorine (tank A, Table 3). This recurrence
could only occur if the coliforms were uniquely
chlorine resistant or if the chlorine demand of
the wood was sufficiently high to rapidly reduce
its effectiveness.

A (kiln-dried
wood)

C (air-dried
wood)b
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A lack of unique chlorine resistance was
demonstrated in laboratory experiments in
which seven isolates ofK. pneumoniae (five of
redwood origin and two of human origin) were
studied. In these experiments cell densities
ranging from approximately 1,000 to 3,000 per
100 ml were exposed in glass containers to mu-
nicipal water containing 0.4 to 0.7 ppm of chlo-
rine or distilled water (no chlorine). Cell counts
in the distilled water remained constant over
the 60-min study period, whereas all municipal
water samples sterilized the inoculum within
30 to 60 s. The continuing occurrence of chlo-
rine-sensitive coliforms after the addition of
chlorinated water (up to 200 ppm) could indi-
cate that a continual source of Klebsielleae is
entering the tank water from wood microenvi-
ronments not accessible to dissolved chlorine.

Chlorine demand studies were carried out in
tank B by adding a concentrated stock solution
ofcalcium hypochlorite. Chlorine concentration
was monitored by using the OTO procedure
(Fig. 3). An initial chlorine concentration of 4
ppm was reduced to 0.5 ppm in a static water
situation in 2 days and to undetectible levels in
4 days. The use of a polyvinyl chloride (PVC)
tank liner confirmed that the chlorine demand
was due to the wood and not to chlorine diffu-
sion from the water. In two experiments using
a PVC liner, an initial chlorine concentration of
0.6 and 0.7 ppm was retained at effective levels
for 10 to 25 days (Fig. 3). No coliforms were
recovered from water held in the tank with a
liner, and no apparent slime accumulated on
the liner surface during the brief study period.

DISCUSSION
Redwood water storage reservoirs represent

a flexible alternative to certain types of water
storage needs. Redwood tanks are less expen-
sive than concrete or steel, readily available,
easy to transport and assemble in a variety of
locations, and long lasting. The bacteriological
studies reported here would seem to seriously
restrict their usefulness. However, the prob-
lems that we have documented, although se-
vere in terms ofthe coliform burden in drinking
water, result from obvious cases of abuse in-
volving improperly constructed and maintained
systems. Several interacting factors appear to
compound the deteriorated water quality: lack
of automated chlorination or an insufficient
supply to maintain a detectable residual, tank
age, a common inlet/outlet plumbing design,
and lengthy average retention periods during
which the chlorine residual is consumed.

Coliform counts were recorded that exceeded
federal membrane filtration guidelines by as

APPL. ENVIRON. MICROBIOL.

much as 10- to 40-fold (Table 1). Highest counts
were generally associated with newer tanks not
equipped with an automated chlorination sys-
tem (or failure to supply adequate chlorine to
retain a free residual) and with lengthy aver-
age retention periods. Excluding sites 1 and 2,
which maintained adequate residuals (Table 1),
only the two oldest tanks (sites 3 and 4) were
under the coliform limit. The tank at site 5,
which has the same plumbing configuration
and identical water source as do sites 3 and 4,
had coliform counts about sevenfold higher.
This tank differs only in its time of installation
(10 months as compared with 24 to 48 months
for sites 3 and 4).

Coliform counts dropped significantly be-
tween resampling trips. In the private drinking
water systems, the average coliform counts for
the five systems resampled dropped nearly 10-
fold during the 9-month interval. The only
change in these systems during the sampling
interval was the bringing on line ofthe 150,000-
gallon (ca. 567,750-liter) tank at site 8.
Based on our interpretation of the field sur-

veys, suggestions can be made that should in-
sure the potability of water emanating from
new redwood tanks. Whenever possible, the
tank should be installed several months before
anticipated domestic use. This would permit
aging or curing of the tank and allow water-
soluble matter to be leached out and consumed
by microbes. Prior to use, the manufacturer's
recommended 24-h sal soda soak should be ex-
tended to 1 week to further facilitate removal of
colored matter and other water-soluble mate-
rial. The tank should be drained and filled with
at least 200 ppm ofchlorine and held for about 7
days. If possible, it would seem advisable to
occasionally circulate the water during this pe-

4.0

e 3.0
_j NO

B 2.0 LINER
a

w 1.0
O 7z

.5

DAYS

FIG. 3. Kinetics of chlorine demand in static wa-
ter held in 65-liter redwood tanks. Two independent
experiments were run with liners in the tank.
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riod to maintain a chlorine residual at the
wood-water interface. The tank would be
drained and then put into service. The average
retention time should always be as short as
possible. One-day retention times would be op-
timal and could be achieved by lowering the
water level to some small percentage of the
tank capacity. The short retention time might
also facilitate the maintenance of a chlorine
residual. All tank systems must have adequate
mixing of incoming water. Under no circum-
stances should a common inlet/outlet arrange-
ment be used.

Little doubt remains as to the importance
and nature of the chlorine demand exerted by
wooden reservoirs. The 65-liter-capacity labora-
tory reservoirs consume approximately 1 ppm
of chlorine residual per day (slope, Fig. 3). This
compares with a daily reduction of 0.03 to 0.06
ppm in the same tanks lined with PVC. These
results are compatible with the data obtained
from two field tanks at sites 1 and 2 (Table 1).
The chlorine concentration in the incoming
tank water ranged from 1 to 1.5 ppm, and, with
average retention times of 1 to 4 days, a resid-
ual of 0.2 to 0.4 ppm is retained in the service
lines. The customary 0.2- to 0.4-ppm residual
entering most field tanks was clearly inade-
quate in maintaining a chlorine residual in the
service lines.
The origin of Enterobacter and Klebsiella in

these water systems is an important question,
but virtually impossible to delineate with cer-
tainty. In this context the absence ofE. coli in
private water systems and its presence in some
public supplies require comment. Total coli-
form counts in the private water systems gener-
ally exceeded those in the parks by about 40-
fold, and ordinarily with such high coliform
counts in drinking water one would expect to
isolate E. coli. In some samples, nearly all
coliform colonies on plates were picked for iden-
tification. Thus, one cannot discount the high
Klebsiella counts as masking the presence ofE.
coli in the private water systems. Furthermore,
E. coli was never isolated from the three labo-
ratory tanks. It seems likely that specific nutri-
ents in wood, trees, vegetables, and other plant
matter selectively support coliforms ofthe tribe
Klebsielleae. In an earlier study we commonly
obtained Enterobacter as well as an occasional
K. pneumoniae isolate from within living white
fir trees (1). Knittel has demonstrated that K.
pneumoniae grow in pulp mill wastewater to
levels exceeding 105 per ml (10), and others
have isolated K. pneumoniae (103 cells and
more per g) in unused sawdust bedding and in
textile mill effluents (6, 14). E. coli is only
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rarely, if ever, isolated from such habitats.
Therefore, the occasional E. coli isolate in the
park systems is most likely due to more imme-
diate exposure to fecal contamination and not
to the use of wooden reservoirs per se. This is
supported by the discovery of a sewage line
break in one ofthe four parks where E. coli was
isolated in this survey.
The mass of microbial growth that accumu-

lates on some staves is obvious to the unaided
eye (Fig. 1 and 2). It is impossible that this level
of microbial biomass is supported by nutrients,
sediment, etc., in the incoming water. This
would be inconsistent with the diversity of
source waters for the various systems studied
and the absence of uniform colonization of all
stave surfaces. It has been shown that redwood
heartwood contains about 15% (dry weight
basis) water-extractable materials (3). Included
in this extract are free sugars that comprise
approximately 0.1% of the dry weight of red-
wood. The six common carbohydrates (arabi-
nose, glucose, fructose, rhamnose, sucrose, and
raffinose) are all utilizable by the coliforms iso-
lated from these habitats. Although these car-
bohydrates may supply adequate levels of nu-
trients for Klebsiella and Enterobacter to colo-
nize these habitats, their presence does not ex-
plain the absence of other coliforms that also
ferment these carbohydrates.

It may soon be possible to demonstrate that
botanical-associated K. pneumoniae represent
the reservoir for the evolution of clinical iso-
lates, and this environment also serves as a
milieu to support the multiplication of strains
of fecal origin as well. Biochemical and serolog-
ical studies on K. pneumoniae have demon-
strated, for the most part, that no differences
exist among human pathogenic strains and
those obtained from most natural environ-
ments. Also, recent studies in our laboratory
have shown that 13 of 75 K. pneumoniae iso-
lates associated with redwood are fecal coliform
positive. The presence of fecal coliform-positive
Klebsiella in the absence of E. coli is common
in environments containing botanical milieu.
This is probably a reflection of natural nutri-
tional selection pressures that allow for the
multiplication of Klebsielleae and the conse-
quent dilution of E. coli and perhaps other
enteric bacteria. The 13 fecal coliform-positive
cultures represent the progeny that probably
emanated from animal, human, or avian fecal
material. The remaining fecal coliform-nega-
tive cultures may represent a "natural" reser-
voir of nonfecal K. pneumoniae strains or re-
flect environmentally induced phenotypes in
strains of older fecal/clinical origin. In view of
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these possibilities, we recommend that Kieb-
sielleae emanating from wooden water reser-
voirs be controlled as any other coliform should
when federal drinking water standards are ex-
ceeded. Coliforms should be controlled by
proper engineering systems that maintain sat-
isfactory chlorine residuals and by compensat-
ing water levels to accommodate the shortest
retention times as practicable.
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