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Factors associated with accuracy and precision in the enumeration of aquatic
aerobic heterotrophs by the spread plate method were evaluated by using a

nested analysis of variance experimental design. Variances associated with indi-
vidual components of the spread plate procedure were isolated, and optimal
replications of each step were allocated. A practical scheme for optimal allocation
of resources is proposed, consisting of four subsamples and two plates per

subsample and yielding a total variance decrease of 70% from a single-subsample,
10-plate series. Data transformation was, in general, unnecessary for intraexperi-
ment or intrasample statistical analysis, whereas interexperiment or intersample
comparisons may require transformation of data. Rapid changes in the numbers
of organisms in stored water samples were observed that were not reproducible
and did not follow detectable trends, with increases or decreases in counts
occurring in samples regardless of whether they were stored at room temperature
or refrigerated, or stored in plastic or glass containers. Rapid sample handling is
strongly recommended to minimize variations in the microbial populations of
samples for aquatic environments.

The most commonly used and widely accepted
methods for enumerating aerobic heterotrophs
from water and soils involve plate counts (1, 3,
7). Pour plates are not considered to be the
method of choice for environmental studies be-
cause of the die-off of autochthonous organisms
unable to survive exposure to temperatures of
molten agar, i.e., 45 to 50°C (3). Thus, spread
plating is the main alternative when growth of
the organisms to be counted is required. Results
of a number of studies have been published
which describe media designed to provide a
more complete assessment of heterotrophic bac-
terial populations in environmental samples (6).
Until recently, however, relatively few studies
have been reported that consider problems as-
sociated with the plate count method from the
point of view of the precision and accuracy of
the method in estimating the total number of
aerobic heterotrophic microorganisms in sam-
ples collected from aquatic ecosystems. Palmer
et al. (9) investigated the effect of patchiness on
enumeration of heterotrophs in water samples
and concluded that many samples must be taken
at each station to minimize error. No consider-
ation, however, was given to sources of error in
the enumeration procedure, especially after the
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initial sampling was accomplished. The study
reported here follows up that communication in
dealing with handling and plating of samples
after collection. The objectives of the study were
to determine the major sources of error and to
develop a procedure to minimize such errors.

MATERLA1S AND METHODS
Water samples were collected during the summer of

1976 during several cruises in Chesapeake Bay aboard
the R/V RIDGELY WARFIELD. Sampling stations
included a midchannel location off Chesapeake Beach
and a site near Parson's Island in Eastern Bay in the
Upper Chesapeake Bay (see Fig. 1). Water samples
were collected with a Niskin sterile bag sampler (8) at
depths approximately 15 cm below the surface. Sam-
ples for plating or dilution were either withdrawn from
the bag with a sterile pipette or transferred aseptically
to a sterile glass dilution bottle. Samples that were
refrigerated before plating were held at 4°C in a ship-
board refrigerator between platings. Those samples
left unrefrigerated were held at ambient temperature,
which varied from cruise to cruise but was in the range
of 25 ± 50C.

Samples were plated by standard procedures. Serial
decimal dilutions of the original samples were made,
using sterile Upper Bay salts (NaCl, 5.0 g;
MgSO4 7H20, 1.5 g; KCI, 1.6 g; distilled water, 1,000
ml, pH 7.2 to 7.4) as diluent. One-tenth milliliter of
sample or appropriate dilution was spread uniformly
over the surface of a plate containing 20 ml of Upper
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FIG. 1. Map of Chesapeake Bay showing sampling stations. Chesapeake Beach is station 8410A and
Eastern Bay is station 8540S.

Bay yeast extract agar (UBYE) medium (yeast ex-
tract, 1.0 g; peptone, 1.0 g; agar, 20 g; Upper Bay salts,
1,000 ml, pH 7.2 to 7.4). The plates were incubated for
a period of time, depending upon the experiment in-
volved. At the end of the incubation period, colonies
were counted with a Spencer plate counter, the num-
ber of colony-forming units (CFU) per milliliter was
calculated, and the data were recorded.

Statistical analyses were conducted by using pro-
grams available on the University of Maryland UNI-
VAC 1108 computer.
An initial experiment was done to determine the

stability of the number of heterotrophs recovered from
a water sample over a 24-h period. A 100-ml portion of
the sample was removed from the Niskin bag after
collection and placed in a glass bottle. This subsample
was held at ambient temperature on the bench top on
board the ship between platings.

Because of the significant change noted in numbers
of organisms recovered in the first 2.5 h, a similar
experiment was conducted to determine changes over
a much shorter period of time. In addition, several
other treatments were tested. Two samples were taken
simultaneously from a given cast. One of the samples
was divided into two aliquots, with one aliquot im-
mediately plated and the other held in the bag at
ambient temperature. The second sample was refrig-
erated in the sampling bag between platings. Also,
from each of the Niskin bag samples, two 100-ml
subsamples were taken and placed in sterile glass
bottles. One bottle from each of the two bags was held
in the refrigerator between platings, while the other

was held at ambient temperature on the bench top
aboard ship. The samples were plated out very quickly,
with less than 1 min between the time of removal of
the sampler from the hydro wire and the actual
spreading of the water samples on the agar plates. The
samples plated out immediately upon retrieval of the
sampler bag from the hydro wire constituted the to
sample in each experiment.
To determine the variance associated with plating

of natural water samples, 20 replicate plates on UBYE
agar for each of two dilutions were prepared. A 2-ml
pipette was used for each dilution, and all 20 plates
within a dilution were spotted from the same pipette.
Thus, each plate represented the number of organisms
in each of the 20 0.1-ml portions in the pipette, exclud-
ing changes due to currents within the pipette and
differential adhesion of cells to the inner walls of the
pipette.
To isolate factors contributing the most error in the

plating procedure, five components were identified as
potential contributors to total variance for a single
sample: technician, subsampling (i.e., patchiness
within the sample), dilution (i.e., patchiness within the
subsample), pipette (for lack of a better term, the
variance within a single dilution "tube"), and individ-
ual plate error. Figure 2 presents the different com-
ponents as viewed in this study.

Counts were compiled and the need for data trans-
formation was assessed, since the analysis of variance
(ANOVA) technique assumes homogeneity of variance
of the data for all groups; i.e., if homogeneity of vari-
ance is not found, data transformation is necessary in
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ANALYSIS NUMBER OF ably (4.52 x 103 versus 4.58 x 103), replicates
ANALYSES

AT EACH LEVEL within each plating varied significantly. Stan-

1 dard deviations and confidence intervals showed
that, even with 20 replicates, precision was not

TECHNICAN 2 good. It is interesting to note that the distribu-
tion of organisms within each pipette followed

SUBSAMPLE 4 no discernible pattern.
Results of the statistical analysis are shown in

Table 3. From the F ratios, significant differ-
DILUTION 24 ences can be seen in three of the components of

error in the spread plate procedure. No signifi-
cant differences were found between technicians
in any of the experiments carried out. On one
occasion. significant differences were observed

FIG. 2. Experimental design for analysis ofplat-
ing errors. Dilution factors were for the dilution as

plated, since 0.1 ml was used for each spread plate.
The structure of the experiments varied somewhat,
but the designprinciple depicted was used throughout
the study.

order to use the ANOVA technique. A number of
procedures exist to test for homogeneity, including
Bartlett's test and the F-max test (12). The latter was
used in this study. Transformation of the data, when
performed, was by the "log e" transformation. The
data were analyzed by using a nested ANOVA design
(12), allowing partitioning of the total variance into
individual components (technician, subsample, dilu-
tion, pipette, and plate).

RESULTS AND DISCUSSION
Results of the platings of the subsample held

at ambient air temperature aboard ship at 0, 2.5,
5.0, 20.25, and 24.25 h were (CFU per milliliter):
5.4 x 103, 1.4 X 104, 8.4 X 104, 1.8 x 106, and 1.6
x 106, respectively. These counts represent the
average of four replicate platings. Counts re-

covered from the various treatments are shown
in Table 1. The number of organisms recovered
from each Niskin bag at to was identical, 6.2 x
103 cells/ml. After storing the sample for 180
min, counts of the water in the sampling bags
held at ambient temperature and at refrigerated
temperature increased to 1.3 x 104 and 1.0 x
104//ml, respectively. When subsamples were
transferred from the Niskin bags to glass bottles
and immediately sampled, counts in all of the
bottles were 52 to 63% of the counts obtained
from samples withdrawn from the Niskin bag
with a pipette. Counts of water samples stored
in glass containers held at ambient temperature
increased only slightly or, in some cases, de-
creased, whereas counts obtained from water
samples stored under refrigeration in glass con-
tainers increased in approximately the same pro-
portion as samples held in the Niskin bags.

Results of the 20 replicate plate series are
given in Table 2. Although the mean values
obtained for the two dilutions compared favor-

am.

among subsamples taken from the same sample,

TABLE 1. Changes in total viable count recovered
from samples stored in the sampling bag or in glass
bottles, either refrigerated (R) or held at ambient

(A) temperature
CFU/ml x 10-3

Sample Temp
oa 35 180

Niskinb A 6.2 7.3 13
Bottleb A 3.6 3.6 3.9
Bottleb R 3.9 3.1 7.2
Niskine R 6.2 9.3 10
Bottlec A 3.6 2.0 2.2
Bottlec R 3.2 4.7 5.4

aMinutes after sample retrieval.
b cIndicates source of samples was Niskin bag hav-

ing similar superscript notation.

TABLE 2. Total viable counts obtained from 20
replicate plates from each of two decimal dilutions

Colonies counted
Plate no.

10-2 10-3
1 TNTCa 0
2 24 Confluent
3 34 0
4 35 3
5 34 4
6 53 4
7 56 9
8 74 11
9 95 3
10 78 9
11 24 1
12 17 0
13 25 0
14 25 8
15 50 2
16 24 3
17 34 7
18 62 7
19 45 4
20 69 12

Mean 45.16 4.58
Standard deviation 21.6 3.77
95% confidence interval 35.4 < x < 54.8 0 < x < 13.5

a Too numerous to count.
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TABLE 3. Summary of nestedANOVA design
Sample

Determination
1 2 3 4 5

F ratios
Technician 0.063 (NS)a 1.35 (NS) 1.854 (NS) 0.521 (NS) 2.973 (NS)
Subsample 2.416 (NS) 0.966 (NS) 0.750 (NS) 12.67b 3.208 (NS)
Dilution tubes 2.591c 0.798 (NS)
Pipette 3.904c 0.930 (NS) 1.143 (NS) 2.28 (NS) 1.55 (NS)

Variance componentd
Stech2 0 (2)e 1 (2) 376 (2) 0 (2) 26,561 (2)
S.2 55 (2) 0 (2) 0 (4) 102,909 (4) 18,529 (2)
Sdi 2,884 (2) 0 (2)
SP,2 58 (2) 0 (2) 453 (2) 9,902 (2) 14,450 (2)
SP? 59 (3) 40 (3) 6,347 (2) 15,450 (2) 81,382 (3)
a NS, Not significant.
b Significant at the 0.05 level.
c Significant at the 0.001 level.
d X 103.

e Numbers in parentheses indicate number of replicates.

indicating patchiness within a single 1.5-liter
sample. In two experiments a 10-2 dilution was
counted, thus necessitating the use of replicate
dilution tubes. Results were conflicting, with one
experiment showing significant difference be-
tween the replicate dilution tubes and the other
indicating no significant difference in the dilu-
tion steps. The procedure of inserting a pipette
into a dilution tube or subsample and withdraw-
ing an aliquot to spot onto a plate showed that
there was a significant difference associated with
the pipettes in only one of the experiments. In
the other four experiments, no significant differ-
ences among pipettes were detected.
The nested ANOVA design allows separation

of variance components for each step in the
procedure. The individual variance components
derived from untransformed data are listed in
Table 3. In nearly every case, the level with the
largest variance was the plating step, reflecting
variability of numbers occurring from one plate
to another. In several cases, the calculated var-
iance component was a negative number. Since
there cannot be a negative variance, these are
reported as zero. Isolated instances of large var-
iance revealed that there was patchiness in the
samples, such as the large subsample variance
(S.'2) in experiment 4. Of course, it is understood
that variance components should not be com-
pared across experiments, since different popu-
lations are represented. Therefore, intraexperi-
ment trends are emphasized; i.e., plate variance
(Sp?2) was usually greatest, and technician vari-
ance (S72) was lowest.
When subjecting bacterial count data to sta-

tistical analysis, the primary consideration is the
need for data transformation. Bacteria in the
environment are usually not normally distrib-

uted, but neither are they always found in Pois-
son or other common distribution (5). A variety
of transformations have been proposed to treat
viable count data (2, 6), but no single transfor-
mation will apply in every case. Frequently,
transformation of data is essential so that the
assumptions of the statistical procedure being
performed are not violated, thereby resulting in
loss of sensitivity or validity. Thus, each set of
data for a particular analysis should be examined
individually by a procedure such as Bartlett's
test or the F-max test (12) to determine the
need for transformation. Interestingly, the data
examined here did not require transformation to
insure preservation of the assumptions of the
ANOVA procedure, at least for intraexperiment
conditions. Since we were interested in the
spread plate technique itself and in the various
components of the technique that were potential
sources of error, interexperiment statistical com-
parisons were not made, and therefore transfor-
mation of the data was not required.
To examine the effects of transformation on

the data, both log e and square root transfor-
mations were performed, and the results were
compared with those of the untransformed anal-
ysis. As expected, the mean squares and variance
components changed considerably in magnitude,
but the F ratios and the resulting probabilities
changed only slightly. In no case did statistically
significant differences become nonsignificant or
vice versa. It is concluded that intraexperiment
or intrasample data often require no transfor-
mation for statistical analysis, such as the nested
ANOVA, but that interexperiment or intersam-
ple comparisons more likely will require trans-
formation of data to insure validity of the statis-
tical analysis.
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The nested ANOVA design is extremely useful
for examining variance associated with individ-
ual steps or components of the spread plate
procedure. In one experiment, significant differ-
ences were associated with the pipette used,
indicating that duplicate pipettes used in spot-
ting samples onto triplicate plates yielded signif-
icantly different results. The difference is con-
cluded to arise from patchiness in the given
subsample involved, which contained 10 to 15
ml of water sample. Another experiment showed
that there were significant differences among
duplicate dilution tubes, each of which had been
inoculated with 1 ml of subsample. Again, patch-
iness within the subsample was indicated. In
other experiments, however, significant differ-
ences within subsamples were not observed, but
significant differences among subsamples were
noted, arising most likely from patchiness in the
sample.
No consistency in significant differences de-

tected in all the experiments was noted, even
though the experiments were conducted over a
period of 2 months, an observation in agreement
with that of Palmer et al. (9), who examined
patchiness over a much larger scale. Examina-
tion of the individual components of variance
revealed that there was a similar inconsistency.
For example, one level or component contrib-
uted almost no variance in one experiment, but
essentially all of the total variance in another
experiment. Two general trends that should be
noted, however, were that differences among
technicians, in general, contributed the least to
total variance, whereas individual plates pre-
pared during the count procedures usually con-
tributed the most variance.
That the plating step usually yielded the larg-

est variance component suggests that increasing
the number of replicate plates from two or three
to five or ten replicates should decrease the
variance. Some investigators routinely include a
large number of replicate plates in their proce-
dure, which decreases the variance ofthe plating
step (5, 10). However, significant variance can
remain in the upper levels, i.e., subsamples, di-
lutions, and pipettes, which are unaffected by a
decrease in plating variance. It is the overall or
total variance (ST ) that is pivotal in providing
the best estimate of the sample population den-
sity. The obvious answer to this problem is to
increase replication at all levels in order to de-
crease the variance at each level, with a resulting
decrease in total variance. However, this clearly
would lead to great increases in cost and time
and could quickly become unreasonable. Fortu-
nately, with variance components in hand, the
optimum allocation ofreplications for decreasing
the total variance can be determined. In a sys-

tem consisting of subsamples (ss), pipettes (pi),
and plates (pl), the total variance is equal to:

ST2 S-2 SP_2
n.8 (n.8) (npi) (n.s) (npi) (npi)

where S2 represents the variance for the respec-
tive components and n equals the number of
replications at each step.
By increasing replication at different steps,

the total variance can be calculated for evalu-
ating the effectiveness of different replication
schemes. Table 4 shows several examples ofsuch
manipulation. By increasing the number of rep-
licate plates from two to three, a 7% decrease in
total variance was realized; an increase to ten
plates decreased ST2 by 17%. However, by in-
creasing n. from one to two, with two plates for
each subsample, a 50% decrease in variance re-
sulted. Comparing the n. = 2, np, = 2 system
with the n. = 1, np4 = 10 system, a threefold
decrease in variance resulted with the former
method, with four instead of ten plates. Thus,
increasing replication at the upper levels is the
key to decreasing total variance. This idea, al-
though not new to statisticians, is rarely seen in
bacteriological reports, where the lower levels
become increasingly replicated in hopes that
dramatically lower variance will result. This
principle holds true no matter what variance
components are used for calculation.

Selection of replication need not be based
solely on variance. For many investigators, cost
may be a more important factor. The most effi-
cient experimental design with respect to cost
and variance will result when the product of
variance and cost is minimized. The following
equation represents the concept, where S,2 =

overall variance of the population mean and C,
=total cost (11):

(S 2 S ~2 2p
=n (n)(npi) (n8) (npi) (np))

(c-Cn + Cpinn,p + CpAn8npinp)
The product is minimized when the optimal
ratio of npl/npj equals

1CpiSp1//cp1Spi

and the ratio of np,/n. equals

When devising a replication scheme for pre-
cision in the spread plate procedure, other
sources of error that can be minimized should
not be overlooked. For example, diluent and
dilution tubes should be autoclaved separately
and aseptically combined very precisely. Sub-
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TABLE 4. Decrease in total variance with
increasing replicationa

n, npi np, Total np, ST2b % Decrease

1 1 2 2 142,500
1 1 3 3 133,000 7
1 1 10 10 118,900 17
2 1 2 4 71,250 50
4 1 2 8 35,625 75
a n., Number of replicate subsample; npi, number of

replicate pipettes; np5, number of replicate plates; Sr2,
total variance.

b Total variance was compared using S&2 = 55,000,
spi2= 58,000, Sp12 = 59,000.

'Percent decrease in ST2 based on n,. = 1, npi = 1,
np, = 2.

sample tubes and dilution tubes should be mixed
well on a Vortex mixer to achieve a homogene-
ous suspension. If simple points such as these
are neglected, the value of optimum replication
is negated.

Besides precision, microbiological analyses
should also strive for accuracy. Often, micro-
biologists attempt to determine the number of
organisms present in a sample collected from a
given environment at a specific time. The large
changes in numbers oforganisms recovered from
samples stored for long or short periods of time
that can occur, even when samples are refriger-
ated, emphasizes the need for rapid handling of
samples as soon as they are collected, since a
delay of just a few minutes can cause alteration
of the results, a fact noted in earlier work in
marine microbiology by ZoBell (13). At times, of
course, immediate plating of samples may be
impractical or even impossible. In those in-
stances, results from stored samples should be
considered only as crude estimates of the origi-
nal microbial populations. Whenever possible,
studies should be conducted to determine the
effect of storage on the microbial levels, i.e., do
numbers increase? decrease? how much? and
are the changes consistent?
Many investigators are now turning to direct

counting methods such as epifluorescence
microscopy to determine total numbers of mi-
croorganisms in water samples (4). Such meth-
ods should improve accuracy of the estimates of

total numbers. However, these techniques are
subject to the same sampling errors as are viable
counts. Furthermore, direct counts cannot dis-
tinguish among physiological types, i.e., proteo-
lytic, starch hydrolytic, and other ecologically
important groups, so that plating of samples to
enumerate CFU present in the samples will very
likely continue to be used in quantitative micro-
biological analyses. Therefore, improvement in
precision and accuracy in the plate counts
should be sought whenever possible.
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