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METHODS FOR STUDYING BLUE-GREEN ALGAE
IN RICEFIELDS: DISTRIBUTIONAL ECOLOGY,
SAMPLING STRATEGIES, AND ESTIMATION
OF ABUNDANCE

P. A. Roger!, R. Jimenez?, and S. Santiago-Ardales®

ABSTRACT

Many methods for studying blue-green algae (BGA) in wetland ricefields have been adopted,
modified, designed, and tested during the last 5 yrat the International Rice Research Institute.
This paper is the first of a series that summarizes these methods. The introduction reviews
the agronomical role of BGA in wetland soils. The second part of the paper presents the
distribution laws of BGA populations and their N,-fixing activities, the design of sampling
strategies in field studies, and the expected accuracy of measurements. The third part of the
paper presents qualitative and quantitative methods for evaluating BGA in fields, soil
samples, or inocula. It emphasizes on biomass estimation by harvest, indirect visual
measurements, or index of abundance; and indirect counts of BGA populations by plating soil
suspension-dilutions on solid media. All methods are adaptable for eukaryotic microalgae. -
Some are adaptable for filamentous and macrophytic algae.
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METHODS FOR STUDYING BLUE-GREEN ALGAE
IN RICEFIELDS: DISTRIBUTIONAL ECOLOGY,
SAMPLING STRATEGIES, AND ESTIMATION
OF ABUNDANCE

Blue-green algae (BGA) constitute the largest, most diverse,
and most widely distributed group of prokaryotes that per-
forms oxygenic photosynthesis. Several genera can fix atmos-
pheric nitrogen (N,), and thus contribute to maintaining the
fertility of natural and cultivated ecosystems, especially wet-
land ricefields (Roger and Kulasooriya 1980).

Moderate but constant yields have been obtained for
decades when rice was grown without N fertilizer. Soil N
content generally remained stable, indicating that exported N
isreplaced. Biological N, fixation (BNF) is the major replace-
ment mechanism (Roger and Watanabe 1986). BNF is vital to
subsistence rice farming when N fertilizeris not available, and
is potentially important in managing nutrients to reduce agro-
chemical use with modern rice technologies.

BGA are the only N,-fixing microorganisms that gener-
ate their own photosynthate from CO, and water. This trophic
independence has led many researchers to investigate their
agronomic potential. Since De (1939) attributed the natural
fertility of tropical ricefields to BGA, hundreds of papers have
been published on their use as biofertilizer (Roger and
Kulasooriya 1980, Roger 1991). Test tube-grown BGA have
been extensively studied. Taxonomy, morphology, micro-
morphology, physiology, enzymology, and genetics are well
documented. On the other hand, BGA ecology is imperfectly
understood, and most agronomic studies are restricted to
comparing rice yield in inoculated and noninoculated plots.
This might have led to erroneous estimates of BGA inocula-
tion potential. Roger (1991) concluded that:

H BGA are ubiquitous in ricefields,

B BGA may yield about 20-30 kg N/ha per crop,

W factors that limit BGA growth (P deficiency, grazing,

N fertilizer inhibition) usually hamper indigenous
strains and inhibit the establishment of inoculated
nonindigenous strains,

B foreign strains inoculated in wetland soils rarely be-

come established, and

B agricultural practices encouraging BGA growth should

focus on alleviating limiting factors and enhancing the
growth of indigenous strains rather than on inoculat-
ing foreign strains.

“Super N -fixing strains” and N-excreting strains have
been identified. Biotechnology offers new tools to select or
create strains with features favorable for agronomic use, but
virtually nothing is known about the environmental condi-
tions and inoculum attributes that permit introduced strains to
colonize new environments.

The major research objectives for BGA in ricefields are
understanding their ecology; and studying the fate of experi-
mentally inoculated strains and quantifying their populations,
biomasses, and activities to explain the mechanisms involved
in yield increase.

Field methods include the following:

B qualitative and quantitative evaluations of BGA in a

field, soil sample, or inoculumn;

W evaluations of N, fixation and photosynthesis by BGA

in situ; and

B establishment of adequately designed field studies that

employ strategies and methods of sampling that con-
sider BGA distributional ecology and ecosystem char-
acteristics.

This paper is the first of a series to present methods that
have been adopted, modified, designed, or tested at the Inter-
national Rice Research Institute.

We provide the reader with a survey of possible methods
and with information on the factors that affect the measure-
ments. We point out the limitations of these methods to help
researchers avoid their misuse and adapt the methods to
specific situations or requirements. Experiments are reported
and summarized in the text.

The second part of the paper considers the distribution
laws of BGA populations and their activities in wetland soils,
the implications for designing sampling strategies in field
studies, and the accuracy of data in relation to sampling
methods and density.

The third part of the paper deals with methods for quali-
tative and quantitative evaluations of BGA in fields, soil
samples, or inocula.

DISTRIBUTIONAL ECOLOGY OF BLUE-GREEN
ALGAE AND SAMPLING STRATEGIES

The validity and accuracy of quantitative measurements of
BGA abundance and activities in situ depend on how repre-
sentative the sample(s) are of the whole population. This
depends on the heterogeneity of the organisms’ distribution
and the method and density of sampling or subsampling.
Therefore, before designing a sampling method, the distribu-
tion law of the organisms or the activity in the type of
environment to be studied must be characterized. This should
determine the sampling strategy and the density of sampling
needed to obtain a given representativeness of the samples.
To characterize the BGA distribution law, this section
uses sets of quantitative data that include BGA counts, bio-
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Table 1. Statistical symbols and abbreviations.

arithmetic mean of n values of a variable (x)

arithmetic mean of n, values of a variable (x )

number of data (n_ : number of data for the varjable X))

estimated variance of the mean (m) of n values of (x)

when needed we use

s.?: estimated variance of the mean (m) of n values of (x)

sy2 : estimated variance of the mean of n transformed values (y)
of (x) with y = f(x) (most often y = log,, (x + 1))

s estimated standard error of the mean (m) of n values of (x)

similarly we use, when needed, s, and 5,

t o Student-Fischer t variable

CvV: coefficient of variation (%) = 100 s/m

CI: confidence interval is expressed as

5

=88

mN

mits_x

Vi
L : upper and lower limits of the confidence interval
P accuracy = CI/m
P : accuracy defined as half of the difference between the upper
and lower confidence limits,

L-L,

P= -
m

e

K\)I —

p: probability level of statistical tests

mass measurements, and N,-fixing activity estimates by
acetylene-reducing activity (ARA). Methods used for BGA
counts are described on pages 12-17; methods for biomass
measurements are described on pages 10-12. The AR A method
is described and discussed in depth in the second paper of this
series. Acetylene is a competitive inhibitor for nitrogenase,
which transforms acetylene into ethylene. Estimates of N,
fixation may be derived from measurements of ethylene
produced when incubating N,-fixing organisms in an enclo-
sure with about 10% acetylene added to the atmosphere.

Table 1 lists the statistical symbols and abbreviations
used in this paper.

Distributional Ecology of Populations
and their N,-fixing Activity

The classical method of determining the distribution law of a
variable is to establish a histogram of replicated measure-
ments. In biological sciences, this method usually requires
many simultaneous measurements, which is rarely compat-
ible with the techniques used by soil microbiologists.

The study of the correlation between means and vari-
ances of several groups of replicated measurements per-
formed at different times and locations using the same tech-
nique provides an indirect and more convenient method for
microbiologists. When a variable is normally distributed, the
means (m) and the variances (s%) are independent. A correla-
tion between mean and variances indicates a non-normal dis-
tribution.

The non-normal distribution of organisms in aquatic or
terrestrial environments is characterized by a linear correla-
tion between means and variances of groups of replicated
measurements. Plotted on a log-log graph, the points (m; s2)
exhibit a linear arrangement. The arrangement, known as the

Taylor’s power law (Taylor 1961), demonstrates that the
variance (s%) of a population is proportional to a fraction
power of the arithmetic mean (m):

s?=am® or logs?>=1loga+blogm.

The intercept (a) and the slope (b) of the regression curve,
on alog-log scale, are population parameters. The slope (b) is
an index of the distribution law of the variable and determines
the transformation that normalizes the distribution as follows:

W A slope (b) close to 1 characterizes Poisson distribu-

tions which can be normalized by transforming the
data by

y=x"2,

B A slope between 1 and 2 characterizes negative bino-
mial distributions which can be normalized by trans-
forming the data by

y=x"*? ory =log, (X +Xx,)

where X, is a constant that can be determined by a
graph method.

B A slope of 2 characterizes log-normal distributions
(the logarithms of the values are normally distributed)
which can be normalized by transforming the data by

y =log,x (or y=log (x+1)

if there are x values equal to 0).

Distributions with (m; s?)-regression curve slopes be-
tween 1.7 and 2.4 can be considered as log-normal (Roger et
al 1981). The standard deviation is close to the mean, and the
CV is close to 100%.

The study of the correlation between means and vari-
ances of replicated field measurements of BGA populations
(enumerations or biomass estimates) and photodependent
ARA has shown that, in most cases, the variables have an ag-
gregative distribution that approximates alog-normal pattern.
This distribution is observed for single-locus samples col-
lected in the same plot, and for single-locus and composite
samples collected in replicated plots.

Log variance
6

- y =-0.232 + 1.941x
R=0.95

y =-0.593 + 2.604x - 0.221x2
R=0.95

-1 0 1 2 3
Log mean
1. Correlation between means and variances of 442 groups of

acetylene-reducing activity (ARA) measurements in 5 replicated
4- X 4-m plots.
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Table 2. Estimates of the standard error of the mean of the logarithms (s ) of replicated measurements under various experimental conditions.

Groups . Sub- Slope of S, values

Variable of data Replicates samples® the m/s?

(no.) (no.) (no.) regression Min Max Median SD
BGA number in 16-m? plots 36 4 10 1.9 0.04 0.90 0.16 0.22
BGA number in 16-m? plots 32 4 10 1.9 0.04 0.56 0.12 0.11
Algae number at 40 spots in 22 - 40 1 19 0.21 0.98 0.46 0.19

a 0.25-ha ricefield . '

BGA biomass in 16-m? plots 67 4-5 16 1.5 0.06 0.89 0.26 0.17
ARA in 16-m? plots 28 - 10 5 20 . 0.19 1.08 0.42 0.26
ARA in 1-m? microplots 80 5 8 1.9 0.05 1.10 0.25 0.20
ARAin 16-m?plots 196 5 8 19 0.03 0.99 0.29 0.19
ARA in 16-m? plots 48 5 8 1.7 0.02 0.98 0.38 0.24
ARA in 16-m? plots 120 5 8 1.8 0.05 1.00 0.44 0.23
ARA in 16-m? plots 24 4 16 1.9 0.09 1.33 0.43 0.26
ARA at 35 spots in a 16-m? plot 2 35 1 - 0.47 0.63 0.55 -

635 0.02 1.33 0.32 -

Total (all measurements)

“Number of single-location samples combined in a composite sample.

Forexample, Figure 1 correlates the means and variances
of field measurements of the in situ N -fixing activity of BGA
estimated by their photodependent ARA in Sreplicated 4- x 4-
m plots. The slope of the linear regression is close to 2 and
indicates - a log-normal distribution. Measurements used
composite samples of 8 soil cores, each 2 cm in diameter.
Cores were incubated under fluorescent light (30 klux) for 1
h at 28-30 °C. A binomial regression did not improve the
correlation coefficient (0.95), thus indicating that a linear
regression is a suitable model. Similar regressions with a slope
near 2 were found for enumerations of BGA and microalgae
within a plot and in replicated plots (Table 2).

Some microbial populations and microbial activities,
such as BNF, follow log-normal distributions in soils and
‘plant thizosphere (Roger et al 1977, Roger et al 1978, Loper
et al 1984) whereas some microbial populations in water may
follow Poisson and negative binomial distributions (El-Shaar-
awi et al 1981). The most common explanation of log-normal
distributions is that small variations of normally distributed
physicochemical factors in the environment induce exponen-
tial responses of the biological variables (Frontier 1973).

I most cases, the log-normal distribution is an accept-
able model for BGA counts and for biomass and ARA mea-
surements. Exceptions include experimental plots with a
bloom and BGA counts of plowed soils. In experimental plots
with a bloom, biomass measurements of replicated plots
exhibit distributions with slopes of the (m.s?) regression be-
tween 1 and 2. This is because the small plot size limits algal
growth, decreasing the variability among plots (Fig. 2).

Because spores are more evenly distributed, CVs lower
than 100% may occur in BGA enumerations after plowing.

Sampling Strategy and Measurement Accuracy

For normal distributions, the confidence interval (CI) and
parametric statistical variables (e.g., Student-Fischer’s t-test)
must be calculated using the logarithms of the original data.

A higher sampling density (number of subsamples per
unit area) and more replicates are needed to obtain the same
accuracy with log-normal distributions than with normal
distributions.

The accuracy (P) of the mean of n measurements, or the
representativeness of a sample composed of n subsamples,
can be defined as the fraction of the mean that is added to or
subtracted from the mean to obtain its upper (L ) and lower
(L, confidence limits. In a normal distribution, the CI is
expressed as:

ts, ts, ts,
L=m-— L=m+—
¥n Vi “n

mz

where t is the Student-Fischer t-variable and s_is the variance
of n data.
The accuracy (P) is calculated as

'P_tsx _1_ P__l_ Lu_Ll
Tw\m/" T2 m

Log variance
0

-1

-2

-3
. y=-0.928 + 1.494x
- T R =0.64
-4 1 Iy 1 1 1 | ] 1 ) 1 1
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2
Log mean

2. Correlation between means and variances of 64 groups of biomass
measurements of BGA in 5 replicated 4- X 4-m plots with bloom.

/
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For a log-normal distribution, once the CI of the loga-
rithms of the data has been determined, it is possible to return
to the original data and calculate the accuracy of amean (orthe
representativeness of a composite sample). As the CI of the
original data is dissymmetrical, only the equivalent accuracy

®)
P ::_1_ <L“ _ Ll>
e 2 m

can be used (Roger and Reynaud 1978). The calculation of the
accuracy (P,) takes into account the number of replicates and
the standard deviation (sy) of the logarithms of the data.

'sy tsy
p=L1{10" _ 10”"_>
2

Figure 3 graphically represents this function for s 2 values
ranging from 0.05 to 1.0. The graph can be used to forecast the
accuracy of replicated measurements when n is known and s
was estimated from previous measurements. It can also be
used to determine the number of replicates needed for a given
accuracy or the number of subsamples needed for a given
representativeness of a composite sample.

The value of s, varies with the variable measured, the
method of measurement, and the density of populations.
Table 2 presents estimates of s, values obtained under various
conditions. Figure 4 is a histogram of almost 500 s_estimates
obtained from ARA measurements from 4-5 replicated plots.
The dissymmetrical distribution of the s, values indicates that
the median rather than the mean should be used in general
calculations involving estimates of S,

Number of replicated plots

Figure 3 and s, values (Table 2 and Fig. 4) indicate that field
measurements of BGA are not accurate. The number of
replicates needed for 0.1 or even 0.2 accuracy is usually too
high to be performed. The median of 653 s, estimates is 0.317.

P, = 1/2 ([ uppet limi - lower limit [/mean )
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

2

A I Ol S U T M s s s s b S R SO B

8 10 12 14 16 18 20 22 24 26 28 30
Number of replicates

3. Accuracy (P,) of a mean of log-normally distributed data as a

function of the number of replicates (n) and the standard error of the
logarithms of the data (s,). ’

-
o+

Count
120
100+ n =496
Mean =0.38
80 Median = 0.32
Standard deviation = 0.23
60
40+

20

0

0.0 0.2
Standard deviation of the logarithm of the data (sy)

0.4 0.6 0.8 1.0 1.2 1.4

4. Histogram of 496 estimates of the standard error of the logarithms
(sy) of ARA measurements in 4 or 5 replicated plots. (sy values are
from ARA measurements in 4 or 5 replicated plots, using composite
samples of 8-16 cores, 2 cm in diameter.)

The curve for s, = 0.3 in Figure 3 indicates that, on an average,
measurements in 10 replicated plots provide an accuracy of
0.50 (the CI is equal to the mean).

However, in field experiments, the main concern is not
the accuracy of the mean, but the number of replicates needed
to establish a significant difference between two means—m,
and m,. Assuming thatn = n, and Sya = Sy the ratio m,/m,
required to establish a significant difference between m, and
m, (p = 0.05) is given by:

where n is the number of replicates for each measurement, s
is the variance of the transformed data, and t o2 1S the Student-
Fischer t-variable at (2n-2) degrees of freedom.

Figure 5 presents the calculation of m /m, for 2<n<20and
O<sy<1. The values of m,/m, for the median value of s ? (0.3)
show that, on an average, five replicated plots will show

statistically significant differences between values with a

ma/mb
5

no
|/|r1|nlll[llll,

T T
I7)
~
i
o
o

—_

|
10 12 14 16 18 20
Number of replicates

N
4
(=]
o]

5. Ratio (m,/m,) between two means of n replicated field ARA
measurements ensuring a significant difference between m_andm,,
(sy = standard error of the logarithms of the data; p = 0.05.)
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30 . CV of daily ARA measurements
in 5 replicated plots

CV of average ARA/crop
cycle in 5 replicated plots

0 20 40 60 80 100 120 140 160 180 200

6. Histograms comparing the coefficients of variation (CVs) of
average ARA values during a rice crop cycle with those of daily
values.

ratio of about 3. Ten replicates permit separation of values
with a ratio of 2. Field experiments on rice usually have 3-4
replicates. This is adequate for yield measurements (which are
normally distributed) but may be low for BGA studies. An
accuracy of 3.0 allows differentiation of 2 values with a ratio
>3, and is sufficient for enumerations of BGA populations that
vary from a few to more than 10° colony-forming units (CFU)/
cm?. The same accuracy is low for ARA measurements that
vary between 50 and 800 pimol of acetylene/m” perh when N,
fixation is of agronomic importance.

The variability among plots is usually high (CV =100%)
and the accuracy of the mean of interplot measurements will
depend mostly on the number of replicates. However, values
integrated along the whole crop cycle are usually not log-nor-
mally distributed and their variability is lower than that of
daily measurements. This is because dynamics of populations
or activities in replicated plots may exhibit relatively similar
patterns but different durations of the lag phase. Therefore,
measurements performed on the same day may vary markedly
among plots, whereas integrated activity during the crop cycle
isless variable. Figure 6 compares the CVs of replicated daily
measurements of ARA with those of the average ARA values
during the crop cycle. During the crop, 15 measurements were
performed in 60 plots with 12 treatments. The average CV was
67% for daily measurements and 28% for ARA over a crop
cycle.

Number of samples per plot

Figure 3 and s, values from Table 2 show that, on an average
(sy = 3), 55 single measurements must be performed per plot
to obtain an accuracy greater than 20% (P<0.2). This value is
too large to allow routine measurement and indicates that the
number of samples collected within a plot will usually be a
compromise between accuracy and methodological limita-
tions. Values in Figure 3 agree with the report by Roger and
Reynaud (1978) that the mean value of Anabaena counts in 40
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soil core samples taken at regular intervals in a 0.25-ha
ricefield had a Cl of +32% and -27% of the mean, or a
precision of about 0.3.

12

n =t
Maximum: 933
Minimum: 13
cVv 99%

n=2
Maximum: 714
Minimum: 13

cv 60%

n=4

Maximum: 528
Minimum: 55
CcVv 39%

11 ] I 1 1 | S|

n=28
Maximum: 361
Minimum: 96
CcV - 24%

n=16

Maximum: 299
Minimum: 165
cv 11%

100+

0 1 } | - 1 i 1 I 1 1 ! 11

i
100 300 500 700 3900
ARA (umol/m? per h)

7. Histograms of 230 ARA estimates in a4- X 4-m experimental plot
calculated by random selection of 2, 4, 8, and 16 values measured on
a single core. The first histogram presents the 35 measurements on
a single core. CV = coefficient of variation, n = no. of replicates.
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Confidence
Expetimental ~ Sampled area | interval

+43.3%
177cm?x 16 = 2832 cm?

-30.2%

+46.3%

(5em?x6)x 16 = 480 cm?
-31.6%

8. Comparison of single-locus and composite samplings for ARA
measurements (Traore et al 1981). (Upper and lower parts of the
confidence interval expressed as % of the mean of 16 values.)

The most efficient method of decreasing the measure-
ment variability within a plot is to replace individual samples
by composite samples. This changes the log-normal distribu-
tion of the data to a normal distribution if the number of
subsamples is high enough (Fig. 7).

Asarule, the measurement accuracy is improved more by
increasing the number of subsamples than by increasing their
size. Traore et al (1981) compared the utilization of large
single samples with that of small composite samples for ARA
measurements (Fig. 8). Photodependent ARA of a soil colo-
nized by BGA was measured using either 16 plastic cylinders,
15 cm in diameter or 16 glass bottles containing 6 core
samples, 2.5 cmin diameter. Traore et al found that employing
composite samples permitted a sixfold decrease of the total
soil quantity used without decreasing the measurements’
accuracy.

However, six subsamples were not enough to ensure
normalization of the data. Figure 9 presents the average,
maximum, minimum, standard deviation, and CV of 230
estimates of ARA in a single plot. The values were calculated
by random selection of 2-20 values among 35 values meas-
ured on 35 single soil cores collected in a 16-m? plot. Figure
9 shows that the 100% CV observed with the log-normal
distribution of single locus measurements rapidly decreases

ARA (umol C,H,/m? per h) and CV (% x 10)

100
) ——  Minimum
800%: ——  Maximum
—  Mean
600 —{— Standard deviation
—0— CV 100

123 456 78 9101112131415 16 17 18 19 20
Number of core samples

9. Mean, maxima, minima, standard deviations, and coefficients of
variation of 230 estimates of ARA in a 16-m? plot calculated by
random selection of 2-20 values among 25 single-locus measurements
within the plot.

with the dissymmetry of the upper and lower values when the
number of subsamples increases.

This indicates that good accuracy of replicated measure-
ments on single-locus samples, or good representativeness of
asingle measurement on a composite sample, can be obtained
within a plot by increasing the number of subsamples. There-
fore, the accuracy of the mean of measurements in replicated
plots will depend more on the number of plots than on the
accuracy of individual measurements.

‘When the variability among plots is high, values in each
plot need not be determined with high accuracy. Therefore,
when determining the optimal number of subsamples to
collect per plot, consider the accuracy or representativeness
for the lower limit and the number of replicated plots for the
upper limit. The maximum acceptable size of the composite
sample and the minimum size of the subsamples also must be
taken into account.

For example, consider an experimental design with 5
replicated plots per treatment, where ARA is measured on a
composite sample of 8 cores, 1.7 cm in diameter. The average
representativeness of composite samples is about 0.6 as deter-
mined in Figure 3 for n = 8 and s, = 0.3 (median of s values
in Figure 4). A 1.0 average accuracy can be expected for the
mean of the measurements in the 5 replicated plots using the
median of 5, values in Table 2 (sy =0.3,n=>5inFigure 3). Thus,
there is litile advantage in collecting more subsamples per plot
unless higher accuracy is needed for comparison with other
intraplot measurements.

Sampling Procedures

As phototrophic organisms, ricefield BGA usually locate in
floodwaters and at the soil-water interface. Spores are found
from the surface through deeper soil layers.

The easiest method of gathering floodwater and soil in
one sampling operation is to collect core samples that ascend
to the desired depth. A small core diameter (2-3 cm) allows
easy collection and permits use of many subsamples, which
increases the reproducibility of the composite sample meas-
urements. After collection, cores can be processed as a whole
or separated into floodwater, surface, and deep soil.

Many authors have expressed BGA abundance in rice
soils as CFU/liter of water, CFU/g of dry soil, or both. When
accurate information on the sampling method is not provided,
extrapolated values per field area are unreliable. Core sam-
pling allows the data to be expressed per area (BGA or ARA/
cm?) and allows extrapolations and comparisons by field area.

While collecting cores, the operator must minimize dis-
turbance of the sample and of the ecosystem. Muddy core
floodwaters reduce light availability and affect ARA meas-
urements. Figure 10 depicts the method for collecting core
samples. Insert sampling tubes (1.7 cm diam, 10 cm long) into
the soil surface by gentle alternate twisting until the bottom
end of the tube is the desired distance from the soil surface. To
avoid muddying the waters, the operator should stand on a




1 and 2: Push the tube down with gentle alternate twisting.
3 : Place a stopper in the top of the tube.

4: Rotate the tube to enlarge the hole.

5: Remove the tube.

6: Place a stopper in the bottom.

7
//%

__

10. Core sampling in wetland soils.

dike or wooden board placed across the plot while inserting
the tubes. To remove each tube with minimum disturbance of
the ecosystem, place a rubber stopper in the top of the tube,
rotate the tube to enlarge the hole in the soil, and, if necessary,
support the soil with a finger while removing the tube. Place
arubber stopper in the bottom of the tube and remove the one
on top.

Blue-green algae are usually irregularly distributed within
aplot. Figure 11 presents common types of BGA distribution.
Because of the uneven distribution, random sampling is
definitely the worst sampling method to use. Sampling strat-
egy must be designed after careful examination of the plot and
must be adapted to the specific situation.

When no algal growth is visible, take samples at regular
intervals on a transect through the plot.

If few colonies are floating on the water surface, collect
some for identification, but do not collect them in the cores
when sampling for ARA measurements or counts.

When patches of algal mat float on or partly cover the
water surface, visually evaluate the percentage of area cov-
ered by the mat and take the same percentage of cores within
the mat.

a. Even distribution

b. One-side distribution

¢. Large patches

d. Full bloom with variable
density of the mat

11. Major types of BGA distribution in ricefields.
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Dominant directional wind pushes the floating matin one
direction and leads to a gradient of algae and algal propagules
in the plot. Sample along a transect that passes through the
center of the plot and is oriented toward the dominant wind
direction.

Process fresh samples as soon as possible. Algal popula-
tions can change rapidly, especially if algal grazers (snails,
ostracods, etc.) are collected in the tube.

In dry soils, when core sampling is usually not possible,
collect subsamples by delineating areas with a core borer and
removing the upper 0.5 cm layer of soil with aknife blade. Dry
soil samples are usually used only for enumerating algae and
the final size of the composite sample is not a limiting factor.
Therefore, a larger core borer (3-5 cm diam) can be used,
which facilitates sampling.

Collect samples of dry algal crusts for chemical analysis
and/or counts by delineating 100-cm? areas and removing the
crusts with a knife blade. For comparison, collect samples of
the soil underneath the crust. Composite sampling is recom-
mended because of the variability in thickness and specific
composition of algal crusts in the fields.

CHARACTERIZATION AND QUANTIFICATION
OF BGA POPULATIONS

Each method used to characterize and quantify algal popula-
tions in wetland soils has advantages and disadvantages. Only
the most suitable methods are discussed in detail. Table 3
summarizes the methods, the environmental situations, and
the variables for which they are suitable.

Qualitative Study of the BGA Flora

Many ecological studies of BGA in ricefields have been
records and identifications of species (Roger and Kulasooriya
1980). The studies often employed the liquid culture method,
which involves inoculating a small quantity of soil in an
erlenmeyer flask. Algae are sampled and identified at inter-
vals. Because of medium selectivity and competition between
strains, this easily employed method does not ensure that all
species present in the soil will grow in the flask, resulting in
underestimation of BGA occurrence and diversity. Early
studies reported few N,-fixing BGA inricefields because their
findings were derived through the liquid culture method
(Watanabe 1959; Watanabe and Yamamoto 1971; Ven-
kataraman 1975). . -
Quantitative studies during the last decade showed that
soils under rice cultivation consistently contain N,-fixing
BGA, frequently at high densities (Roger et al 1937). Plating
soil suspension-dilutions on agar medium (see p. 13) permits
amore complete record of strains present in a soil and allows
easier isolation and identification than does the liquid culture
method. It also allows quantitative estimation of the popula-
tions. We do not recommend the liquid culture method, or
qualitative studies in general, because more useful informa-
tion can be obtained from quantitative studies with little
additional work. ’
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Table 3. Comparison of the suitability of the different methods for characterizing/quantifying populations of BGA.

Record of species

Biomass estimation

Method
Qualitative Quantitative Relative Absolute
Liquid NR NA NA NA
culture Underestimates no, of
(page 9) species. Provides
limited information
Biomass R#* NA R* R*
harvest Microscopic observations For moderate to dense For moderate to dense
(page 10) on harvested material algal growth algal growth
Square counts NA NA R* R*
(page 11) ’ For sparse algal growth For sparse algal growth.
Requires standardization
Index of NA NA R R
abundance Requires standardization
(page 11)
Pigment NA NA NR NA
measurement Index of abundance or O,
(page 12) provides same information
with less work
Direct counts NR NR NR NR
(page 12) Does not allow Time-consuming Requires standardizastion
strain isolation
MPN NR NR NR NR
(page 13) Only the most abundant Underestimates algal Underestimates algal
species is recorded populations populations
Plating R R NR NR
(page 13) Allows isolation Allows isolation Other methods provide same Requires standardization
of major strain of major strain information with less work
Dissotved NA NA R NR
oxygen Requires 24 h

measurement and
standardization

NR = Not recommended, R* = recommended for specific cases or with limitations, R = recommended, NA = not applicable.

BGA abundance in soil can be determined by:

W direct and indirect biomass estimates,

B measurement of pigments,

B direct observation and counts,

B indirect counts utilizing the serial inoculation of soil
suspension-dilutions in tubes of media and calculation
of the most probable number (MPN) from a record of
the tubes showing algal growth, and

W serial plating of soil suspension-dilutions on a solidi-
fied medium in petri dishes, and counting colonies
after 3-4 wk of growth.

Estimation of Algal Biomass

Direct measurements

Collecting algae in arepresentative plot area is the easiest and
most efficient way to estimate algal biomass when a bloom
develops. Sampling precautions should be taken to ensure
reliable measurements. A composite sample of the algal
biomass should be collected when most algae are floating—
avoid sampling in the early morning.

Depending on the algal distribution, collect subsamples
at regularly distributed sites, or along a transect, or at chosen
sites (seep. 9). In a4- x4-mplot, we usually collect algae from
16 squares delineated by 4 rice hills. A plastic frame (i.e., a
bottomless plastic tray) facilitates sample collection. To col-
lect floating BGA, we use a metallic screen 15 ¢cm in diameter
attached to a 2-m handle. Combine and mix the 16 subsamples
before measuring,

Collect epipelic algae (and macrophytic algae) by hand.
The biomass of epipelic algae is often lower than that of
floating algae. It is best not to try collecting epipelic algae
when their biomass is low because it cannot be harvested with-
out simultaneously collecting large quantities of soil which
interfere with the measurements.

Direct measurements of field-grown BGA biomass ex-
hibit a wide range of dry matter (0.2-14%) and ash (31-71%)
content (Roger et al 1986). The nitrogen in 1 t of fresh weight
(fw) of BGA averages 1.2 kg but may vary from 0.1 to 4 kg.
To provide information on the agronomic significance of the
biomass as fertilizer, measurements should include determi-
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12. Distribution of 400 estimates of biomass of N,-fixing BGA in
plots where their growth was visible to the naked eye.

nation of fw, dry weight (dw), N, and possibly ash, C, and P
contents. A bloom of agronomic significance has a biomass
greater than 10 t fw/ha, and is visible to the naked eye. Figure
12 presents data on 400 quantitative estimates of BGA bio-
masses raised in experimental plots where growth was visible.
Mucilaginous strains (Nostoc, Gloeotrichia, and Aphanothe-
ce) dominated the biomasses. An average bloom, correspond-
ing toabout 5 kg N/ha, had about 11 tfw/ha. The largest bloom
recorded covered floodwater with a thick layer of large
colonies and had 54 t fresh biomass/ha, corresponding to 425
kg dw of ash-free algal material, or about 17 kg N/ha.

Visual estimates

Square count method. Rice plants in transplanted plots pro-
vide a grid that can facilitate the visual record of algal growth.
In4- % 4-mplots, one may rapidly and systematically examine
the floodwater surface and record the number of squares
delineated by fourrice hills where BGA are present. Figure 13
shows the correlation between the percentage of squares with
floating mucilaginous colonies of Nostoc and Aphanothece
and the BGA biomass. This method of algal biomass estima-
tion requires case-to-case standardization because the regres-
sion between percent of squares with algae and algal biomass
depends upon the type of algae and algal growth. But the
square count method is less tedious and much faster than some
direct measurements.

The operator’s skill determines the accuracy of visual
records. Coefficients of variation of counts by 4 independent
untrained operators in 16 plots ranged from 10 to 50% and
averaged 24%, while CVs of counts by 3 frained operators
ranged from 2 to 33% and averaged 11% (Table 4).
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13. Correlation between algal biomass and percentage of squares
delineated by four rice hills with floating BGA.

We recommend the square count method when algae are
not abundant. When colonies or patches are numerous or
when a bloom develops, the index of abundance is faster than
the square count method.

Index of abundance. Different indices of abundance can
be used, but simple scores (0-5) are subjective, provide
limited information and, in particular, do not allow quantita-
tive estimation of BGA biomass.

We use a semiquantitative index based on how much of
the floodwater surface area is covered with algae (Table 5).
This index allows a rough estimate of the biomass when
standardized previously from harvesting algae. The record
accuracy depends on the operator’s skills and may vary
significantly between operators, as shown in Figure 14. Coef-
ficients of variation of estimates of BGA abundance in 65
plots by 5 independent, newly trained operators ranged from
11 to 71% and averaged 34%. In a later trial, the operators’
accuracy improved to an average 23% CV (Table 4).

Table 4. Coefficients of variation (%) of visual estimates of algal abun-
dance in 4- x4-m plots performed by inexperienced (A) and experienced
(B) operators.

Square counts Index of abundance

A B A B

Number of operators 4 3 5 5
Number of plots (n) 16 16 65 65
Maximum CV for a plot 50 33 71 60
Minimum CV for a plot 10 2 11 0
Average CV 24 11 34 23
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Table 5. Indices of abundance for blue-green algae (BGA) growth in
wetland ricefields.

Status of BGA growth Code Index Index %
No BGA visible 0 0 0
BGA present with a few colonies + 1 ]
BGA present ++ 2 10
BGA present +++ 3 15
BGA present +t+ 4 20
BGA covers 1/4 of the plot 1/4 5 25
BGA covers 1/3 of the plot 173 6 33
BGA covers 1/2 of the plot 1/2 7 50
BGA covers 2/3 of the plot 2/3 8 67
BGA covers 3/4 of the plot 3/4 9 75
BGA covers the whole plot All 10 100

Figure 15 correlates square counts and indices of abun-
dance in plots where algal biomass was lower than 15 t fw/ha.
The average of both records by five operators correlated well
(Fig. 15a). An experienced operator (Fig. 15b) satisfactorily
partitioned the counts and showed little overlapping among
indices, while an inexperienced operator (Fig. 15¢) counted
less squares with BGA and showed marked overlapping
among indices.

Visual methods are less accurate than direct measure-
ments and are difficult to use if the rice canopy is dense.
However, when carefully applied, visual methods are useful
to test the effects of treatments on the standing algae crop.
Figure 16 exemplifies how the index of abundance may be
used during a crop cycle to estimate the effect of various levels
and methods of N fertilizer on N,-fixing BGA. Because algal
biomass varies widely between replicated plots, visual meth-
ods provide the same information as do direct measurements,
especially during the first 30-50 d of the crop cycle, and
require much less work.

Pigment measurement

Pigment analysis, especially the determination of chlorophyll
a, is used frequently in limnological studies. Vollenweider
(1969) and Parsons et al (1984) detail the methods for extract-
ing pigment and determining chlorophyll by spectrophotome-
try. Results from soils are affected when acetone extracts

BGA biomass (kg fw/ha)
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14, Correlation between direct measurements of BGA biomass in 16-
m? plots and an index of abundance recorded by an inexperienced (o)
and a trained (®) operator.
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15. Correlation between square counts and records of index of BGA
abundance by five operators (a) and by individual operators (b and c).

colored organic substances such as humic acids and chloro-
phyll degradation products (e.g., phaeophytins and chloro-
phyllides). Therefore, the pigment measurement method should
only be used to compare the effects of different treatments on
the total algal biomass in the same soil. Because the same
information can be obtained more easily by measuring dis-
solved oxygen, we do not recommend pigment measurement.

Estimation of Algal Abundance

Direct counts

Direct examination and counting are most frequently used in
hydrobiological studies. Algae from a water sample are con-
centrated, fixed, counted, and identified using an inverted
microscope. Direct counts have also been performed on soil
suspensions. Vollenweider (1969) describes the techniques
employed before the introduction of epifluorescent micros-
copy. Use of fluorescent microscopy and acridine orange stain
facilitates identification of living algal cells or filaments
(Tchan 1952, 1953; Brock 1978). Algae are recognized by the
autofluorescence of their photosynthetic pigments. Acridine
orange stains the cell walls and causes nuclear material to
fluoresce, allowing determination of cell size. Improvements
to Tchan’s method include the use of gelatinized soil suspen-
sions (diluted 10-30 times) smeared on glass slides, and use of
a special haemocytometer (Drew and Anderson 1977).

BGA index of abundance
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16. Effect of different levels and methods of applying N fertilizer on

BGA growth as estimated by index of abundance. (0:nil, 10:full
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The major limitations of the direct count method are that

W it is tedious and time-consuming,

B soil particles and aggregates in the suspension hinder

counting, and

W algal filaments break, making identification difficult.

The method is slow except when the algal population is
dense.

At the optimum magnification (10x40) for direct algal
counts with a haesmocytometer (Martinez et al 1975), one field
is 0.7 mm in diameter or 0.038 mm?®. Assuming that:

W a 10" soil dilution is used;

W three slides per soil sample are used;

B atmost, one transect of a cover slip (25 mm) is scanned

for each slide, which corresponds to 35 fields;

W at least 20 algal units are counted per slide to ensure

satisfactory accuracy; and

M examination time averages 10 s/field,
the minimum algal density that can be determined in 18 min
(35x3%x10=10505)is 60 x 10*x 10/(35%3x0.038)=1.5
% 10° CFU/cm? or 1.5 X 10° CFU/g of soil depending on the
sampling method. This density is higher than the average for
N,-fixing BGA in rice soils (Roger et al 1987).

Direct counting is a long process. It is often inconvenient
for strain determination, does not allow isolation of the
strains, and is often inappropriate for simultaneous studies of
many soil samples.

Most probable number
The most probable number (MPN) method is most frequently
used to enumerate BGA in soils because it requires much less
work than the plating method. However, the MPN method
often underestimates algal abundance. Using both plate count
and MPN methods, we compared counts of N,-fixing BGA in
soils and inocula grown on six commonly used media (Table
6). On three media, MPN counts were significantly lower than
plating counts. Lower MPN values are partly due to less
favorable conditions for algal growth in tubes, where CO,
diffusion in the medium and light availability are less than
those in petri dishes.

Strains growing as a mat in test tubes are difficult to
identify. The MPN method provides little information on the
qualitative composition of the algal flora. The species re-

Table 6. Comparison of plating and most probable methods for enumer-
ating N -fixing BGA on six media.

Plating® MPN*
Medium (CFU¥g soil) (no./g soil)
Allen and Arnon (1955) 2.8x10%a 22x10%a
Gerloff et al (1950) 24x10%a 54x10°b
Gorham et al (1964) (ASM) 29x10%a 1.6x10%a
Kratz and Myers (1955) 1.6x10%a 24x10°b
Stanier et al (1971) (BG 11) 25x10%a 54x10%a
Van Baalen (1965) (Dm) 23x10%a 2.4x10°b

“One soil sample enumerated in triplicate by plating and MPN. *CFU = colony-forming
unit. Values in the same row or column followed by the same letter are not significantly
different (p < 0.05).
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corded in the last positive dilution will have the most CFU/ml.
This species is often not dominant in terms of biomass, but is
a small-celled species, such as a unicellular BGA or Pseu-
danabaena.

Therefore, we do not recommend the MPN method for
algal count in soils.

Plating method

Plating is the most useful method for counting algae in
submerged and dry soils. Roger and Reynaud (1978) and
Reynaud and Laloe (1985) discuss its use in ricefields.

Description, We have developed the following standard-
ized procedure:

1. Collect a composite sample of surface soil with the

corresponding floodwater if the soil is submerged.

The composite sample is composed of at least 10 core
subsamples (each 1.7 cm diam), including the top 0.5 cm of
soil and, if the soil is submerged, the corresponding floodwa-
ter. Dry samples are ground to less than 1 mm.

2. Prepare a 107! dilution based on surface area,

Use core samples to prepare the suspension dilutions.
Adjust the volume of the first soil suspension-dilution with
distilled water to a value ten times the cm? value of the total
surface area of the collected core samples. This provides a 10!
dilution per surface area. For example, if 10 core samples 2 cm
in diameter are collected, the total area sampledis 1 X 1x3.14
x10=31.4 cm?. The first dilution is adjusted to a total volume
of 314 ml. One ml of this 10 suspension-dilution is equiva-
lent to 10" cm? of soil.

When sampling on dw (for dry soils, soil-based inocula,
etc.), prepare the 10! dilution by suspending 10 g soilin 90 ml
distilled water.

Stir the first dilution at 400 rpm for 30 min to disrupt algal
clumps. Dilute serially. Stir subsequent dilutions (102 to 107)
for 1 min before subsampling. Plate dilutions from 10?2 to
10 using three replicates/dilution.

3. Prepare and plate subsequent dilutions (10 to 10) on

petri dishes.

The total algal flora is evaluated on 1% solidified BG-11;
medium (Stanier et al 1971) containing mineral nitrogen. Do
not use agar concentrations higher than 1% as they inhibit
growth of some BGA, especially the unicellular N, -fixing
BGA (Van Baalen 1965). Use the same medium, depleted of
NaNO,, to enumerate N,-fixing BGA. Dry plates for 2 d
before plating and then use, or store in sealed plastic bags.

4. Incubate for 3 wk under standardized conditions.

Incubate petri dishes at laboratory temperature (22-
30°C). Allen and Stanier (1968) suggested cultivation at 35 °C
for selective BGA enrichment, but Rippkaetal (1981) showed
that the optimum growth temperature for some BGA is below
30 °C. Incubate under continuous light (about 800 Ix) from
cold white fluorescent lamps. To save shelf space, pile the
three replicates of the same dilution in an inverted position 2
d after plating, and interchange them every 2-3 d to ensure
similar illumination of the replicates. Counts may be per-
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formed after 2 wk incubation, however 3 wk are needed to
deplete N traces from the so-called “nitrogen-free” medium,
and to bleach non-N_-fixing strains. This facilitates counting
of N,-fixing BGA.

5. Count under a stereoscopic microscope and identify

under an optical microscope.

Observations and counts are usually done at two consecu-
tive dilutions—1073 and 104, or 10 and 107, At the higher
dilution, colonies are less numerous and can be easily ob-
served and picked up for identification with an ordinary
microscope. The lower dilution is primarily used to obtain
quantitative data. Place the petri dish on a transparent square
screen with 1-cm mesh and count under a stereoscopic micro-
scope. An operator who is familiar with major colony types
can count with the naked eye, especially if colonies are large
and well-individualized. However, counts taken with the
naked eye tend to underestimate values by omitting small
colonies. Counts under the stereomicroscope may overesti-
mate values if some colonies are counted twice, or may
underestimate the number of large and diffuse colonies. Thus,
counts using the two methods may vary (Fig. 17).

6. Interpret and express results.

Because of competition on petri plates, counts at two
consecutive dilutions have a ratio of about 6 rather than the
expected ratio of 10 (see next section). To avoid a marked
effect of competition, we usually use data from dishes with 3-
30 colonies. The value 30 allows significant colony counts but
is low enough to avoid marked competition. This number may
be increased when colony sizes are small, or decreased when
colony sizes are large.

Depending on whether core or bulk sampling methods
are used, counts are expressed as CFU/cm? or CFU/g dw of
soil. Expressing the results per area is preferable to results per
dw of soil, as the former permits extrapolations per hectare.
Data in CFU/g dw of soil do not permit extrapolations to area
due to the vertical variation of BGA propagule density in the
soil. However, when extrapolations must be done from sur-
face soils sampled by dw, results can be roughly converted to

Naked-eye counts (no. of colonies)
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17. Comparison of naked-eye counts of BGA colonies on individual
petri dishes with counts under a stereoscopic microscope.

Table7. Correspondence between fresh weight, dry weight, soil area, and
fresh soil volume in the 0-0.5 cm upper layer of 8 soils.

Dry weight

Fresh Fresh (g/fem®)

Soil weight  weight
(g/em®  (g/em?) Air- Oven- Air- Oven-

dried  dried dried  dried

Dry weight
(glem?)

Maahas 1.55 0.77 074 071 037 036
Tiaong 1.57 0.79 070  0.67 0.35 0.33
Maligaya 1.79 0.89 0.87 0.84 0.43 0.42
Luisiana 1.68 0.84 0.83 0.80 042 040
Calauan 1.51 0.75 0.59 0.55 029 028
Saline alkali 1.48 0.74 0.35 .34 0.18 0.17
Acid sulphate 1.55 0.77 052 051 026 025
Alkali 1.30 0.65 020 . 0.19 010  0.10
Av 1.55 0.78 0.60 0.58 030 029
SD 0.14 0.07 0.23 0.23 012 011
CI 0.12 0.06 0.20 0.19 0.10  0.09
CI(%) 7.6 7.6 32.6 327 32.6 327
Ccv 9.1 9.1 39.0 39.2 39.0 39.2

area by assuming that 1 cm? of soil is approximately equiva-
lent to 0.3 + 0.1 g dw, as determined from 8 soils (Table 7).

Reproducibility and accuracy. To test the reproducibility
of the method (intraplot variability), we collected 30 compos-
ite samples (each consisting of 10 cores) from a 16-m? plot.
Samples were plated and total algae and N -fixing BGA were
counted. Total algae values ranged from 4.3 10°to 11.7 x 10°
CFU (mean: 7.6 x 10°, median: 7.3 x 10°) (Fig. 18a). Values
for the N,-fixing BGA ranged from 11.3 x 10° to 45.0 x 103
(mean: 26.6 x 103, median: 27.0 x 10%) (Fig. 18b).

Standard errors were 32 and 26% of the mean, respec-
tively. This indicates that the representativeness (1.96 s ex-
pressed as a percent of the mean) of a single enumeration is
about 60% and that 2 single enumerations cannot be consid-
ered significantly different if the ratio between the higher and
the lower number is less than 4. Given an average value of 0.3
for 8 (Fig. 4), measurements in 5 replicated plots will show
significant differences between 2 means with a ratio of 3.

The normality test had low significance (p = 0.19).
However, because means and medians were nearly equal, and
because of the general shape of the histograms, we assumed a
normal distribution of replicated measurements on composite
samples. The irregular shape of the histograms was partly due
to a general bias observed with the plating method (see next
section).

Plating methods are tedious, time-consuming, and inac-
curate. Thus, counts are not frequently replicated and a com-
posite sample collected from replicated plots is preferred. Our
results show that, when used with care, the plating method
does not require many replicates to show significant differ-
ences or changes among populations.

Factors influencing counts. The following factors may
influence counts:

B Medium. Using an artificial medium may result in

some strain selection. We found that in terms of
colonies recorded, there was no significant difference
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18. Histograms of 30 replicated enumerations of total algae (a) and
N,-fixing BGA (b) in a 16-m? experimental plot.

among five classical media (Table 6). However, colo-
nies were larger on Allen and Arnon (1955), BG-11,,
and Dm media.

Cycloheximide, added at 20 ppm to a N-contain-
ing medium, inhibits the growth of eukaryotes but not
prokaryotes, and therefore permits selective enumera-
tion of BGA (Reynaud and Roger 1977).

Table 8. Effect of grinding and stirring the first dilution on BGA
enunmeration in dry soil-based inocula.

Level of significance”

Stirring Grinding

Multistrain soil-based inocula

Nostoc spp. ns ns
Aulosira sp. ns 2%
Unicellular BGA ns ns
Total BGA ns ns
Monostrain soil-based inocula

Nostoc sp. 1 ns ns
Nostoc sp. 2 ns 5%
Anabaena sp. ns 2%
Scytonema sp. ns ns
Tolypothrix sp. ns ns

“Results are the level of significance of variance analysis for 9 treatments (2 factors at
3levels). Values are the mean of triplicate counts at two consecutive dilutions and were
transformed into log for analysis. ns = not significant.
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19. Correlation between counts (a) and logarithms of BGA counts (b)
in 589 soil samples at two consecutive dilutions (n and n+1).

M Grinding and stirring. Counts depend on the reliability
of the dilution method. Unicellular strains that aggre-
gate into packs (Humphries and Widjaja 1979) and
filamentous forms such as Oscillatoria and Lyngbia
are difficult to separate into cells. Fragmentation of
moniliform filaments, which are easily separated from
Anabaena and Nostoc, may give inflated counts.

We tested the effect of grinding and stirring on
counts during dry sample preparation. Six soil-based
inocula were ground and sieved at 2.0, 1.0,0.4, 0r 0.25
mm and ‘then stirred for 15, 30, or 60 min when
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21. Histograms of the average number of colonies counted on
triplicate petri dishes by four independent operators.

preparing the 10" dilution. Stirring for more than 15
min did not increase the count (Table 8). Grinding to
a particle size less than 0.25 mm significantly de-
creased the count in 3 samples. Thus, drastic grinding
must be avoided.

B Competition on petri dishes. The competition among
colonies on petri dishes was studied from triplicate
counts at two consecutive dilutions from 589 soil
samples. Figure 19 presents the linear regression for
the original values and for the logarithms of counts.
The ratio between counts at two consecutive dilutions,
which theoretically should equal 10, is about 6. This
probably results from competition among the usually
large BGA colonies on peiri dishes.

W Bias in the relative frequencies of the first digit. The
relative frequencies of the first digit (1-9) of large
numbers of counts by four operators correlated nega-
tively with the value of the digit (Fig. 20). Lower digits
occurred much more frequently than higher ones,
although an even distribution was expected. This bias

is caused by the range and distribution of the colonies
counted per dish, and by the lower-than-theoretical
value (10) of the ratio between counts at two consecu-
tive dilutions. i
We studied the relative distribution of the BGA
colonies counted per dish by four operators (Fig. 21).
They usually counted 5-50 colonies per dish, and the
relative distribution of counts varied significantly
with the operator. Operators usually did not count
dishes with more than 50 colonies. Because dishes
with more than 50 colonies are crowded and difficult
to count, and because competition causes underesti-
mation of the populations, operators counted at the
next dilution. At the next dilution, plates have six
times less colonies instead of the theoretical 10 times
less. This replaces expected values ranging from 6 to
9.9 with values ranging from 10 to 16, leads to many
data with a first digit of 1 (Fig. 22), and explains the
bias observed in the distribution of the first digit.
Advantages and disadvantages. Plating soil suspension-
dilutions has one major advantage—it is the only method that
permits simultaneous enumeration, identification, and isola-
tion of the algae present.
Three major limitations are.as follows:

" W The plating method uses an artificial medium which
may result in some strain selection and may not ensure
the development of all species present. Relative growth
frequencies may be altered. Gupta (1966) compared
direct counts and soil culture. He pointed out that,
while many species were observed both in situ and in
soil cultures, some BGA (Gloeotrichia and Apha-
nothece) were recorded only in situ and others (e.g.,
Fischerella) only in soil cultures.

® The method does not distinguish actively growing
cells or filaments from spores or propagules dormant
in the soil. ‘ :
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22. Schematic representation of the origin of the bias observed in the
distribation of the first digit of BGA plate counts.




M Because of competition among too many colonies, a
bias is introduced in the numerical values, and strains
present at densities lower than 1% of CFU are usually
not recorded. Thus the method is suitable only for
quantitative estimation of the major strains present.

Because of the limitations, plate count results should not

be presented with decimals. Results should indicate the aver-
age colonies counted and the dilution. For example, if an
average 43.7 colonies are counted at the 10 dilution, results
should be presented as 44 x 10* CFU/cm? and not as 4.4 x 10°.

Plating techniques can be improved by determining the

mean volume of each “count unit” (cell, filament, or colony,
depending on species) by directly examining the first dilution
and multiplying the results by the corresponding “volume
unit” (Roger and Reynaud 1977). However, this indirect
method lacks accuracy.

CONCLUSION

The study of the distributional ecology of BGA in wetland
soils shows that their populations, biomass, and N,-fixing
activity usually have an aggregative distribution that approxi-
mates a log-normal pattern. This distribution is observed for
single-locus samples collected in the same plot and for single-
locus and composite samples collected in replicated plots.

Because of the log-normal distribution of BGA,

B the CI and parametric statistical variables (e.g., Stu-
dent-Fischer t-variable) must be calculated using the
logarithms of the original data, and

B a higher sampling density and more replicates are
needed to obtain a given accuracy than with normal
distributions.

The composite sample method markedly decreases
measurement variability within a plot and increases reliability
of data. However, variability among plots is unlikely to
decrease. Therefore, the accuracy of the mean of measure-
ments in replicated plots depends more on the number of plots
than on the accuracy of individual measurements. The analy-
sis of large sets of field measurements shows that the number
of replicated plots needed for a highly accurate measurement
(i.e., a CI less than 20% of the mean) cannot be performed
reasonably in a field experiment. Usually, measurementsin 10
replicated plots provide 0.50 accuracy for which the CI is
equal to the mean. Normally, statistically significant differ-
ences between values with aratio of about 3 can be established
from 5 replicated plots. Ten replicates separate values with a
ratio of 2. Most field experiments on rice have 3-4 replicates.
This is adequate for yield estimates—which are normally
distributed—but may be low for BGA studies.

There is no universal method for determining BGA
abundance: Choice of the method(s) depends on the state of
the field, the purpose of the measurement, and, in many
instances, manpower availability. Table 3 compares the meth-
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ods’ suitability for different variables and environmental
situations.

In soils with no visible algal growth, we recommend the
plating method, using a composite sample collected on area
basis. To compare different soils, collect only the first 0.5 cm
of soil. Deeper soil samples may be collected for estimating
dormant spores or propagules in the soil. The plating method
can also be used in fields with visible algal growth, especially
to study the fate of an inoculated strain. For a quantitative
estimate of the algal biomass, direct biomass measurements
combined with visual records of abundance are much more
accurate, informative, and less tedious than plating.

Measuring biomass from cell number and size is time-
consuming and liable to subjective errors in volume determi-
nations. An algal biomass of agronomical significance is
visible to the naked eye and, in most cases, can be estimated
by direct measurements.

In flooded ricefields, when algal growth is moderate and
the rice canopy is not too dense, the most convenient way to
estimate BGA biomass is the square count method combined
with direct measurements using a quantitative composite
algae sample. When algae are abundant or a bloom develops,
direct biomass measurements are best combined with the
record of an index of abundance, preferably performed by
several operators. These methods should be combined with
the collection of a composite sample to identify dominant
strains and determine fw, dw, and ash, N, C, and P contents.

Among available methods for quantitative estimation of
algal populations, only plating soil suspension-dilutions per-
mits simultaneous enumeration, identification, and isolation
of most algae present. However, the method does not distin-
guish actively growing cells or filaments from spores or
propagules dormant in the soil, and uses an artificial mediom
which may result in some strain selection. Because of compe-
tition among colonies on petri dishes, quantitative estimates
are biased and strains present at densities lower than 1% of
CFU are usually not recorded. Therefore, the plating method
is suitable only for quantitative estimation of the major strains
present.

Biomass harvest and visual estimate methods for deter-
mining algal abundance can also be used for eukaryotic algae.
The plating method can be adapted for eukaryotic microalgae
by using suitable culture media and conditions of incubation.
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