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Abstract Seasonal variations in microalgal communities
were compared between surface and subsurface paddy soils
in Osaka, Japan. Soil samples were collected from depths of
0–1 (surface), 8–9, and 17–18cm. Diatom cells were counted
directly, and the numbers of other microalgae were esti-
mated using a culture method. The microalgal community
as well as the soil properties changed drastically in the
surface soil as a consequence of alternate flooding and
drainage. In the soil collected at a depth of 0–1cm, the cell
density of diatoms and the viable count of other microalgae
markedly increased, and Chlorella spp., Nitzschia spp., and
Navicula spp. were predominant during the flooding period,
whereas Scenedesmus spp. and Hantzschia spp. were pre-
dominant during the drainage period. In contrast, in the
soils collected at depths of 8–9 and 17–18cm, the cell density
of diatoms and the viable count of other microalgae re-
mained constant. Despite the unavailability of light, a large
number of microalgae were present in these subsurface soils
throughout the annual cultivation cycle, and Scenedesmus
spp. and Nitzschia spp. were always dominant. Cyanophytes
were also present at all the depths but had low relative
frequencies. These results suggest that the algae that are
predominant in paddy soil can survive not only drastic
changes in water content but also complete darkness.

Key words Seasonal variation · Microalgae · Surface paddy
soil · Subsurface paddy soil

Y. Fujita (*)
Lake Biwa Museum, Oroshimo 1091, Kusatsu, Shiga 525-0001, Japan
Tel. +81-77-568-4811; Fax +81-77-568-4850
e-mail: fujita@lbm.go.jp or fujita.yuko@yacht.ocn.ne.jp

H. Nakahara
Department of Natural Resources, Graduate School of Global
Environmental Studies, Kyoto University, Kyoto, Japan

Introduction

Paddy fields are artificial wetlands that are frequently dis-
turbed by repetitive intense agricultural practices such as
flooding, drainage, and ploughing as well as the application
of fertilizers and herbicides. Algae function as primary
producers in paddy water and surface soil and occupy an
important position in the paddy field ecosystem during
both the flooding and drainage periods (Roger 1996).
Cyanophytes are known to have beneficial effects on the
productivity of wetland rice fields (Mandal et al. 1999). In
Thailand and Laos, filamentous algae such as Spirogyra spp.
in paddy fields and vicinal waters are occasionally used for
food (according to interviews with villagers; Peerapornpisal
2005). On the other hand, in Japanese and Australian paddy
fields, large mats and slime that are dominated by filamen-
tous algae or diatoms retard the growth of rice seedlings
(Yamagishi and Hashizume 1974; Noble and Happey-
Wood 1987). This problem has resulted in the use of herbi-
cides and algicides.

Many species of cyanophytes have been reported to be
capable of fixing atmospheric N2. Additionally, many stud-
ies have been conducted in Asian countries to evaluate the
ability of cyanophytes to enhance crop yield when they are
added to paddy soils (Roger and Kulasooriya 1980; Reddy
and Roger 1988; Watanabe and Liu 1992). In Japan, some
ecological studies demonstrated that microalgal cell densi-
ties in paddy water decrease because of grazing or the lack
of available light resulting from the rice canopy (Ichimura
1954; Kurasawa 1957; Kikuchi et al. 1975; Taira and
Hogetsu 1987). The algal community structures in paddy
water or paddy soil differ depending on the conditions of
fertilization (Taira and Hogetsu 1987; Fujita and Nakahara
1999). Diatoms are well known to be abundant in paddy
fields (Kikuchi et al. 1975; Taira and Hogetsu 1987; Ohtsuka
and Fujita 2001). However, regardless of the algal group,
limited information is available regarding algal composition
or succession in paddy soils.

It is generally assumed that algae, being phototrophic
microorganisms, are restricted to illuminated areas. How-
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ever, common cultivation practices, such as ploughing and
puddling, carry the algae in the paddy water and surface soil
to the deeper unilluminated areas and those in the deeper
soil to the illuminated areas. Soil algae are known to survive
below the soil surface, and some strains can grow het-
erotrophically (Khoja and Whitton 1971; Metting 1980).
Viable algal propagules are present at depths as great as
1m (Kamat and Patel 1973). Thus, the algal population
may survive in subsurface paddy soils despite the dark
conditions.

In the present study, we investigated the seasonal varia-
tions in the abundance and composition of microalgae in
paddy soil, focusing on the differences between the surface
and subsurface layers.

Materials and methods

Study site

Sampling was conducted in the paddy field of the experi-
mental farm of Kyoto University, which is located near the
center of Takatsuki in Osaka Prefecture in central Japan,
from June 11, 1995 to April 26, 1996 (Fig. 1). The area of the
experimental paddy field is 0.1ha. The cultivation calendar
of the paddy field is shown in Table 1. The paddy soil was
ploughed to a depth of approximately 15cm. The irrigation

water for the paddy field was obtained from an agricultural
reservoir approximately 1km away from the farm; it flowed
through a residential area including farmlands. Domestic
waste may partly flow into the irrigation ditch. In this ar-
ticle, flooding indicates that the paddy field was submerged
in irrigated paddy water, and drainage indicates that the
paddy water was drained and that no irrigation water
flowed into the paddy field. Flooding was started on June
12, 1995. The depth of the water in the paddy field was
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Fig. 1. Map of the experimental paddy field and the sampling sites

Table 1. Cultivation calendar of the paddy field

Year Month Date Sampling Agricultural practice Fertilizer, pesticide

1995 April 21 Ploughing
May 25 Ploughing
June 11 �a

12 Flooding
13 � Fertilization 30-100-30 kg ha−1c

Puddling and leveling
14 �
15 �
16 � Transplanting
17 �
18 �
29 Herbicide application Bensulfuron methyl: esprocarb

July 13 Topdressing 20-0-20 kg ha−1

18 �
August 2 Topdressing 20-0-20 kg ha−1

14 Topdressing 30-0-30 kg ha−1

18 �
September 1 Insecticide application Uprofezin: fenobucarb
October 6 � Beginning of drainage

9 � (Disappearance of paddy water)
10 �b

11 �
12 �
16 �
20 Harvest
23 Ploughing

December 28 �
1996 January 12 Ploughing

March 11 �
April 26 �

a Soil properties were determined and microalgae were counted
b Soil properties were determined but microalgae were not counted
c N-P-K (chemical fertilizer)
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maintained at 5–10cm during the flooding period. After
sampling on October 6, 1995, the paddy water was gradually
drained, and the drainage was completed on October 9,
1995.

Sampling

The sampling dates are also shown in Table 1. Frequent
surveys were conducted immediately after flooding and
drainage because it was expected that the drastic resultant
physicochemical changes would affect the algal population
in the paddy soil.

Three sampling sites were selected in the field. These
sites were located more than 10m away from the water inlet
and outlet points (Fig. 1E). Duplicate cores of soil were
collected at each sampling site by using a plastic core sam-
pler with a diameter of 38mm and a length of 500mm (Fig.
2A). During the flooding period, the surface water, which
occasionally contained large algal mats close to the bottom,
was removed (Fig. 2B). Soil subsamples were collected at
depths of 0–1, 8–9, and 17–18cm from each soil core as
representatives of the illuminated zone, the unilluminated
zone that is ploughed as a result of agricultural practices,
and the unploughed unilluminated zone, respectively (Fig.
2C).

Counting of microalgae

A composite sample was prepared from six replicate
subsamples collected at each depth. Each composite sample
(wet weight, 0.8–1.5g) was placed in a flask and diluted 100
fold with distilled water. After shaking for 1h with a me-
chanical rotary shaker, an aliquot of the soil suspension was
fixed with Lugol’s solution at a final concentration of 1% for
diatom counts. The number and relative frequency of dia-
toms were determined by directly counting the diatom frus-
tules in the fixed soil suspension using a hemocytometer
under a light microscope. The frustules with chloroplasts
were counted as viable diatom cells. To estimate the num-
ber of microalgae other than diatoms, we adopted the
following culture method. A 0.1-ml aliquot of the soil

suspension was filtered through grid-marked filters with a
pore size of 0.45µm. These filters with the trapped soil
particles and algal cells were placed on 1% agar CT medium
(Watanabe and Ichimura 1977) in a petri dish and incubated
at 20°C under a 14:10 L:D cycle with a photon flux density
of 40µmolm−2 s−1. Incubation was started within 12h of soil
sampling. After more than 3 weeks of incubation, the
microalgal colonies that had appeared on the surface of
the filters were counted under a stereoscopic microscope.
The microalgal counts were conducted on five replicate
filters for each composite soil sample. After incubation, one
of the five replicate filters was used to determine the relative
frequency of the microalgae. A total of 100 colonies were
isolated along the grid on the filter, and subsequently, they
were cultured in Bold’s basal medium (Bischoff and Bold
1963), BG11 medium (Rippka et al. 1979), or agar/liquid CT
medium. These isolates were identified based on the mor-
phological characteristics that appear during their life cycle
(Komárek and Fott 1983; Anagnostidis and Komárek 1985,
1988, 1990; Komárek and Anagnostidis 1986, 1989; Ettl and
Gärtner 1995).

Physicochemical parameters of paddy soil

The water content of the soil samples was determined gravi-
metrically by heating them at 105°C for 24h. The pH of the
soil samples was determined from soil suspensions that
were prepared by mixing air-dried soil and water in a ratio
of 1 :5 (TOA HM-5S). The total carbon (TC) and total
nitrogen (TN) contents were determined using a CN ana-
lyzer (Yanaco MT-500). The phosphorus content was deter-
mined by the Bray No. 2 method (Bray-P) as follows
(Blakemore et al. 1987). The phosphorus in the soils was
extracted by shaking 2.5g air-dried soil in 25ml 0.01M HCl
and 0.03M NH4F. The extracted phosphorus was estimated
by the molybdate blue method using ascorbic acid as the
reductant.

Results

Soil properties

Figure 3 shows the seasonal variations in the water, TC, TN,
Bray-P content, and pH in the soils. The water content of
the soil samples collected at a depth of 0–1cm (0–1cm soil)
increased sharply immediately after flooding, whereas it
decreased gradually after drainage. On the other hand, the
water content of the soil samples collected at depths of 8–9
(8–9cm soil) and 17–18cm (17–18cm soil) remained in the
range of 20.0%–30.0% throughout the experimental period.
The TC and TN content in the 0–1cm soil also increased
considerably during the flooding period, although there
were marginal changes in the 8–9cm and 17–18cm soils.
There were few differences in seasonal variation in pH and
Bray-P between the 0–1cm soil and those collected at sub-
surface depths. The mean TC, TN, and Bray-P content were
the highest in the 0–1cm soil.

paddy water

paddy soil

soil samples

8-9 cm

17-18 cm

0-1 cm

(A) (B) (C)

Fig. 2. Method for collecting soil samples
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Total viable counts of microalgae

In the present study, we have used the term DCD to indi-
cate the total cell density of the viable diatom cells and VC
to indicate the total viable count of the other microalgae
obtained by counting the colonies on the filters on the agar
CT medium after incubation.

Figure 4 shows the seasonal variations in the DCD
and the VC. The DCD in the 0–1cm soil gradually in-
creased immediately after flooding, was maintained at
106 cells cm−3 during the flooding period, and decreased
after drainage. In contrast, DCD in the 8–9cm and 17–18cm
soils changed slightly throughout the experimental period,
and the levels were similar to that observed in the 0–1cm
soil during the drainage period.

No significant increase was observed in the VC of the 0–
1cm soil 1 week after flooding, although the water content
increased rapidly from 13.9% to more than 40%. VC in the
0–1cm soil reached approximately 107 colony-forming units
(CFU) cm−3 on July 18 and remained high until October 16,
i.e., at 10 days after the start of drainage, and thereafter
decreased to a level similar to that before flooding. VC in
the 8–9cm and 17–18cm soils remained constant through-
out the experimental period.

Seasonal variations in the generic composition
of microalgae

The generic composition and mean relative frequencies of
diatoms are shown in Fig. 5 and Table 2. Each relative
frequency indicates proportion compared to DCD. With
regard to diatoms in the 0–1cm soil, we cite the published
data from a study (Ohtsuka and Fujita 2001) that discussed
the seasonal pattern and the taxonomic characteristics of
diatom species by using the same soil samples. The seasonal
variation in the generic composition of diatoms in the 0–
1cm soil was different from those at the subsurface depths.
In the 0–1cm soil, Nitzschia spp. continued to be dominant,
with high relative frequencies ranging from 23% to 69%
from June 11 before flooding to October 16 just after drain-
age; however, these diatoms were not observed during the
drainage period. The relative frequency of Navicula spp.
increased during the flooding period and decreased after
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Fig. 4. Seasonal variations in total cell density of diatoms (DCD) and
total viable count of other microalgae (VC)

Table 2. Mean relative frequency of each diatom genus (%)

Genus Depth of soil

0–1 cm 8–9 cm 17–18 cm

Nitzschia 39.0 15.6 16.6
Navicula 15.1 21.5 23.6
Hantzschia 8.6 10.8 13.7
Caloneis 1.6 1.2 1.4
Craticula <1.0 1.4 <1.0
Encyonema <1.0 1.1 <1.0
Fallacia 2.3 1.8 <1.0
Luticola 7.5 2.3 1.6
Neidium 1.1 2.6 2.2
Pinnularia 11.4 7.7 6.4
Placoneis 1.5 5.2 4.8
Sellaphora <1.0 <1.0 <1.0
Stauroneis 1.6 1.0 <1.0
Surirella 4.0 3.8 1.7
Tryblionella 1.9 7.1 8.0
Others 3.0 16.2 16.8
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drainage. The relative frequency of Hantzschia spp. showed
a marked increase after drainage, with a maximum relative
frequency of 53% on March 11, although it was always very
low during the flooding period. The relative frequency of
Luticola spp. was rather high during the drainage period
and 1 week after flooding. Caloneis spp., Fallacia spp.,
Placoneis spp., and Tryblionella spp. appeared after
flooding and disappeared with the decrease in water content
after drainage. Pinnularia spp., especially Pinnularia

subcapitata W. Greg. var. elliptica Krasske, were observed
throughout the experimental period.

In the 8–9cm and 17–18cm soils, the relative frequency
of Navicula spp. remained high during the flooding period
but decreased after drainage. The high relative frequency of
Nitzschia spp. was maintained in these subsurface soils dur-
ing the experimental period. Hantzschia spp., Pinnularia
spp., Placoneis spp., and Tryblionella spp. occasionally
showed high relative frequencies both in the 8–9cm and

Fig. 5. Seasonal variations in ge-
neric composition of diatoms
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17–18cm soils. However, no specific trends in their varia-
tions were observed.

The generic composition and mean relative frequencies
of the microalgae, except diatoms, are shown in Fig. 6 and
Table 3. Each relative frequency indicates proportion rela-
tive to VC.

A variety of chlorophytes were observed at every depth.
In the 0–1cm soil, Scenedesmus spp., Chlorococcum spp.,
and Chlorella spp. were predominant, showing high relative
frequencies during the drainage period and 1 week after
flooding. Scenedesmus spp. included two abundant species
(Fig. 7A–C) and other infrequent species. Chlorella spp.
included Chlorella vulgaris Beij., Chlorella sorokiniana
Shihira et Krauss, and several other species. Chlamydomo-

Fig. 6. Seasonal variations in ge-
neric composition of microalgae
excluding diatoms
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Table 3. Mean relative frequencies of microalgal genera excluding
diatoms (%)

Alga Depth of soil
genus

0–1 cm 8–9 cm 17–18 cm

Chlorophytes 83.7 81.5 76.2
Chlorella 22.7 4.4 1.7
Scenedesmus 25.2 43.1 41.6
Myrmecia 3.9 10.7 11.1
Chlorococcum 9.5 3.4 2.4
Scotiellopsis 1.6 4.8 3.0
Bracteacoccus <1.0 <1.0 <1.0
Other chlorophytes 20.0 14.9 16.0

Cyanophytes 12.7 14.8 17.3
Nostoc 2.2 6.0 7.8
Anabaena <1.0 2.3 2.2
Leptolyngbya 3.9 3.6 3.8
Other cyanophytes 5.7 2.9 3.4

Others 3.6 3.6 6.5

Fig. 7. Two dominant species of Scenedesmus (A, B, C) and dominant
species of Chlorella (D). A and B are different stages of the same
species. Such morphological variability in the culture was observed in
Scenedesmus isolated from a Connecticut soil (Trainor 1964, 1965,
1969)

relative frequencies of the two abundant species of
Scenedesmus averaged 13.1% and 15.5%. Among
chlorophytes, Myrmecia spp. sometimes showed high
relative frequencies, and Scotiellopsis terrestris (Reisigl)
Punčoch. et Kalina frequently occurred with low relative
frequencies at both 8–9cm and 17–18cm. Nostoc spp. were
the most predominant cyanophytes in both the 8–9cm and
17–18cm soils, followed by Leptolyngbya spp. and Ana-
baena spp. All the microalgal species isolated from the 8–
9cm and 17–18cm soils were observed in the 0–1cm soil.

The relative frequencies of other algae, including
Heterococcus sp. and Xanthonema sp., were always consid-
erably low at each depth. Algal species belonging to
Charophyceae and Ulvophyceae were observed only
occasionally.

Discussion

The results of the present study can be summarized based
on the following three points. (1) During the experimental
period, the community structure of the microalgae in the
paddy soil changed markedly in the surface soil but only
marginally in the deeper soil. (2) High microalgal abun-
dance was continuously maintained in the deeper soil
despite the unavailability of light. (3) Scenedesmus spp.,
Nitzschia spp., and Navicula spp. were predominant at all
depths.

Based on the soil properties analyzed, it is obvious that
the microalgal community in the surface soil reacted to
changes in the environmental conditions, which were
strongly affected by alternate drainage and flooding during
rice cultivation. There are two possible reasons for the high
DCD and VC during the flooding period in the 0–1cm soil.
One is influx of microalgae present in the irrigation water.
The most abundant Chlorella species in the flooded 0–1cm
soil were rarely observed after drainage. Certain diatoms,
such as Navicula rostellata Kütz., Tryblionella parvula
(W. Sm.) Ohtsuka et Y. Fujita., and Tryblionella calida
(Grunow) D.G. Mann., were present at relatively high cell
densities only during the flooding period (Ohtsuka and
Fujita 2001). These results imply that the Chlorella species
and these diatoms are among aquatic species that are sus-
ceptible to desiccation and that these species flowed into the
paddy field along with the irrigation water, increased in
number on the soil surface, and disappeared after drainage.
Another reason for the high DCD and VC is that flooding is
advantageous to certain edaphic microalgae that are
present throughout the cultivation cycle. The calculated VC
of Scenedesmus spp. increased from 105 CFUcm−3 to
106 CFUcm−3 during the flooding period. Additionally, the
numbers of many diatom species increase during the
flooding period (Ohtsuka and Fujita 2001).

Several days after flooding, VC and the generic composi-
tion in the 0–1cm soil rarely changed, although Chlamy-
domonas spp. bloomed in the surface paddy water; this is
primarily because the dispersion of clay particles by pud-
dling, leveling, transplanting, and intermittent rain de-
creased the available light that reached the soil surface.
Evans (1959) indicated that the longer the resting period
during drought, the longer it takes for the resting algal cells
to readjust their metabolism and begin growing when water
becomes available. In the present study, certain algae may
have taken more than 1 week until they began growing after
the drainage period, which lasted several months.

The DCD, VC, and the relative frequencies of the domi-
nant genera in the 0–1cm soil continued to remain high 10
days after drainage, while the water content rapidly de-
creased. This result indicates that the microalgae dominant
during the flooding period were tolerant to such changes in
the water content. Thus, the changes of water content do
not necessarily induce immediate active growth or decay of
microalgae.

The sum of the DCD and VC ranged from 1.0 × 105 to
1.3 × 107 CFU or cells cm−3 in the 0–1cm soil. This range is



90

within the microalgal abundance range of 1.0 × 104 to 5.3 ×
107 CFUcm−2 that was observed in the 0–1cm soils of rice
fields in Asian countries (Roger et al. 1987).

The constant DCD and VC in the 8–9cm and 17–18cm
soils were equivalent to those observed in the 0–1cm soil
during the drainage period. However, a few studies on dry
fields concluded that as a consequence of the availability of
light soil algae were distributed abundantly in the surface
soil and sparsely in the deeper soil (Muralikrishna et al.
1985; Lukešová 1993). This difference can be partially ex-
plained on the basis of the characteristics of the cultivation
practices in paddy fields. Our experimental field was
ploughed several times at short intervals during the cultiva-
tion cycle. Ploughing, as pointed out by Roger (1996), en-
ables the penetration of superficial viable algae into deeper
soil. Because the depth of 17–18cm is a few centimeters
deeper than the depth to which the soil was ploughed, the
algae may have been carried into this layer primarily by the
percolation of paddy water and rainwater (Tchan and
Whitehouse 1953) and the continuous activities of root and
soil fauna. Evans (1959) studied the survival of freshwater
algae in pond margin litter and mud during the dry period
and suggested that some algae, particularly diatoms, de-
scended progressively into the deep layers as the water level
dropped when drying occurred at the surface. This finding
may help to explain the high DCD in deeper soils. The fact
that the number of species decreased with an increase in the
soil depth has already been demonstrated in studies con-
ducted in various types of fields (Azevedo 1991; Lukešová
1993).

The survival mechanisms of algae in darkness are impor-
tant to explain the high microalgal abundance and the pre-
dominance of specific algae in deeper soils. Many algae can
resist adverse conditions, such as complete darkness, by
entering into a resting stage (Anderson 1976). Dehning and
Tilzer (1989) reported that Scenedesmus acuminatus could
survive during a prolonged period of darkness by reducing
its catabolic reactions. Moreover, some soil chlorophytes
and cyanophytes, including one isolate from rice fields, are
known to grow by using organic compounds under dark and
anaerobic conditions (Groover and Bold 1969; Metting
1980; Prosperi et al. 1992). The results of this study show
that a large number of microalgae survive under dark con-
ditions in subsurface soil. However, these results do not
indicate whether the predominant algae in the 8–9cm and
17–18cm soils were actively growing or resting.

The culture method is useful for accurate identification
of algae on the basis of observation of their life cycles.
However, certain species may not grow in the media that
were used for this study because of the strain selection
caused by the media. In the present study, the VC of these
filamentous algae appeared to be underestimated because
large mats that formed by filamentous algae were not sepa-
rated by shaking.

The increases in TC, TN, and Bray-P content in the 0–
1cm soil were largely caused by fertilizer applications in
June, July, and August. Based on the data analyzed by the
Agricultural, Food and Environmental Sciences Research
Center of Osaka Prefecture, the TC and TN content and the

pH in paddy soils in Osaka Prefecture are 1.76% ± 0.40%
(mean ± SD; n = 83), 0.16% ± 0.03%, and 5.9 ± 0.5, respec-
tively. The mean Bray-P content of 84 Japanese paddy soils
was 129mg P2O5 kg−1 (Kyuma 2004) and that of three paddy
soils in Kyoto Prefecture was 356 ± 50mg P2O5 kg−1 (Fujita
and Nakahara 1999). Compared with these values, the
Bray-P content determined in this study was remarkably
high, although the TN and TC content and pH were similar.
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