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Abstract. Lowland sawah farmers often puddle to improve
soil hydrophysical conditions for rice, but the puddling intensity
beyond which no extra yield increases occur is unknown. Agro-
nomic effects of six mechanical puddling intensities were assessed
in three Nigerian inland-valley bottoms. All puddled plots, irrespec-
tive of intensity, produced similar effects at all three locations. At 10
days after transplanting, soil bulk density of all puddled plots re-
presented mean decreases relative to control plots of about 22.4,
15.8, and 31.7% at Akaeze, Adani, and Ejeti, respectively. Soil bulk
density and moisture content upon saturation were similar during
40-120 days after transplanting. All puddled plots consistently
showed taller plants and greater tillering than control plots only at
Ejeti. Grain yields were similar among treatments in Akaeze and
Adani (mean, 3.71 and 6.42 Mg ha™', respectively), but one-pass
puddling yielded numerically highest in both locations. At Ejeti,
grain yields followed the trend for plant growth, with mean values
of 4.36 and 1.81 Mg ha™ for puddled and control plots, respecti-
vely. One-pass puddling may be sufficient for sawah rice grown
late particularly in less humid environments.

Keywords: power-tiller passes, lowland sawah systems,
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INTRODUCTION

The superiority of sawah systems over traditional rice
(Oryza sativa L.) culture in West Africa is no longer deba-
table (Nwite ef al., 2008; Obalum ef al., 2012; Ofori et al.,
2005). Sawah is a term adopted from Indonesia referring to
an ecologically engineered lowland rice field, one that is pro-
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perly demarcated using bunds, puddled, leveled and row-
transplanted to a high-yielding variety and, thereafter, kept
under regulated flooding and routine fertilization. Lately,
the research has been focused on reducing the cost of the
system for enhanced acceptability to farmers. However,
most of the studies in this regard concentrated on alternative
fertilization strategies (Buri et al., 2004, 2008; Nwite et al.,
2008, 2011). Under the sawah system, land preparation
using a hand-operated power tiller is routinely done. This
involves ploughing and puddling (wet tillage) to destroy soil
aggregates, and sometimes leveling, thereby leaving soil
hydrophysical conditions desired by the rice crop. Puddling
with the power tiller is drudgery and costly in terms of time
and fuel consumption. Moreover, interventions are often
needed to facilitate the reformation of aggregates of puddled
soils (Igwe et al., 2012). Puddling must therefore not exceed
the intensity beyond which there are no significant increases
in rice yields. This would help to sustain the cost-effective-
ness of the sawah systems, and avert any adverse agronomic
and environmental effects of such unguided puddling.
Improvements in soil hydrophysical conditions due to
puddling are often viewed as contributing greatly to high
yields of sawah rice (Obalum ez al., 2012), but little is known
about the optimum puddling intensity for lowland sawah sy-
stems. By contrast, poor water control and low soil fertility
have been identified as the key constraints to high yields of
rice under the sawah systems (Asubonteng et al., 2001).
Indeed, several studies have demonstrated the positive con-
tributions of the bunding aspect of sawah to field water
control, soil fertility management, and rice yields (Becker
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and Johnson, 2001; Issaka et al., 2009; Toure et al., 2009).
There is thus a need for data on the effects of puddling
intensity (number of power tiller passes in a sawah plot) on
lowland sawah performance, whereby all plots are bunded
and maintained under similar soil water and fertility mana-
gement throughout the growing seasons.

Soil bulk density (BD) is often used as a measure of pud-
dling efficacy. Mousavi et al. (2009) noted that there are
divergent views about puddling effects on soil physical con-
ditions and rice yields. Generally, the finer the soil texture,
the greater is the effect of puddling on soil physical condi-
tion (Kirchhof and So, 2005a; Mambani et al., 1990;
Obalum et al., 2011). The puddling effect on rice yield also
depends on soil texture, being evident in medium-textured
soils (Mambani ef al., 1990; Singh et al., 2001), but not in
sandy-loam and fairly clayey soils (Bajpai and Tripathi, 2000,
Lal, 1986; Mambani et al., 1990; Ogunremi et al., 1986).
Similarly, puddling intensities usually influence rice yields
in medium-textured soils, but not in sandy-loam soils and
fairly clayey soils (Kirchhof and So, 2005b; Kukal and
Aggarwal, 2003; Mohanty et al., 2004). Arora et al. (2006)
showed in an Indian sandy-loam soil that, rather than
puddling intensity, the irrigation regime had a greater
impact on rice grain yield.

Therefore, the advice by Ogunremi et al. (1986) that
tillage requirements for lowland rice be evaluated in terms
of soil texture and field water conditions may benefit West
African sawah research and development. Besides the
underlying role of soil texture on the effects of puddling on
lowland soils and rice, the data of Mambani ez al. (1990) and
Kirchhof et al. (2000) suggest that texturally similar soils
could respond differently to puddling treatments if they
occur in climatically diverse environments. The present
study was hence conducted in three different inland-valley
ecosystems in Nigeria to assess, in relative terms, the tem-
poral variations in soil hydrophysical conditions and growth
and yield of sawah rice grown with and without puddling at
varying intensities. The objective was to establish the
threshold beyond which further puddling will not increase
rice yield.

MATERIALS AND METHODS

The study was conducted in lowlands occurring in three
popular rice-growing environments in Nigeria, including
Akaeze and Adani in the south and Ejeti in the north-central
region in the 2009 (Akaeze and Ejeti) and 2010 (Adani and
Ejeti) cropping seasons. In southern Akaeze and Adani oc-
curring in the Derived Savanna zone, the geologic material
is Shale formation with sand intrusions, whereas the Ejeti
area in the Northern Guinea Savanna zone is underlain by
Nupe sandstones. The lowlands in all the three study sites
correspond to inland valleys. In the USDA classification
system, the soils are sandy-loam Entisol at Akaeze and loam
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Inceptisols at Adani and Ejeti (FDLAR, 1990). Some
climatic features, as well as basic soil characteristics before
the field studies, are shown (Table 1).

None of the selected sites was cultivated to rice in the
last few years. The soils are all deep and hydromorphic and
occur on a fairly level topography (slope rarely > 0.5%). By
August when the field study was started, the water table in
all the three locations was fluctuating around the soil sur-
face, as evident from topsoil saturation in the open fields.

In early August of each year, the experimental plot at
each site was manually cleared and debris removed. The
top-soil (20 cm) was randomly sampled for analyses before
bunding to mark out 24 sub-plots into which the following
six puddling treatments were replicated four times in a ran-
domized complete block design (RCBD): one-pass pud-
dling (1PP), two-pass puddling (2PP), three-pass puddling
(3PP), four-pass puddling (4PP), four-pass puddling plus
(4PP+) surface dressing, and no power-tiller operations
(debris removal only) which served as the control. Puddling
was done using a two-wheel, 10.5-hp power tiller. The de-
marcating earthen bunds were approximately 0.5 m high.
Inter-bund furrows (about 0.5 m wide) served as canals
between every two blocks, and were used for drainage
whenever the need arose, thus ensuring no interflow of
water among sub-plots. While the sub-plot size was 8 X 5 m
at Akaeze and Adani, it was 12 x 4 m at Ejeti.

The sub-plots were flooded before the puddling opera-
tion. 1PP entailed shallow puddling to a depth of about 8-10 cm,
whereas 2PP, 3PP, and 4PP entailed shallow puddling fol-
lowed by additional puddling to a deeper layer of about 10-
12 cm. The surface dressing in the 4PP+ treatment, intended
to achieve a zero-slope surface in the concerned sub-plots,
was done using a wooden plank. However, this exercise
entailed more of surface smoothening because of the fairly
level topography of the sites.

The sub-plots were drained to the surface level a day
after applying the puddling treatments, for ease of both trans-
planting and first soil sampling for BD. Then, 21-day-old
seedlings of rice (var. WITA 4/FARO 52) were transplanted
at 2 per hill at a spacing of 20 x 20 cm. This was done on
August 8 and 15, 2009 at Akaeze and Ejeti, respectively and
on August 15 and 20, 2010 at Adani and Ejeti, respectively.
The sub-plots were maintained at negligible ponding for two
weeks, at the end of which they received basal application of
NPK 15-15-15 at 400 kg ha™!. Water was thereafter re-intro-
duced into the sub-plots. Subsequent water management
involved no supplemental irrigation from the canals; only
draining of the sub-plots was done whenever ponding depth
exceeded about 10 cm. At maximum booting, urea was
applied at 150 kg ha'l as top dressing. Weeds were manually
removed wherever and whenever they sprouted and were
due for removal during the growing seasons; no herbicides
were used. Water management, which had been uniform for
all treatments (including the control), was stopped two
weeks before rice harvest.
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Table 1. Some climatic feature and basic characteristics of the top-soils (0-20 cm) in the inland-valleys
Parameters Akaeze Adani Ejeti

Climatic variables
Mean annual rainfall amount (mm) 1 600" 1 700" 1 100°
Range of mean monthly min temperature (°C) 21-23 20-24 15-26
Range of mean monthly max temperature (°C) 29-35 28-36 31-40
Range of relative humidity (%) 55-90 50-90 43-87
Soil properties
Coarse sand (g kg™) 300 26 96
Fine sand (g kg™) 404 378 208
Silt (g kg™ 200 400 460
Clay (gkg™) 96 196 236
Water-stable aggregates (%) 55.0 12.2 24.0
Aggregate stability (%) 48.7 11.9 22.7
Mean-weight diameter (mm) 0.53 0.23 0.27
Bulk density (g cm™) 1.46 1.23 1.35
Saturated hydraulic conductivity (cm h™) 5.25 1.63 1.25
Soil pH-H,0O 4.9 4.9 4.6
Soil pH-KCl 4.1 42 3.4
Soil organic carbon (g kg™) 12.8 16.8 12.5
Total nitrogen (g kg™) 0.7 0.7 1.0
Available P (mg kg™) 4.66 7.46 16.5
Exchangeable potassium (cmol, kg™ 0.05 0.06 0.07
Exchangeable sodium (cmol, kg™) 0.17 0.13 0.33
Exchangeable calcium (cmol, kg™) 1.20 3.40 2.20
Exchangeable magnesium (cmol, kg™) 0.40 1.40 0.90
Exchangeable acidity (cmol kg™ 1.40 3.50 2.40
Cation exchange capacity (cmol kg™) 10.80 7.20 7.20
lBimodally distributed with peaks in July and October, 2unimodally distributed with a peak in August.
Soil samples were collected at 10, 40, 80, and 120 days

after transplanting (DAT) from the topsoil (10 cm) layer of MCp = (Msw — Mpw — Mas)/Ms , (1)
a central 4 m” using 5 X 5 cm cores. Sampling was done in
triplicates; two were used to determine soil BD and the other MCp = (Msw — Mas)/Ms ()

to determine the moisture content both under ponded and
non-ponded field conditions, which were simulated in the
laboratory. To do this, about 20 g samples were placed in-
side two cylindrical vials (Vp, V), saturated with de-ionized
water, and shaken for a few seconds to achieve a level sur-
face. More de-ionized water was added only to V_ to have
about 3 cm of water standing on the soil. The set-up was left
in this condition to equilibrate for 24 h. Then, water depth in
V_ was measured; any ponding water in V, was decanted.
Using V_ and V, the soil moisture content was calculated
for pon<i)ed and non-ponded conditions, respectively, as
follows:

where: MC, and MC,, - soil moisture content under ponded
and non-ponded conditions, respectively, M, —mass of wet
soil and ponding water, Mpw — mass of ponding water
assumed to be numerically equal to its volume, M ;, — mass
of oven-dried soil. For both soil BD and moisture content
analyses, oven-drying was achieved at 105°C for 24 h.
From two centrally located portions, each having 50
plants (10 x 5 rows), data were also collected on plant height
and the number of tillers at 10, 40, and 80 DAT. Harvesting
took place at 120 DAT during December 5-7, 2009 and
December 9-11, 2010 in all the three sites. Grain yield was
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assessed leaving out all 3-row border plants. After cutting
the plants, grains were threshed, winnowed, and weights
taken. Grain yield was reported at 14% moisture content.

The treatments were tested for differences by analysing
the data using an ANOVA procedure appropriate for an
RCBD experiment. For soil BD, comparison was also made
across sampling dates for each puddling treatment using
a general ANOVA procedure, with sampling dates as
factors. Grain yields were also compared among locations in
a similar manner. Treatments effects were considered signi-
ficantly different at p=<0.05, followed by mean separation
achieved by the LSD procedure. All analyses were perfor-
med using the software GENSTAT Discovery Edition 3
(VSN International, Hemel Hempstead, UK).

RESULTS

The responses of soil BD to the various puddling
intensities are shown in Table 2. It was only at 10 DAT that
puddled plots showed significantly (p=<0.05) lower values,
compared to control plots. Notably, apart from Ejeti in the
first year where soil BD was higher in 2PP/3PP than in 4PP/
4PP+, all puddled plots showed similar values at 10 DAT.
The lowering of soil BD at 10 DAT due to puddling was,
however, not significant at Ejeti in the second year. On

average, soil BD was decreased in puddled plots relative to
control plots at 10 DAT by 22.4 and 15.8% at Akaeze and
Adani, respectively. The corresponding extents of reduction
at Ejeti were 31.7 and 11.9% in the first and second years,
respectively. Although the differences at harvest (120 DAT)
were not significant, values for soil BD were higher in all
puddled plots compared to control plots, except for the
second year data at Ejeti.

The data in Table 2 also show an overall trend of signi-
ficant (p=<0.05) increases in soil BD in puddled plots with
time, reaching the highest values during 40-80 DAT, after
which the values dropped at harvest (120 DAT). In those
puddled plots, however, BD values at harvest were consis-
tently higher, compared to the values at 10 DAT. By con-
trast, apart from the second year trial at Ejeti, control plots
showed lower soil BD at harvest than at 10 DAT.

The effect of wet tillage on the gravimetric moisture
content of the sawah-managed soils upon saturation (under
both ponded and non-ponded conditions) at 10, 40, and 80
DAT are shown in Table 3. In general, puddled plots showed
higher soil moisture status than control plots at 10 DAT in all
three locations; however, the differences were significant
(p=<0.05) only at Adani and Ejeti. Also, the soil moisture
content was consistently higher under ponded than non-

Table 2. Temporal changes in the soil bulk density (g cm™) under the various treatments

Days after transplanting

Treatment
10 40 80 120 LSDy .05 10 40 80 120 LSDy s
2009
Akaeze Ejeti
1PP 1.20 1.49 1.59 1.44 0.10 0.97 1.23 1.38 1.36 0.24
2PP 1.27 1.56 1.61 1.50 0.17 1.04 1.25 1.31 1.23 0.18
3PP 1.23 1.53 1.67 1.40 0.14 1.05 1.22 1.26 1.32 ns
4PP 1.25 1.55 1.60 1.43 0.10 0.89 1.23 1.31 1.25 0.23
4PP+ 1.22 1.55 1.73 1.46 0.11 0.90 1.30 1.22 1.28 0.24
Control* 1.59 1.54 1.58 1.39 0.12 1.42 1.27 1.40 1.17 ns
LSDy 05 0.14 ns ns ns 0.14 ns ns ns
2010
Ejeti
1PP 1.15 1.55 1.51 1.48 0.14 1.02 1.66 1.76 1.61 0.18
2PP 1.15 1.45 1.51 1.40 0.14 1.06 1.75 1.81 1.65 0.38
3PP 1.15 1.59 1.45 1.45 0.16 1.07 1.95 1.83 1.66 0.27
4PP 1.16 1.42 1.50 1.32 0.16 1.06 1.85 1.75 1.75 0.22
4PP+ 1.16 1.54 1.48 1.37 0.16 1.03 1.97 1.94 1.70 0.21
Control* 1.37 1.44 1.38 1.32 ns 1.19 1.81 1.74 1.72 0.18
LSDy 5 0.08 ns ns ns ns ns ns ns

1PP — one-pass puddling, 2PP — two-pass puddling, 3PP — three-pass puddling, 4PP — four-pass puddling, 4PP+— four-pass puddling plus

levelling, *debris removal only, ns — not significant. LSD — least significant difference.
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Tabl e 3. Temporal changes in the gravimetric moisture content of the soils following saturation under ponded (P) and non-ponded (N)

conditions under the various treatments

Days after transplanting

Year Treatment 10 40 80
P N Diff. P N Diff. P N Diff.
Akaeze
1PP 0.66 0.54 0.12 0.44 0.34 0.10 0.41 0.25 0.15
2PP 0.51 0.40 0.11 0.48 0.34 0.14 0.43 0.33 0.10
3PP 0.60 0.47 0.13 0.49 0.33 0.16 0.49 0.32 0.17
2009 4pPpP 0.55 0.42 0.13 0.52 0.37 0.15 0.40 0.36 0.04
4PP+ 0.68 0.49 0.19 0.49 0.35 0.13 0.37 0.30 0.07
Control 0.45 0.31 0.14 0.48 0.34 0.14 0.41 0.33 0.08
LSDyg s ns ns ns ns ns ns ns ns ns
Adani
1PP 0.95 0.66 0.29 0.64 0.51 0.13 0.55 0.41 0.14
2PP 1.01 0.68 0.33 0.65 0.46 0.19 0.64 0.52 0.12
3PP 1.17 0.64 0.53 0.79 0.64 0.15 0.77 0.57 0.20
2010 4PP 1.23 0.77 0.46 0.74 0.49 0.25 0.60 0.52 0.08
4PP+ 1.18 0.61 0.57 0.72 0.50 0.22 0.57 0.46 0.11
Control 0.58 0.45 0.13 0.69 0.51 0.18 0.66 0.51 0.15
LSDy 5 0.17 0.14 0.15 ns ns ns ns ns ns
Ejeti
1PP 0.93 0.62 0.31 0.66 0.45 0.21 0.52 0.37 0.16
2PP 1.00 0.66 0.34 0.65 0.52 0.13 0.61 0.49 0.12
3PP 1.22 0.74 0.48 0.79 0.64 0.14 0.73 0.54 0.19
Mean* 4PP 0.97 0.58 0.39 0.74 0.51 0.23 0.58 0.50 0.08
4PP+ 1.02 0.62 0.40 0.75 0.46 0.29 0.54 0.43 0.11
Control 0.61 0.43 0.18 0.72 0.53 0.19 0.65 0.47 0.18
LSDy 05 0.15 0.12 0.14 ns ns ns ns ns ns

Explanations as in Table 2. *Mean for the two years (2009 and 2010).

ponded condition. Such differences were larger for puddled
plots than for control plots at 10 DAT in Adani and Ejeti. On
average, at 10 DAT, soil moisture content was higher in
puddled plots than in control plots by about 33.3 and 49.7%
at Akaeze, 91.0 and 49.3% at Adani, and 68.5 and 49.8% at
Ejeti under ponded and non-ponded conditions, respecti-
vely. As with soil BD, soil moisture content showed an
overall tendency of decreasing in value with time in puddled
treatments but not in the control plots, where instead the
peak values were recorded at 40 DAT (Table 3).

The effect of puddling intensity on rice growth was
assessed by the height of rice plants at three different times
in the growing seasons (Table 4). In 2009, no differences in

plant height existed among the treatments throughout the
growing season at Akaeze; the reverse was the case at Ejeti,
where all puddled plots outperformed the control. In 2010,
some of the treatments showed taller rice plants than the
control only at40 DAT in Adani. The trend for 2009 was still
maintained at Ejeti in 2010. Also, the effect of treatments on
the number of rice tillers was generally not evident at
Akaeze and Adani, whereas puddled plots generally showed
more tillers than control plots at Ejeti (Table 5).

In the 2009 and 2010 growing seasons, all treatments
showed comparable values of grain yield at Akaeze and
Adani, respectively (Table 6). The trend in both locations,
however, seems to be the highest yield in 1PP, followed by
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T able 4. Height of the rice plant (cm) under the various treatments across the locations

Days after transplanting

Year Treatment 40 80 120 40 80 120
Akaeze Ejeti
1PP 53.8 67.1 78.7 66.2 83.1 119.8
2PP 53.5 66.7 79.9 64.2 79.1 121.9
5009 3PP 53.6 68.9 84.4 70.2 84.1 124.6
4PP 54.3 67.1 82.9 64.3 77.0 130.8
4PP+ 54.0 66.7 82.5 68.5 82.1 124.0
Control 53.1 69.3 77.9 54.4 71.8 108.1
LSDy 5 ns ns ns 43 6.6 12.9
Adani Ejeti
1PP 84.5 119.1 127.9 69.1 97.9 112.8
2PP 85.6 116.6 125.2 73.1 100.6 114.1
3PP 89.5 120.1 128.9 67.4 97.2 110.3
2010 4PP 86.5 122.1 131.2 71.2 100.9 113.8
4PP+ 84.2 117.2 125.9 60.9 93.2 112.7
Control 80.0 119.1 124.9 50.6 82.4 100.4
LSDy 05 5.5 ns ns 11.0 7.6 3.7
Explanations as in Table 2.
T able 5. Number of tillers of the rice plant under the various treatments across the locations
Days after transplanting
Year Treatment 40 80 120 40 80 120
Akaeze Ejeti
1PP 5.9 12.5 10.8 6.2 7.7 8.7
2PP 6.2 11.2 10.9 6.7 8.1 7.8
5009 3PP 6.3 11.9 11.3 7.2 8.7 8.4
4PP 7.0 11.8 11.5 6.6 8.0 9.8
4PP+ 6.7 12.2 9.7 7.3 8.6 9.4
Control 8.7 11.0 9.3 44 5.4 6.0
LSDyg 5 ns ns 1.5 1.4 2.1 2.3
Adani Ejeti
1PP 7.1 13.0 13.0 7.7 6.2 6.6
2PP 7.2 14.9 12.0 7.8 7.4 7.7
3PP 7.2 15.7 12.9 7.2 6.8 7.1
2010 4PP 8.2 14.3 12.9 7.3 7.5 6.4
4PP+ 7.9 13.4 13.7 6.7 6.7 6.6
Control 7.7 14.0 11.6 5.0 52 5.1
LSDy 05 ns ns ns 1.6 1.2 ns

Explanations as in Table 2.
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Table 6. Grain yield of rice (Mg ha™) under the various treatments across the locations

2009 2010

Treatment
Akaeze Ejeti LSDg 05 Adani Ejeti LSDy o5

1PP 4.06 4.25 ns 7.38 441 2.58
2PP 3.50 4.25 ns 5.75 4.98 ns
3PP 3.62 4.35 ns 5.53 3.94 ns
4PP 3.75 4.28 ns 7.00 4.14 2.01
4PP+ 3.69 4.50 ns 7.00 4.48 ns
Control 3.62 1.68 0.71 5.88 1.93 2.79
LSDy .05 ns 1.28 ns 1.51

Explanations as in Table 2.

4PP/4PP+, and then 2PP/3PP/control. In both years of the
study, however, grain yields under all puddled treatments at
the Ejeti location were similar but the trends were largely
inconsistent. All these puddled plots outyielded control
plots (Table 6). The puddled plots represent, on average, 2.6
and 2.3 higher grain yields than the control plots in the first
and second years, respectively. The extra task of levelling/
smoothening did not enhance grain yields in any of the
locations.

In the first year, the differences in grain yield between
Akaeze and Ejeti for each of the puddled treatments were not
significant, though the values were consistently lower at
Akaeze than Ejeti (Table 6). The control plots showed, how-
ever, significantly (p=<0.05) higher grain yield at Akaeze
than Ejeti. In the second year, all treatments at Adani out-
yielded their counterparts at Ejeti, and some of these diffe-
rences were significant (Table 6). On average, therefore, the
overall productivity of the sites with respect to rice grain
yield follows the order, Adani > Ejeti > Akaeze.

DISCUSSION

A reduction in soil BD due to puddling under field con-
ditions is normal, but there may be no differences among
puddled plots differing in puddling intensities immediately
and up till 10 days after puddling (Mousavi et al., 2009).
That the lowering of soil BD at 10 DAT was not significant
at Ejeti in the second year suggests that the highest impro-
vements in soil physical properties due to puddling may be
expected in the first year of sawah establishment. The simi-
larity in soil BD among the puddled plots in the mid-season
(40-80 DAT) agrees with the findings of Behera ez al. (2007)
in a silty clay loam. The generally higher soil BD due to
puddling (regardless of intensity) at harvest is a common
observation, particularly in loam-textured soils (Bajpai and
Tripathi, 2000; Lal, 1986; Nwite ef al., 2010).

Considering the aggregate breakdown and gradual con-
solidation of the dispersed soil under a submerged con-
dition, the initial increase in soil BD of puddled plots would
be reasonable. This was not sustained until harvest when the
soils were already drying, probably due to the dominance of
non-swelling clay mineral and hence absence of shrinkage
in the soils (Mohanty et al., 2004). The higher soil BD in
puddled plots at harvest compared to the values at 10 DAT
was expected due to the sealing off soil pores by dispersed
clay particles and/or by the compactive effect of the heavy
machinery (Arora et al.,2006). The improvement in soil BD
of puddled plots (after reaching peak values) and of control
plots are generally attributable to alternate wetting/drying
cycles in the sawah fields during the growing season (Bakti
et al.,2010). These improvements in soil structure, coupled
with the similarity among treatments at harvest, suggest that
the deleterious effect of puddling on soil structure may not
always persist after rice harvest.

Puddled plots maintained higher soil moisture status
than control plots 10 DAT at Adani and Ejeti probably be-
cause of the finer soil texture (loam) in these locations com-
pared to Akaeze with a sandy-loam texture. Similarly, the
higher soil moisture content under ponded than non-ponded
conditions being more pronounced in puddled plots than
control plots at 10 DAT in Adani and Ejeti reflects clay
dispersion and its high content in the topsoil after puddling
(Kirchhof et al.,2005a; Lal, 1986). The results are thus attri-
buted to the tendency of the soils to be still undergoing con-
solidation at 10 DAT. The overall tendency of progressive
decrease in moisture content of puddled plots agrees with
Behera et al. (2007). It appears that, as supported by the
results for both soil BD and moisture contents in the present
study, the beneficial effects of puddling on soil hydrophysi-
cal conditions are evident only early in the growing season.

The positive effect of puddling on rice height at Adani
was restricted to the early phase of the growing cycle, as also
reported by Kirchhof and So (2005b), due to the enhanced
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soil hydrophysical condition of puddled plots early in the
season. This, however, was not evident in Akaeze probably
because of the greater efficacy of puddling in soils with finer
texture than their coarser counterparts, as regards creating
and sustaining favourable soil hydrophysical conditions
(Kirchhof and So, 2005a; Mambani ef al., 1990).

The comparable yields under all treatments at Akaeze
may be linked to its soil texture, for other authors reported
similar results in other sandy-loam soils in southwestern
Nigeria (Ogunremi et al., 1986) and northwestern India
(Kukal and Aggarwal, 2003). Yields were similar too at
Adani, despite the better early plant growth in puddled plots
than control plots in this site. Huang et al. (2012) discussed
in details some yield compensatory mechanisms of rice
plants in non-puddled soils later in the growing season. The
results for both Akaeze and Adani are also attributable to the
ample rainfall in these sites and the associated uniform
inundated conditions in the growing seasons (Arora et al.,
2006; Kirchhof and So, 2005b), which was facilitated by the
installed bunds and the fairly level topography of the sites.
Becker and Johnson (2001) point out that field bunds can
increase rice production in West Africa, while also possibly
allowing a more efficient use of mineral fertilizers. More-
over, the high-intensity rainfall at Akaeze and Adani must
have added to the dilapidatory effect of inundation on soil
macropores in control plots (Sacco et al., 2012), thereby
bringing them at par with puddled plots in terms of the per-
colation rate and ponding duration and, hence, yield.

In all three locations, levelling/smoothening did not
enhance grain yields, as also found by Issaka et al. (2009) for
lowland sawah systems in Ghana. The present results were
probably due to the fairly level topography of the fields.
Based on the underlying role of soil texture in the puddling
effect on rice yield, we expected more distinct results in the
loam-textured Adani and Ejeti soils (Kirchhof and So,
2005b), more so as the soils are taxonomically similar. The
fact that all puddled plots outyielded control plots only at
Ejeti is thus an interesting one. We offer as partial explana-
tion to these results the differences in biophysical environ-
ments of Adani and Ejeti (Mambani ez al., 1990). The impact
of such differences can be viewed from two perspectives.

One, these unstable, hydromorphic inland-valley soils
of this study coalesce at the cessation of rains and remain
hardened in the dry season, only to become re-wetted in the
rainy season. The longer wet season at Adani than Ejeti
means that the soil coalescence is usually less severe in the
former in terms of intensity and duration. This also means
that Adani soil had been under a re-wetted condition for
a longer period compared to Ejeti soil at the start of the field
study in August of each year. It is known that the longer such
soils are under a waterlogged equilibrium condition, the
greater the incidence of tilth-mellowing and aggregate de-
stabilization needed to reduce percolation losses (Lennart et
al., 2009). This is evident in the soil water-stable aggrega-
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tes and aggregate stability, each of whose value at Adani was
about half that at Ejeti, despite the higher soil organic matter
concentration in the former than the latter (Table 1). Thus,
the need for puddling to smear soil aggregates in order to
reduce the percolation rate and maintain inundation was
greater in the relatively well-structured and permeable soil
at Ejeti than the one at Adani.

Two, the high water table that existed at puddling was
sustained at Adani for a much longer duration than at Ejeti,
again due to the differences in the amount and distribution of
rainfall between the two locations. This was the reason why,
despite the initial reductions in soil BD, the effect of puddling
on grain yield was not pronounced at Adani but at Ejeti
(Bajpai and Tripathi, 2000; Kirchhof ef al., 2000). The data
presented by Olaleye et al. (2009) suggest that the drop in wa-
ter table depth observed at Ejeti is a common phenomenon in
valley bottoms in the area, especially after the rainfall peak
in August. Beyond August itself when the field study was
started in each year, rainfall in Ejeti for the rest of the grow-
ing season was about 280 mm; in Adani, the corresponding
value was about 550 mm. The greater need to enhance water
retention capacity of Ejeti soil later in the growing season
was met in puddled plots but not in control plots, more so
with its relatively high clay content. Puddling enhances wa-
ter retention through compaction and clay dispersion (Bajpai
and Tripathi, 2000; Kirchhof and So, 2005a). Therefore, the
higher yields in puddled plots at Ejeti may be linked to the
more favourable soil water condition in them and the asso-
ciated efficient fertilizer use during the growing seasons,
which was not the case in control plots (Toure et al., 2009).

Also, the uniform inundation of the plots at Adani had
a suppressive effect on weed growth, such that virtually no
differences in the intensity of weed infestation were obser-
ved between puddled and control plots during the growing
seasons. By contrast, less weed infestation was observed in
all puddled plots than control plots at Ejeti, and this must
have contributed to the higher yields in the former than the
latter (Becker and Johnson, 2001; Kirchhof et al., 2000;
Singh et al., 2001). The results suggest, therefore, that
a situation where power-tiller puddling is needed but not
done under the sawah system, water control (using bunds)
and fertilization may not bring about the desired high yield.

Since agronomic management techniques were similar
in all sites, the yield differences among them were most
likely due to soil-climate interactions, with conditions for
rice production being most favourable at Adani with high
rainfall and low-permeability soil (Kirchhof et al., 2000).
The yields were higher at Ejeti which records lower rainfall
compared to Akaeze, suggesting that the fairly low rainfall
at Ejeti was compensated for by the higher moisture
retention in the soil (Table 3) and the low permeability of the
soil. The higher clay content and the initially higher soil
available P at Ejeti than Akaeze would also partially explain
the observation (Olaleye et al., 2010).
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Notably, the inundation status of puddled plots was
rather similar in Adani and Ejeti, and so was to be a factor
only for control plots. The reasons for the steadily higher
yields at Adani-despite its lower soil available P at the start
of the field study (Table 1) compared to Ejeti are not clear.
Under non-sawah conditions of no water control measures
in selected farmer-managed upland fields, Olaleye et al.
(2010) reported no differences in rice grain yields across
many locations in Nigeria. The present study sites are
similar in rainfall (Akaeze and Adani), soil texture (Adani
and Ejeti), and agro-management practices. We therefore
infer from the yield data that lowland sawah systems provide
the opportunity for detecting any differences in yield poten-
tial among rice-growing environments.

CONCLUSIONS

1. Puddling, regardless of intensity, decreases the soil bulk
density while enhancing its moisture retention capacity, and
these beneficial effects of puddling are evident particularly
early in the season when they may also enhance rice growth.

2. Puddled soils may not show any post-harvest deterio-
ration of structure in the short run.

3. One-pass puddling may be optional to enhance grain
the yield of rice in sawah systems established after the first
rainfall peak in more humid locations with bimodal rainfall
pattern. In such locations, the option of one-pass puddling is
encouraged to facilitate surface levelling (for uniform water
distribution) and rice transplanting.

4. Even in less humid locations where puddling must be
done, no agronomic benefits accrue from puddling beyond
once. The practice of minimal puddling implies, among
other benefits, less water requirement for puddling and this
meets the greater need for water economy in such locations.

5. Rice yields of lowland sawah systems in texturally
contrasting locations of a given rainfall zone respond more
to even slight differences in soil texture than they do to pud-
dling intensity.

6. The results of this study may be socio-economically
important for sustainable intensification of rice using the sa-
wah technology in West African inland-valley ecosystems.
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