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Abstract

The growth of 20 rice varieties, including both lowland and upland varieties, was evaluated in Kenya under
well-watered and water-deficit conditions in four different soil types (black cotton, red clay, volcanic ash, and
sandy clay) to compare the adaptability of these varieties to the two water regimes. Under water-deficit condition,
after terminating irrigation, the reduction in soil water potential differed markedly according to soil type. The
rice varieties tested were classified into four groups, which were largely consistent with differences in rice
variety ecotype. We confirmed that lowland varieties such as Basmati 370 should not be considered as a
candidate for cultivation under rain-fed upland conditions in Kenya. Furthermore, the results revealed that even
potentially high-yielding varieties may not attain their yield potential if the cultivation environment is unsuitable.
Although we found that five upland varieties (Dular, IRAT109, NERICA 1, NERICA 4, and Yumenohatamochi)
presented relatively higher grain yield under water-deficit conditions in all soil types, individual variety’s grain
yield depended on the soil type. Their higher yield is attributable to certain root traits and their yield variations to
an interactive effect between root development and soil type. Our results indicated that the varieties Dular,
IRAT109, NERICA 1, NERICA 4, and Yumenohatamochi are suitable for cultivation under rain-fed upland
conditions across the major rice-growing areas in Kenya and that soil type should be considered when selecting
varieties for an area’s maximum productivity.
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1. Introduction

In Kenya, approximately 95% of rice is irrigated and only 5% is rain-fed (upland) (Muhunyu, 2012). Thus,
irrigated lowland represents the major growth environment for rice in Kenya. However, the potential area for
rain-fed upland rice has been estimated to be 2,600,000 ha, which corresponds to 4.6% of the nation’s land areca
(Saito, Ogawa, Makihara, & Asanuma, 2016). In particular, the central, southeastern coastal, and western areas
around Lake Victoria have considerable potential for upland rice production (Saito et al., 2016). Thus, it is
possible that rice could be produced widely in Kenya, including areas where upland rice has not been cultivated
previously. Expanding the range of upland rice cultivation and improving rice productivity could be effective
means to boost domestic rice production in Kenya.

Currently, upland rice productivity under rain-fed conditions is approximately 1 t ha', whereas the potential
productivity is estimated to be approximately 7 t ha (Kenya Ministry of Agriculture, 2008). This actual low rice
production per unit area is associated with a lack of high-yielding varieties that can adapt to the cultivation
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environments in Kenya, poor agronomic practices, and limited water availability (Kimani, Tongoona, Derera, &
Nyende, 2011). This situation might have been caused by the relatively limited interest in developing upland or
rain-fed rice varieties, because rice production in Kenya is dominated by irrigated lowland rice (Nasuda, Sakurai,
Murage, & Makihara, 2014). Indeed, following the introduction of upland rice varieties in Kenya in the 1980s,
there was little progress in the dissemination of upland rice until 2003 when the Africa Rice Centre introduced
New Rice for Africa (NERICA) in Kenya (Kimani et al., 2011). Screening of rice varieties for adaptation to
upland in Kenya is still ongoing.

Drought poses one of the most important constraints to upland rice production in Kenya (Kimani et al., 2011). To
realize stable rain-fed upland rice production, it is important to introduce varieties that are minimally affected by
water deficit. Under such conditions, the amount of soil water available for crop growth is strongly affected by
soil physical properties (Letey, 1958) such as water permeability and water-holding capacity. The relationship
between soil water content and soil penetration resistance is also of importance in this regard, because this
relationship differs depending on soil type, and the root system development is suppressed when soil becomes
harder with the progression of soil drying (Ghildyal & Tomar, 1982). In Kenya, soil type varies considerably,
affecting areas in which rice is grown (or potentially grown). Thus, in addition to the prevailing climatic
conditions, it is equally important to consider the adaptability of varieties to different soil types when selecting
varieties.

The objective of this study was to examine how water deficit affects the performance of 20 selected rice varieties
grown in four different soil types. The findings will help identify varieties widely adaptable to uplands for
different soil types in Kenya.

2. Methods
2.1 Area Description

The experiment was performed under a rain-out shelter (plastic greenhouse) at the Kenya Agricultural and
Livestock Research Organization, Mwea (lat. 35°6’42" N, long. 137°4'57" E) from January to April 2014.
During the experimental period, the monthly mean maximum and minimum temperatures at the experimental
site were 27.9-30.8 °C and 14.5-17.2 °C, respectively.

The experiment comprised two water regimes (well-watered and water deficit), four different soil types, and
twenty rice varieties. The experimental design was a split-split plot arranged in a randomized complete block
design with three replications. The soil moisture regime was the main plot, the four soil types were the subplots,
and the 20 varieties were the sub-subplot factors. Each replication contained four soil types that were arranged
randomly. Plants of the 20 varieties were arranged randomly in each plot with eight plants per variety.

2.2 Material Studied

Four different soil types, namely, sandy clay, red clay, volcanic ash, and black cotton soils, were collected from
different locations, which were considered to be representative of upland rice-growing areas or areas with
potential for upland rice cultivation in Kenya. Sandy clay soil was collected from the southeastern costal region
where rice has been traditionally cultivated by rain-fed farming. Red clay and black cotton soils were collected
from around the Mwea region in Central Kenya, which is the largest rice-producing area in the country. Volcanic
ash soil was obtained from the eastern side of Mount Kenya, which was identified as one of the potential areas
for upland rice cultivation and a site where dissemination of upland rice has been undertaken.

Twenty varieties of rice were evaluated, including seven traditional varieties sampled from the coastal areas in
Kenya (Table 1). These traditional varieties were selected because they are mostly grown in rain-fed lowland
conditions in coastal areas and might have the potential for good performance under water-deficit conditions.
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Table 1. Characteristics of the 20 rice varieties examined in the present study

No Variety Type Ecosystem Aroma Origin (or country where popular) History

1 Azucena Japonica Upland Non Philippines Improved
2 Basmati 370 Indica Lowland Aroma India Traditional
3 Dular Indica Upland Non India Traditional
4 IR 2793-80-1 Indica Lowland Non Philippines Improved
5 IRAT 109 Tropical japonica Upland Non Cote d’Ivoire Improved
6 Kinandang Patong  Tropical japonica Upland Non Philippines Traditional
7 Lemont Tropical japonica Lowland Non The U.S. Improved
8 NERICA1 Interspecific progeny Upland Aroma Cote d’Ivoire Improved
9  NERICA 4 Interspecific progeny Upland Non Cote d’Ivoire Improved
10 SAROS Indica Lowland Aroma Tanzania Improved
11 STI12 Indica Lowland Non Japan Improved
12 Takanari Indica Lowland Non Japan Improved
13 Yumenohatamochi Japonica Upland Non Japan Improved
14 Coast Kenya-1 Indica Lowland  Non Kenya Traditional
15  Coast Kenya-2 Indica Lowland  Non Kenya Traditional
16  Coast Kenya-3 Indica Lowland  Non Kenya Traditional
17  Coast Kenya-4 Indica Lowland  Non Kenya Traditional
18  Coast Kenya-5 Indica Lowland  Non Kenya Traditional
19  Coast Kenya-6 Indica Lowland  Non Kenya Traditional
20  Coast Kenya-7 Indica Lowland Non Kenya Traditional

2.3 Methods

Twenty-four experimental soil-beds (plots), each of 2.0 m x 2.5 m (5.0 m®) size, were partitioned with concrete
frames. A gravel layer of approximately 5 cm deep was placed in each compartment, and a 2-mm plastic mesh
was laid thereon. Upon this base, the soil was filled to a depth of approximately 30 cm. On December 27, 2013,
pre-geminated seeds were sown in soil-filled plastic trays (nursery boxes) and watered. Thirty-three days after
sowing, the seedlings were transplanted into the plots at a density of one seedling per hill. The transplanting
density was 20 cm between rows and 20 cm between plants in a row. In all the soil-beds, soil water was
maintained at saturation until plant establishment, and thereafter water management was initiated. In
well-watered plots, irrigation was performed daily throughout the growing period to maintain moisture saturation.
In water-deficit plots, only when severe leaf rolling in approximately 80% of the plants was observed, irrigation
water was applied to each plot simultaneously until the soil was thoroughly saturated. Basal fertilizer was
applied at a rate of 25 kg N, P,0s, and K,0 ha™ in the form of a compound fertilizer (14-14-14), and ammonium
sulfate was applied as a top dressing at a rate of 50 kg N ha™ in two splits.

Changes in soil water potential were regularly recorded using a tensiometer (DIK-3150; Daiki Rika Kogyo Co.,
Ltd, Saitama, Japan) installed at 20-cm soil depth. At 100-127 d after sowing, three plants were sampled from
each plot to determine the above-ground biomass and panicle weight. During sampling, Coast Kenya-1, -2, -3, -4,
-5, and -7; Kinandang Patong; IR 2793-80-1; SARO 5; and ST12 were premature. Therefore, we did not measure
the panicle weight for these varieties.

To assess the effects of water regime, soil type, rice variety, and their interactions on panicle weight and
above-ground biomass, three-way analyses of variance (ANOVA) was conducted using Statistical Analysis
System (version 9.0) (SAS Institute Inc., Cary, NC, USA). The means of panicle weight and above-ground
biomass in different water regimes and soil types were separated using the least significant difference (LSD) test
at P < 0.05 significance. A dendrogram showing clustering of 20 rice varieties based on standardized
above-ground biomass was constructed using Ward’s method.

3. Results

The soil water potential decreased after termination of irrigation in all soil types, except that in sandy clay.
However, the decrease observed differed markedly among soil type. At seven days after termination of irrigation,
the black cotton soil presented the lowest moisture content (-25.0 kPa), preceded by that of red clay (-17.5 kPa)
and volcanic ash (-14.0 kPa), while the water potential of sandy clay was maintained at 0 kPa.
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There was a significant effect of soil type, water regime, and variety on panicle weight and above-ground
biomass, except for soil type on the panicle weight (Tables 2 and 3). Two-way interactions between water regime
and soil type, soil type and variety, and water regime and variety were all significant, except that between water
regime and soil type on the panicle weight. However, there was no significant three-way interaction among water
regime, soil type, and variety. Irrespective of the soil type and variety, the panicle weight and above-ground
biomass under water-deficit conditions were significantly less than that under well-watered condition (Table 4).
The panicle weight in volcanic ash soil was significantly higher than that in the black cotton soil. The
above-ground biomass in red clay and volcanic ash was higher than that in the other two soils, and the
above-ground biomass in black cotton was the lowest among the four soil types.

Table 2. Three-way analysis of variance to determine the effects of water regime (W), soil type (S), rice variety
(V), and their interactions on above-ground biomass

Above-ground biomass

Source of variation Degree of freedom
Mean square Computed F
Main-plot analysis
Replication 2 281 2.6 e
W 1 51180 4739 7
Error 2 156 1.4 s
Sub-plot analysis
S 3 3646 33.8
W xS 3 618 5.7 .
Error 12 341 3.2 .
Sub-subplot analysis
\Y% 19 2550 23.6
W xV 19 804 7.4
SxV 57 237 22
W xS xV 57 139 1.3 s
Error 304
Total 479

Note. ns, not significant. ** significant at P < 0.01, *** significant at P < 0.001.

Table 3. Three-way analysis of variance to determine the effects of water regime (W), soil type (S), rice variety
(V), and their interactions on panicle weight

Panicle weight

Source of variation Degree of freedom
Mean square Computed F
Main-plot analysis
Replication 2 75 33 ’
w 1 2713 17s
Error 2 23 1.0 "
Sub-plot analysis
S 100 43 "
W xS 31 1.3 e
Error 12 21 0.9 s
Sub-subplot analysis
\Y% 9 665 288 7
W x V 9 192 8.3
SxV 27 53 2.3 ”
W xS xV 27 31 1.4 e
Error 144
Total 239

Note. ns, not significant. * significant at P < 0.05, ** significant at P <0.01, *** significant at P < 0.001.
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Table 4. Panicle weight and above-ground biomass under different water regimes and soil types

Panicle weight (g per plant) Above-ground biomass (g per plant)

Water regime

Well-watered 14.6 a 475 a
Water deficit 8.6 b 246 b
Soilype
Red clay 11.3 ab 411 a
Volcanic ash 12.5 a 409 a
Black cotton 9.7 b 283 ¢
Sandy clay 11.6 ab 352 b

Note. Within each column, the values followed by the same letter are not significantly different at P < 0.05.

The dendrogram that was generated from the above-ground biomass of the 20 selected varieties divided the
varieties into three clusters (Groups 1-3), and Group 3 was subdivided into two sub-clusters (Groups 3A and
Group 3B) (Figure 1). Cluster 1 was mainly composed of the traditional varieties from the coastal areas and
other lowland varieties, whereas Cluster 2 comprised improved lowland rice varieties and Cluster 3A comprised
upland rice varieties. Cluster 3B included varieties developed for cultivation in Africa, namely, NERCA 1,
NERICA 4, and SARO 5; a Japanese upland variety, Yumenohatamochi; and a variety with the capacity to
develop large numbers of spikelets, ST12.
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Figure 1. Dendrogram showing clustering of 20 rice varieties based on standardized above-ground biomass

The average above-ground biomass for each soil was 36.8-54.2 g in well-watered plots and decreased by
45%-50% in plots subjected to water deficit (Table 5). Under well-watered conditions, Group 1 varieties had
higher above-ground biomass than that of other Groups in all soil types. With the exception of volcanic ash,
under water-deficit conditions, the above-ground biomass of Group 3A varieties in all soils was the highest
(27.8-42.4 g), followed by that of Group 1 varieties (21.9-33.8 g), whereas Group 2 varieties presented the
lowest above-ground biomass (10.5-15.0 g). Under water-deficit conditions, the above-ground biomass of
Kinandang Patong, Coast Kenya-4, Dular, and IRAT109, was consistently high in all soil types except that of
Kinandang Patong in black cotton, Coast Kenya-4 in Red soil, and Dular and IRAT109 in volcanic ash.
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Table 5. Above-ground biomass of 20 rice varieties grown in four different soil types under two water regimes

Above-ground biomass per tiller (g)

. Red soil Volcanic ash Black cotton Sandy
No Variety Group
Well- Water Well- Water Well- Water Well- Water
watered  deficit watered deficit watered deficit watered deficit
1 Azucena 1 74.5 334 (45) 65.3 339 (52) 47.0 183 (39) 71.2 332 (47)
2 Basmati 370 1 77.2 30.2 (39) 74.7 29.7 (40) 60.9 20.5 (34) 37.2 19.5 (52)
Kinandang Patong 1 64.1 339 (53) 62.0 344 (55 47.1 232 (49) 58.4 47.7 (82)
14  Coast Kenya-1 1 69.0 38.7 (56) 74.0 32.6 (44) 42.5 22.7 (53) 47.6 258 (54)
15 Coast Kenya-2 1 73.7 23.6 (32) 76.7 348 (45 40.2 14.7 (37) 57.7 26.4  (46)
16  Coast Kenya-3 1 74.0 333 (49 92.1 29.7 (32) 40.5 222 (55 71.5 31.6 (41
17 Coast Kenya-4 1 72.0 284 (39 56.5 42.8 (76) 45.7 23.7 (52) 61.1 39.1 (64)
18  Coast Kenya-5 1 86.2 29.9 (35 72.4 35.6 (49) 57.9 28.1 (49) 41.2 222 (54)
20  Coast Kenya-7 1 81.1 33.0 (41 63.2 31.0 (49) 443 23.6 (53) 58.0 23.5 (41
1R 2793-80-1 2 12.3 11.9 97 29.6 159 (54) 15.2 82 (54) 30.0 13.6 (45)
7 Lemont 2 23.0 19.8 (86) 41.4 14.6 (35 18.0 17.2 (96) 32.0 11.3 (395
12 Takanari 2 11.6 134 (116) 26.0 74 (28) 17.5 12.0 (69) 11.2 6.7  (60)
3 Dular 3A 42.1 48.1 (114) 38.3 26.6 (69) 382 24.1 (63) 332 39.9 (120)
5 IRAT 109 3A 36.8 36.7 (100) 36.7 335 (91) 24.0 31.5 (131) 43.4 40.8 (94)
8 NERICA1 3B 34.5 14.1 (41 35.6 24.8 (70) 39.2 213 (54) 35.5 14.2  (40)
NERICA 4 3B 41.9 25.6 (61) 45.5 23.0 (51 329 19.8 (60) 41.4 21.4 (52)
10 SAROS 3B 36.2 14.6 (40) 324 18.6 (57) 30.8 9.8 (32 30.9 19.7 (64)
11 STi12 3B 64.0 28.1 (44) 40.3 19.6 (49) 48.6 22.7 (47) 222 17.4 (78)
13 Yumenohatamochi 3B 46.1 26.1 (57) 52.4 26.3 (50) 17.6 12.0 (68) 39.9 11.8 (30)
19 Coast Kenya-6 3B 64.0 20.1 (31 47.1 224 (48) 27.2 16.4 (60) 53.4 222 (42)
Group 1 74.7 31.6 (42) 70.7 33.8 (43) 47.3 21.9 (46) 56.6 29.9 (53)
Group 2 15.6 15.0 (96) 323 12.7 (39) 16.9 12.5 (74) 24.4 10.5 (43)
Group 3A 39.5 424 (107) 37.5 30.1 (80) 31.1 27.8 (89) 38.3 40.4 (105)
Group 3B 47.8 214 (45 422 224 (53) 32.7 17.0 (52) 37.2 17.8 (48)
Average 54.2 27.1 (50) 53.1 26.9 (51) 36.8 19.6 (53) 44.1 244 (55)

Note. Numbers in parentheses indicate, for each variety, the above-ground biomass under water-deficit condition
relative to that under well-watered condition.

The average panicle weight for each soil was 12.2-17.0 g in well-watered plots and decreased by 40%-53% in
plots subjected to water deficit (Table 6). Irrespective of soil type, the panicle weight of Groups 1 and 2 varieties
under water-deficit conditions was lower (1.3-4.3 g) than the average of all varieties (7.3-8.6 g), whereas Group
3A varieties presented the highest panicle weight (13.8-21.4 g). In red soil, the higher relative values of panicle
weight for Lemont and Takanari were due to abnormally small panicle of both varieties under well-watered
conditions. Hence, they were not considered as drought resistant. On the contrary, the panicle weight of Dular
was not reduced by water deficit, except that of plants grown in black cotton soil. In all soil types, the panicle
weight of IRAT109 was less affected by water deficit. In the other upland varieties, NERICA 1, NERICA 4, and
Yumenohatamochi, the panicle weight was reduced under water-deficit conditions in all soil types. The effect of
water-deficit conditions on the panicle weight of NERICA 1 was higher when grown in red clay and sandy clay
soils, whereas the panicle weight of Yumenohatamochi grown in sandy clay soil was markedly reduced under
water-deficit conditions. The four best varieties with respect to panicle weight for red clay and volcanic ash
under well-watered conditions were Yumenohatamochi, NERICA 4, Basmati 370, and IRAT109 (19.3-29.1 g),
whereas under water-deficit conditions, Dular, IRAT109, NERICA 4, and Yumenohatamochi presented the
highest panicle weight (10.8-21.9 g). For black cotton soil, the four best varieties under well-watered conditions
were Dular, NERICA 1, NERICA 4, and Basmati 370 (18.0-20.4 g), whereas Dular, IRAT109, NERICA 1, and
NERICA 4 varieties were the best (9.8-16.7 g) under water-deficit conditions. For sandy clay, the four best
varieties under well-watered conditions were IRAT109, NERICA 1, NERICA 4, and Yumenohatamochi
(17.6-25.2 g), and those under water-deficit conditions were Dular, IRAT109, NERICA 1, and NERICA 4
(5.3-24.2 g).
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Table 6. Panicle weight of 10 rice varieties that reached full maturity at the time of sampling, grown in four
different soil types under two water regimes

Panicle weight per hill (g)

. Red soil Volcanic ash Black cotton Sandy

No  Variety Group

Well- Water Well- Water Well- Water Well- Water
watered  deficit watered  deficit watered  deficit watered deficit

1 Azucena 1 7.9 37 47 8.1 54 (67) 8.9 1.7 (20) 7.8 2.7 (34)

2 Basmati 370 1 19.8 08 4 24.5 0.1 (@)) 20.4 08 (4 7.0 00 -

7 Lemont 2 2.7 2.8  (104) 13.1 2.6 (20) 5.5 42  (76) 9.4 1.2 (13)

12 Takanari 2 2.7 47 (176) 8.3 33 (40) 5.7 44 (76) 4.0 29 (72

3 Dular 3A 14.8 21.9 (148) 11.1 11.9  (106) 18.9 11.0 (58) 13.9 18.6 (134)

5 IRAT 109 3A 19.3 19.4 (100) 20.6 16.8 (82) 13.7 16.7 (122) 25.0 242 (97)

8 NERICA 1 3B 15.2 3.1 (20) 18.0 10.7  (59) 18.0 10.6  (59) 17.6 53 (30)
NERICA 4 3B 22.9 10.8 (47) 254 12.6  (50) 18.3 9.8  (53) 252 103 (41)

19 Coast Kenya-6 3B 14.1 0.7 (5 11.9 29 (24 34 0.0 - 12.7 0.0 -

13 Yumenohatamochi 3B 26.7 13.1  (49) 29.1 13.6 (47) 9.0 6.3  (70) 23.7 3.8  (16)
Group 1 13.8 22 (16) 16.3 2.8 (17) 14.6 1.3 (9 7.4 2.7 (36)
Group 2 2.7 3.7 (137 10.7 29 (27 5.6 43 (77 6.7 2.1 (3D
Group 3A 17.0 20.6 (121) 159 14.3  (90) 16.3 13.8  (85) 19.4 214 (110)
Group 3B 19.7 69 (35 21.1 99 (47 122 89 (73) 19.8 6.5 (33)
Average 14.6 8.1 (55 17.0 8.0 (47 12.2 7.3 (60) 14.6 8.6 (59)

Note. Numbers in parentheses indicate, for each variety, the panicle weight under water-deficit condition relative
to that under well-watered condition.

The relationship between the above-ground biomass and panicle weight varied according to the Groups 1, 2, 3A,
and 3B grown in each soil type under the two water regimes (Figure 2). There was no significant correlation
between the above-ground biomass and panicle weight regardless of the water regimes in Group 1 varieties. The
above-ground biomass was significantly and positively correlated with the panicle weight under well-watered
conditions in Group 2 varieties (P < 0.01). Whereas, a positive correlation between the above-ground biomass
and panicle weight was observed under water-deficit conditions in Groups 3A (P < 0.001) and 3B (P < 0.01)
varieties.
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Figure 2. Relationship between the panicle weight and above-ground biomass for each rice group under two
water regimes

Note. n.s.: not significant, **: significant at P < 0.01, ***: significant at P < 0.001.

4. Discussion

To identify rice varieties adaptability to various cultivation environments in Kenya, we evaluated the
performance of 20 rice varieties, including 13 lowland and 7 upland varieties, under well-watered and
water-deficit conditions using sandy clay, red clay, volcanic ash, and black cotton soils, representing four major
soil types found in Kenya.

Basmati 370 is one of the most popular lowland varieties in Kenya (Kimani et al., 2011; Muhunyu, 2012). Under
well-watered conditions in the present study, Basmati 370 presented a higher panicle weight than the average of
all varieties in three soil types, except in sandy clay. In contrast, the panicle weight of this variety under
water-deficit conditions decreased markedly compared with that under well-watered conditions. Thus, our results
revealed that, irrespective of soil type, Basmati 370 is highly susceptible to soil moisture deficiency and should
not be cultivated in rain-fed uplands of Kenya.

Fukai, Pantuwan, Jongdee, and Cooper (1999) and Wade et al. (1999) reported that high-yielding varieties may
not always exhibit high productivity under field conditions because their complex yield-related traits interact
with the cultivation environment. In our study, the panicle weight of Takanari, which have been reported as
high-yielding varieties under lowland conditions in Asia, including Japan (Takai et al., 2006), was not higher
than that of other varieties under both the water regimes, irrespective of the soil type. This indicates that Takanari
are not adapted to Kenyan prevailing climates (possibly air temperature and day length) and soils. These results
revealed that even those varieties that have high-yielding potential may not attain potential yields if the
cultivation environment is not suitable.

One of the most important characteristics contributing to drought resistance in rice is early maturity (90-100 days
after sowing), which is the ability of rice to complete its life cycle before serious plant water deficit develops
(Gupta & O'Toole, 1986; Fukai et al., 1999; Torres, McNally, Cruz, Serraj, & Henry, 2013). In most upland areas
of Kenya, rice can be grown under rain-fed conditions only during a limited period. Farmers sow rice seeds in
late March after the beginning of the long rainy season, which ends around late May or early June. To avoid
drought during the panicle initiation to heading stages, which are known to be among the growth stages that are
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most sensitive to water stress (Boonjung & Fukai, 1996), growth duration should be less than 120 days. Thus,
selecting an early-maturing variety is one of the most promising strategies for minimizing exposure to extensive
drought effects and for securing high grain yields (Bernier, Atlin, Serraj, Kumar, & Spaner, 2008). Therefore, in
our experiment, we set a growth period threshold of approximately 110 days after sowing. Under water-deficit
conditions, the coastal varieties, which were included in Group 1, tended to have the second highest
above-ground biomass after Group 3A. However, some of the coastal varieties had not attained full maturity
under either water regime at the time of plant sampling. Thus, higher above-ground biomass in the coastal
varieties did not contribute to an increase in grain yield irrespective of the water regime. Consistent with these
observations, Torres et al. (2013) reported that high above-ground biomass may not always guarantee high grain
yield under water-deficit conditions. Our results therefore indicated that these coastal varieties would not adapt
to rain-fed upland cultivation because of their late maturing characteristics, and thus accordingly may not be
suited to the high-altitude areas in Central Kenya.

The selection of drought-resistant varieties under controlled conditions should be based not only on the degree of
yield loss caused by drought stress but also on the absolute value of rice yield (Kumar, Bernier, Verulkar, Lafitte,
& Atlin, 2008). A similar tendency was sometimes observed in the present study. For example, the relative value
of panicle weight in Yumenohatamochi grown in black cotton soil tended to be higher than that in other soils,
whereas the absolute yield was quite low. This indicates that the reduction in rice yield under rain-fed condition
is negligible, but cannot contribute to rice production under unsuitable soil type.

Based on the absolute rice production under water-deficit conditions and degree of yield loss caused by water
stress, Dular, IRAT109, NERICA 1, NERICA 4, and Yumenohatamochi were selected as potentially suitable
varieties under water-deficit conditions across all four soil types. Although all of these five varieties are upland
rice, not all the upland rice varieties showed higher productivity under water-deficit conditions (e.g., Azucena
and Kinandang Patong). Moreover, the higher panicle weight under water-deficit conditions can be mainly
attributed to the higher above-ground biomass indicating that suitable varieties have an ability to maintain dry
matter production under water-deficit conditions.

The higher above-ground biomass of rice under limited soil water conditions is associated with root traits such as
deep rooting and plasticity in the lateral root development (Henry, 2013; Menge et al., 2016; Tran et al., 2014),
which contribute to water and nutrient absorption. With the exception of NERICA 1, the five varieties have been
reported to have a deep rooting trait (Ghildyal & Tomar, 1982; Hirasawa et al., 1998; Nemoto, Suga, Ishihara, &
Okutsu, 1998; Ji et al., 2012; Menge et al., 2016). Deep rooting is considered as one of the most important traits
that confer drought resistance because it enables plants to take up water and nutrients from deeper soil layers
when shallow soil layers become dry (Yoshida & Hasegawa, 1982). In addition to the deep rooting system, it is
known that in response to changes in soil water conditions, IRAT109 has a greater ability to develop root
systems in soil layers where water is available (Araki & Ilijima, 2005). Moreover, it has very thick nodal roots,
which is also considered an important trait that contributes to drought resistance (Henry, 2013). On the contrary,
NERICA 1 has been reported to have a greater plasticity in lateral root development under moderate drought
conditions (Menge et al., 2016). Therefore, it is reasonable to assume that the higher above-ground biomass of
the five varieties suitable for water-deficit conditions was associated with the root system. Further study is
needed to clarify which root traits contribute to the higher productivity of the top five yielders identified under
water-deficit conditions.

In the present study, we also identified interactive effects between rice variety and soil type on panicle weight
and above-ground biomass. Moreover, the panicle weight under water-deficit conditions relative to that under
well-watered conditions in the top five varieties varied with soil type. These findings indicated that the
significant reduction in the yield of rice varieties under water-deficit conditions could be due to the soil type.
Cracks in soil caused by drought started to appear at different time points according to soil type, indicating that
each soil type could have different physical properties such as soil penetration resistance, water permeability, and
water-holding capacity (Letey, 1958; Ghildyal & Tomar, 1972). Therefore, further studies are needed to
investigate the interaction effects between the expression of root traits associated with drought resistance and soil
physical properties.

5. Conclusions

Five candidate rice varieties, namely Dular, IRAT109, NERICA 1, NERICA 4, and Yumenohatamochi, were
found to be potentially suitable for cultivation under rain-fed uplands in Kenya. Among them, IRAT109, which

was less affected by water deficit in all the four soil types used, could be the most stable variety for rain-fed
upland across the major Kenyan rice-growing areas. In addition, the effect of soil type on rice variety
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productivity indicates that soil type should be considered in rice development projects for maximum productivity.
Further studies are required to clarify the mechanisms that underlie the interaction between soil type and rice
yield in drought prevailing areas.
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