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Summary 

Growth and grain yield reductions have been widely observed when traditionally flooded rice 

fields were subjected to water-saving irrigation measures, where a continuous floodwater layer is 

avoided. These observations led to the perception of rice being a plant extremely sensitive to soil 

water deficits even when grown in soils close to their water holding capacity. Since the rice 

plant’s meristem is below the water surface until the early reproductive stage in flooded fields, 

the difference in heat capacity between water and air can lead to changes in meristem 

temperature, when a ponded water layer is omitted. Therefore, the objectives of this study were 

to quantify the effects of water-saving irrigation on the field’s microclimate and its influence on 

gas-exchange parameters and to investigate growth and yield parameters under flooded and non-

flooded conditions in response to microclimate and varying climatic conditions. On two sites in 

Senegal, field experiments were conducted, where rice was sown on bi-monthly staggered dates 

and grown under flooded and non-flooded conditions. In the flooded treatment, a ponded water 

layer was maintained in the field throughout the growing season, whereas in the non-flooded 

treatment, irrigation water was applied until soil saturation on a frequent basis, in order to avoid 

standing water and soil water deficits at the same time. Microclimatic parameters and phenology 

were observed and leaf gas-exchange and plant growth parameters, yield and yield components 

were determined. Minimum soil temperature and temperature at meristem level were usually 

lower without standing water, whereupon temperature differences between irrigation treatments 

increased with decreasing air temperature. Stomatal conductance depended mainly on minimum 

soil and meristem temperature and minimum relative humidity inside the canopy. Assimilation 

rate was positively correlated with solar radiation and soil and meristem temperature, but 

depended mainly on stomatal conductance. Without standing water, stomatal conductance and 

assimilation rate were significantly lower, but the results could be explained with differences in 

microclimate. In most cases, leaf area was reduced under non-flooded conditions. Leaf area 

expansion rate was correlated with meristem temperature during the night. With minimum 

meristem temperature being lower under non-flooded conditions, lower leaf area expansion rates 

under non-flooded conditions could be attributed to lower meristem temperature. Yield 

reductions under non-flooded conditions were mainly observed in the cold-dry-season, whereas 

slight yield increases were found in the hot-wet-season. Among the yield components, reduced 

number of spikelets per panicle and decreased spikelet fertility accounted for the largest share of 
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the yield gap. Leaf area per tiller was positively correlated with meristem temperature in the 

observed temperature range, and a positive relationship was found between leaf area per tiller 

and the number of spikelets per panicle. Furthermore, spikelet fertility increased with meristem 

temperature between panicle initiation and booting stage. Therefore, lower meristem temperature 

led to smaller leaf area per tiller, less spikelets per panicle and decreased spikelet fertility under 

non-flooded conditions. We concluded that water-saving irrigation in lowland rice production 

can lead to growth and yield reductions in comparison to traditional lowland irrigation even in 

the absence of soil water deficits, due to changes in soil and meristem temperature when a 

ponded water layer is omitted. Differences in assimilation rate, leaf growth and yield between 

irrigation treatments increased with decreasing air temperature and a clear seasonal pattern was 

observed, with large growth and yield reductions in the cold-dry-season, whereas in the hot-wet-

season, growth and yield were less affected by irrigation treatment. When water-saving irrigation 

measures are applied in areas where night temperatures below 20°C occur, the effect of changes 

in meristem temperature should be considered. To mitigate impairment of growth under water-

saving irrigation, a floodwater layer could be used to bridge cool periods, or a less temperature-

responsive variety should be chosen. Nevertheless, the physiological mechanisms of the 

differential effects of day and night temperature remain unknown und need further investigation. 

Possibly, there is a combined effect of low night temperature and high evaporative demand 

during the day, which could lead to growth limitations due to restrictions of the plant’s water 

status. Furthermore, we want to highlight the need for a robust model of water temperature in 

paddy fields, which should be incorporated in rice growth models, since even tough existing 

models simulate growth and grain yield under upland and lowland conditions, the effects of 

changes in microclimate due to irrigation method are inadequately considered so far. 
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Zusammenfassung 

Bei der Anwendung von wassersparenden Bewässerungsmethoden, bei denen eine 

kontinuierliche Überstauung vermieden wird, in traditionell überstauten Reisfeldern, wurden 

häufig Wachstumsminderungen und Ertragseinbußen beobachtet. Diese Beobachtungen führten 

zu der Einschätzung, dass Reis selbst in Böden nahe an ihrer Wasserhaltekapazität 

ausgesprochen empfindlich auf Wasserstress reagiert. Da sich das Meristem von Reispflanzen in 

überstauten Feldern bis in die frühe reproduktive Phase unterhalb der Wasseroberfläche befindet, 

können bei Vermeidung der Überstauung die unterschiedlichen Wärmekapazitäten von Wasser 

und Luft zu Veränderungen der Meristemtemperatur führen. Das Ziel dieser Studie war daher, 

den Einfluss von wassersparender Bewässerung auf das Mikroklima im Feld und seinen Einfluss 

auf Gaswechselparameter zu quantifizieren und Reaktionen von Wachstums- und 

Ertragsparametern unter überstauten und nicht-überstauten Bedingungen auf das Mikroklima und 

variende klimatische Bedingungen zu untersuchen. Es wurden Feldversuche an zwei Standorten 

im Senegal durchgeführt. Dabei wurde Reis alle zwei Montae ausgesät und jeweils unter 

überstauten und nicht-überstauten Bedingungen angebaut. In der überstauten Behandlung wurde 

eine Wasserschicht über die gesamte Wachstumsperiode erhalten, während in der nicht-

überstauten Behandlung in kurzen Zeitabständen bis zur Bodensaturierung bewässert wurde, um 

sowohl Überstauung als auch Bodenwasserdefizite zu vermeiden. Beobachtet wurden 

Mikroklima und Phänologie und sowohl Gaswechsel- und Wachstumsparamter, als auch Ertag 

und Ertragskomponenten wurden bestimmt. Die minimale Bodentemperatur und die 

Minimaltemperatur auf Meristemebene waren niedriger unter nicht-überstauten Bedingungen, 

wobei die Temperaturunterschiede zwischen den beiden Behandlungen mit sinkender 

Lufttemperatur zunahmen. Die stomatäre Leitfähigkeit war hauptsächlich von der minimalen 

Boden- und Meristemtemperatur und der minimalen relativen Luftfeuchte innerhalb des 

Bestands abhängig. Die Assimilationsrate war positiv mit der Sonneneinstrahlung und der 

Boden- und Meristemtemperatur korreliert, jedoch hauptsächlich von der stomatären 

Leitfähigkeit abhängig. Stomatäre Leitfähigkeit und Assimilationsrate waren unter nicht-

überstauten Bedingungen signifikant niedriger, wobei die Ergebnisse mit mikroklimatischen 

Unterschieden erklärt werden konnten. Die Blattfläche war unter nicht-überstauten Bedingungen 

meist niedriger, und Blattwachstumsraten waren mit der Meristemtemperatur während der Nacht 

korreliert. Da die Meristemtemperatur unter nicht-überstauten Bedingungen niedriger war, 
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konnten die geringeren Blattwachstumsraten auf die geringere Meristemtemperatur 

zurückgeführt werden. Ertragseinbußen unter nicht-überstauten Bedingungen wurden 

hauptsächlich während der kalten Trockenzeit beobachtet, während in der heißen Regenzeit 

geringe Ertragssteigerungen gefunden wurden. Unter den Ertragskomponenten waren eine 

verringerte Anzahl an Ährchen pro Rispe und eine höhere Ährchensterilität für den größten Teil 

der Ertragseinbußen verantwortlich. Die Blattfläche pro Bestockungstrieb war positiv mit der 

Meristemtemperatur im beobachteten Temperaturbereich korreliert und es konnte eine positive 

Beziehung zwischen Blattfläche pro Bestockunsgtrieb und der Anzahl an Ährchen pro Rispe 

hergestellt werden. Weiterhin nahm die Sterilität der Ährchen mit der Meristemtemperatur 

zwischen Induzierung der Rispenbildung und Rispenschieben ab. Eine niedrigere 

Meristemtemperatur unter nicht-überstauten Bedingungen führte daher zu einer geringeren 

Blattfläche pro Bestockungstrieb, weniger Ährchen pro Rispe und einer höheren 

Ährchensterilität. Somit kann auch in der Abwesenheit von Bodenwasserdefiziten über 

Änderungen der Boden- und Meristemtemperatur unter nicht-überstauten Bedingungen 

wassersparende Bewässerung in der Reisproduktion zu Wachstumsminderungen und 

Ertragseinbußen führen. Die Unterschiede zwischen den Bewässerungsbehandlungen nahmen 

mit abnehmender Lufttemperatur zu und es konnte ein eindeutiges saisonales Muster beobachtet 

werden. In der kalten Trockenzeit wurden unter nicht-überstauten Bedingen starke 

Wachstumsminderungen und Ertragseinbußen beobachtet, während in der heißen Regenzeit 

Wachstum und Ertrag nur geringfügig von der Bewässerungsbehandlung beeinflusst wurden. Bei 

dem Einsatz von wassersparenden Bewässerungsmethoden in Gegenden, in denen die 

Nachttemperatur auf unter 20°C sinken kann, sollten daher die Auswirkungen auf die 

Meristemtemperatur beachtet werden. Um eine Wachstumsminderung durch wassersparende 

Bewässerung zu umgehen, könnte eine Wasserschicht zur Überbrückung von kühlen Perioden 

eingesetzt werden oder auch eine Sorte verwendet werden, die weniger stark auf 

Temperaturänderungen reagiert. Die physiologischen Mechanismen von den unterschiedlichen 

Auswirkungen von Tag- und Nachttemperatur sind bislang unbekannt und es besteht weiterer 

Forschungsbedarf. Möglicherweise ist es eine Kombination aus niedriger Nachttemperatur und 

hohem evaporativem Bedarf, die zu Wachstumsminderungen aufgrund von Einschränkungen im 

pflanzlichen Wasserhaushalt führt. Weiterhin möchten wir auf die Notwendigkeit eines stabilen 

Modells zur Simulierung der Wassertemperatur in überstauten Reisfeldern verweisen. Dieses 
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sollte in Wachstumsmodelle für Reis einfließen, da die bestehenden Modelle zwar Wachstum 

und Ertrag unter Hochland- und Tieflandanbaubedingungen simulieren, jedoch bislang die 

Auswirkungen der Bewässerungsmethode auf das Mikroklima im Bestand unzureichend 

berücksichtigen.  
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1 General Introduction 

1.1 Oryza sativa 

The term “rice” refers to the species Oryza sativa L. and Oryza glaberrima Steud.. O. 

glaberrima, also known as “African rice”, is native to sub-Saharan Africa, where it is still grown, 

but due to its lower yield potential progressively replaced by O. sativa (Linares, 2002). Almost 

the entire rice produced is O. sativa, which is the primary staple for more than half the world’s 

population, with Asia representing the largest producing and consuming region (Khush, 2005). 

In 2010, rice was grown on more than 160 million hectares worldwide (Fig. 1.1) with a total 

production more than 700 million tons, whereupon about 90% were produced in Asia and 3.7% 

in Africa (FAO, 2013). The three major rice producing countries China, India and Indonesia 

generate about 60% of the world’s rice production. Despite their large production, China and 

Indonesia are net-importers of rice. Since only a minor percentage of rice is traded in world 

markets and the emphasis in all rice economies is on self-sufficiency, in many Asian countries, 

rice self-sufficiency and political stability are interdependent (Fairhurst and Dobermann, 2002). 

Even though, the importance of rice is commonly linked to Asia, its global relevance should not 

be underestimated, since also in parts of African like Madagascar or several countries in West 

Africa and in large regions in Central and South America, rice is part of people’s daily diet.  

 
Figure 1.1: The three major rice growing environments. Source: www.irri.org 

Rice can be grown as irrigated or rainfed lowland, upland and flood-prone rice. Irrigated rice is 

grown in bunded fields, where usually a ponded water layer is maintained continuously and 

irrigation water is applied throughout the dry season or supplementary during the wet season. It 

accounts for about half of the world’s rice land, but due to its higher productivity to more than 
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75% of the world’s rice production; rainfed lowland fields account for 34% of the total rice 

growing area (Maclean et al. 2002). They are also bunded and usually flooded, but characterized 

by a lack of water control which can lead to spells of excess flooding or drought. Therefore, 

yields remain usually lower in rainfed than in irrigated lowland fields and in most regions, only 

one crop per year can be grown during the rainy season. Even though, upland rice is grown on 

less than 10% of the total rice growing area, it is the dominate culture in Latin America and West 

Africa (Maclean et al. 2002). Upland rice environments are highly divers. It can be grown in 

valleys and on steep slopes, in lowlands and in high altitudes. Usually, it is direct-seeded, fields 

are unbunded and non-flooded. Flood-prone rice is grown on floodplains and river deltas, where 

flooding of more than 1 m depth can occur. Both, upland and flood-prone rice have low yield 

potentials, but still contribute to food security in unfavorable crop production areas.  

 

1.2 Water-saving irrigation in lowland rice 

With about 79 million hectares of irrigated rice worldwide, it was estimated that irrigated rice 

receives 34-43% of the total world’s irrigation water or 24-30% of the total world’s freshwater 

withdrawals (Bouman et al., 2007). A large part of the world’s rice growing regions already 

suffer from either economic or physical water scarcity (Fig. 1.2). Aggravation resulting from 

population growth, an increasing industrial and municipal water demand and pollution of 

existing resources is expected and will lead to more severe shortages in the near future. For 2025, 

it was predicted that 13 million hectares of wet-season irrigated rice areas in China, Pakistan and 

India will suffer from physical water scarcity (Tuong and Bouman, 2003). 

 

Figure 1.2: Global physical and economic water scarcity. Source: World Water Development Report 4. 
World Water Assessment Programme (WWAP), March 2012 
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Therefore, major efforts have been made in rice research in the last two decades to develop new 

irrigation technologies in order to save water and maintain yields at the same time and thus, 

increasing water productivity. Among the developed technologies, aerobic rice, alternate wetting 

and drying (AWD), raised beds/saturated soil culture and the ground-cover rice production 

system (GCRPS) have been recognized to possess a high water productivity (Farooq et al., 

2009). Aerobic rice is grown in well-drained, non-puddeled and non-saturated soils without 

ponded water like irrigated upland crops such as wheat or maize (Bouman et al., 2005). In 

aerobic farmer’s field in northern China, water savings of 60% came along with yield reduction 

of 20-30% and therefore, an increase in water productivity of 60-90% compared to continuously 

flooded fields (Huaqi et al., 2002). However, in a long-term aerobic rice experiment, yield 

declined over time (Peng et al., 2006), a phenomenon that has been related to micronutrient 

deficiencies and root knot nematodes in aerobic soils (Kreye et al., 2009). AWD describes an 

irrigation system, where the soil is allowed to dry for several days after disappearance of the 

floodwater layer. Water savings as well as yield reductions largely depend on the frequency and 

duration of the non-flooded periods and therefore, the level of water-stress (Tabbal et al., 2002). 

For areas with shallow groundwater tables, it was claimed that irrigation water can be saved with 

AWD without significant effects on yield (Belder et al., 2004). In saturated soil culture, the soil 

is kept close to saturation in order to decrease seepage and percolation flows. Continuous soil 

saturation can be achieved via very frequent shallow irrigation or with raised beds, where water 

is maintained in furrows. For this system, water savings of 32% in combination with only minor 

yield reductions have been reported in comparison to traditionally flooded rice fields (Borrell et 

al., 1997). Analyzing 24 “water saving experiments”, Bouman and Tuong (2001) found that 

water-saving irrigation treatments which continuously kept the soil at saturation, or allowed for 

only one day soil drying before re-applying a shallow layer of water, were effective in reducing 

water input while maintaining high yield levels. In GCRPS, unsaturated soils are covered with 

straw or plastic film in order to avoid evaporative water losses. Water savings of up to 60% with 

only minor yield reductions have been described (Lin et al., 2002; Tao et al., 2006). All these 

methods aim at reducing unproductive water losses such as seepage, percolation and evaporation. 

However, even though water can be saved on field level, water-saving irrigation methods mostly 

come along with yield reductions. 
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1.3 Irrigated lowland rice in Senegal 

In Senegal, the two major rice growing regions are the Senegal River Valley in the northern part 

of the country, where irrigated rice is cultivated, and the Casamance region in the South, where 

rice is grown under rainfed conditions (Fig. 1.3). Since irrigated cultivation supplies 70% of the 

national rice production (Wolfe et al., 2009), the Senegal River Valley is of great importance for 

the national rice supply. 

 

Figure 1.3: Map of Senegal. Source: www.africa.com/senegal 

Rice is an important food crop in Senegal and the country highly depends on rice imports. 

According to FAO, 405.824 t of paddy rice have been produced in 2011 in Senegal, whereas 

807.835 t of milled rice haven been imported in the same year (FAOSTAT, accessed 

29.11.2013). Since the Senegalese government is heavily investing in the national rice sector 

with the objective of achieving self-sufficiency in 2015 (Diagne et al., 2013), the share of 

imported rice might have decreased until to date. Mayor constraints of rice production in Senegal 

are climatic risks, which can cause spikelet sterility induced by heat or cold (Dingkuhn and Sow, 

1997), bird damage (de May et al., 2012), fertilizer supply and weakness of the credit system 

(Diagne et al., 2013) and high irrigation costs (Krupnik et al., 2012c) which arise from 

maintenance and operation of diesel pumps commonly used for irrigation in the Senegal River 

Valley. Irrigation fees, which now already comprise between 20 and 44% of farmers’ total 
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production costs (Krupnik et al., 2012c), are expected to increase further with rising energy 

costs. Therefore, water-saving technologies in irrigated rice can be an option to reduce 

production costs and thus increase farmers’ profit. Since recent increases in Senegal’s rice 

production are rather attributed to expansion of the rice growing area than to increased 

productivity (Diagne et al., 2013), total water withdrawals from the Senegal River have been 

rather augmented in the last years. Even though, most of the research on water-saving 

technologies in irrigated rice production was done in Asia, some experiments were conducted in 

the Sahel in the last years. In the Senegal River Valley and Delta, AWD saved 22-39% of 

irrigation water with no or little yield loss in the wet season and an average yield loss of 1.8 t ha-1 

during the dry season (de Vries et al., 2010). Examination of the System of Rice Intensification 

(SRI), which comprises AWD as irrigation management practice, led to the conclusion that 16-

48% of water can be saved without significant differences in yield in comparison to continuous 

flooded fields (Krupnik et al., 2012a,b). 

 

1.4 Rice and its responses to climatic conditions 

Rice is cultivated under very diverse environmental conditions, such as the humid tropics (e.g. 

Indonesia), the arid tropics (e.g. Egypt) and temperate regions (e.g. Japan).  It is produced at sea 

level on coastal plains and in delta regions throughout Asia and to a height of 2600 m asl, on 

slopes of Nepal’s Himalaya (Maclean et al., 2002). Given reasonable supplies of water and 

fertilizers, solar radiation and temperature are the major natural resources which control the 

productivity of rice (Tanaka, 1976). High solar radiation is generally considered to have a 

positive effect on growth and yield. Dry matter production and leaf area index (LAI) increase 

with increasing radiation (Tanaka, 1966). However, there are only little effects of low radiation 

on yield and yield components during the vegetative stage, whereas during the reproductive 

stage, low radiation leads to a low number of spikelets and, when occurring during ripening 

phase, to a high percentage of unfilled grains (Yoshida, 1981). The effects of temperature on 

growth and yield are complex, since on the one hand, growth is stimulated by an increase of 

temperature up to 30°C (Cutler et al., 1980), but on the other hand, crop duration is shortened 

(Dingkuhn et al., 1995) via accelerated development and therefore, less tillers per hill are 

produced (Shrestha et al., 2012). Extreme temperatures lead to yield reductions due to heat 
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(>35°C) or cold (<18°C) induced sterility, one of the major constraints for rice production in the 

dry tropics and subtropics. Since in irrigated lowland rice, the plant’s meristem is below the 

water surface until booting and growth (Shimono et al., 2002), development (Dingkuhn et al., 

1995) and cold induced spikelet sterility (Julia and Dingkuhn, 2013) are rather affected by water 

than by air temperature, further complexity is added to the effect of temperature on final yield. 

The omission of a ponded water layer in water-saving irrigation leads to changes in the field’s 

microclimate (Alberto et al., 2009), but the interaction between water-saving irrigation and 

climate has not been investigated up to present. Staggered sowing dates in an environment with 

large annual climatic variability, allow investigating the impact of climatic conditions on growth 

and development. Since development stages of plants sown on different dates during the course 

of the year will be subjected to different climatic conditions, the interactive effects of 

temperature on growth and development and therefore final yield can be studied in a natural 

environment. 

 

1.5 Objectives 

The main objective of this study was to investigate the interactive effects of non-flooded 

cultivation and climatic conditions, with a special focus on the thermal environment, on growth 

parameters and grain yield of irrigated lowland rice and hence, to evaluate the potential of water-

saving irrigation during different growing seasons and in different agroecological zones with the 

specific objectives: 

 to investigate the effects of irrigation system on the field’s microclimate and its influence 

on gas-exchange parameters, 

 to study leaf area development is response to meristem temperature under flooded and 

non-flooded conditions, and 

 to analyze yield and yield components of irrigated rice grown with and without ponded 

water under varying climatic conditions. 
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2 Canopy microclimate and gas-exchange in response to irrigation system in lowland 

rice in the Sahel 

 

This chapter is published as: 

Stuerz, S., Sow, A., Muller, B., Manneh, B., Asch, F., 2014. Canopy microclimate and gas-

exchange in response to irrigation system in lowland rice in the Sahel. Field Crops Research 163, 

64-73. 

 

Key words: Assimilation rate; Cold stress; Oryza sativa; Soil temperature; Stomatal 

conductance; Water temperature  

 

Abstract 

In lowland rice production, water-saving irrigation technologies have been developed, but it has 

rarely been considered that the absence of a ponded water layer could change the field’s 

microclimate due to the different thermal characteristics of water compared to air. At a site in the 

Senegal River valley, canopy and soil temperature as well as temperature at meristem level and 

relative humidity inside the canopy were observed in the presence and absence of a ponded water 

layer in an irrigated rice field. Gas-exchange measurements were conducted at different 

development stages of three varieties (IR4630, IR64, and Sahel108) sown in bi-monthly intervals 

and the effects of climatic and microclimatic parameters on stomatal conductance, assimilation 

rate, and intrinsic water use efficiency were investigated. Minimum soil (Tsmin) and meristem 

temperature (TMmin) were usually lower in the absence of a ponded water layer. Stomatal 

conductance depended mainly on Tsmin, TMmin, and minimum relative humidity inside the 

canopy. Assimilation rate was positively correlated with solar radiation, Tsmin and TMmin, but 

depended mainly on stomatal conductance. Without standing water, stomatal conductance was 

significantly lower, but reductions could be explained with lower Tsmin and/or TMmin. 

Nevertheless, Tsmin and/or TMmin were the major determinants of stomatal conductance and 

assimilation rate, which suggests a pivotal role of root zone temperature on plant growth 

probably via water uptake and, thus, overall plant water status. Varietal differences were found, 
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with assimilation rate in IR4630 and Sahel108 having been less affected by low temperature than 

in IR64. When water-saving irrigation measures are applied in irrigated rice, the negative effects 

of lower soil and meristem temperature in the absence of a ponded water layer in the field on the 

productivity of rice need to be considered. In regions where night temperatures below 20°C 

occur, varieties should be used that are less temperature-responsive, if the effect of cool nights 

on meristem temperature cannot be mitigated by a ponded water layer.  

 

2.1 Introduction 

The growing world population requires increased food production, while at the same time, water 

resources need to be preserved. Since about one-fourth to one-third of the world’s developed 

freshwater resources are already used to irrigate rice (Bouman et al., 2007), and competition for 

water between agriculture and industry will increase, particularly in developing countries, more 

rice needs to be grown with proportionally less water. Whereas increasing the productivity of 

irrigated rice per transpired amount of water may require breakthroughs in breeding and genetics, 

alternative technologies may reduce water inputs at field level and thus increase field-level water 

productivity, though most of them at the cost of a yield penalty (Tuong et al., 2005). Yield 

reductions in rice have been observed even when grown in soils close to their water holding 

capacity (Tao et al., 2006) or in saturated soils in comparison to continuously flooded fields 

(Borrell et al., 1997; Bouman and Tuong, 2001). Recently, water-saving practices, such as 

alternate wetting and drying (AWD) and the System of Rice Intensification (SRI), which 

comprises AWD as irrigation management practice, have been tested in the Sahel. Whereas, SRI 

saved 16–48% of water without significant impact on yield in comparison to continuously 

flooded fields (Krupnik et al., 2012a,b), AWD saved 22–39% of irrigation water with no or little 

yield loss in the wet season and an average yield loss of 1.8 t ha−1 during the dry season (de 

Vries et al., 2010). Since irrigation water savings do not necessarily lead to yield reductions and 

differences between growing seasons have been described, other factors than soil water deficits 

should be considered to explain the observed results. With water having a heat capacity four 

times higher than air, a strong effect of a ponded water layer on the temperature a plant is 

subjected to can be expected. So far, the effect of changes in microclimate in the absence of a 

ponded water layer has rarely been investigated. Alberto et al. (2009) found changes in soil 
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temperature (Ts) and in temperature and vapour pressure deficit (VPD) inside the canopy in 

aerobic (non-flooded) rice fields. But since plants encountered drought spells during their 

experiments and canopy’s microclimate is highly influenced by transpiration, which is reduced 

under drought, the reported results on microclimate do not show the effect of the presence or 

absence of a ponded water layer alone, but include interactions between plants and their direct 

environment. Therefore, the effect of a ponded water layer on the relative air humidity inside the 

canopy (RHc), is difficult to assess in a cropped field, since RHc influences transpiration which in 

turn affects RHc. However, the environmental factors a plant experiences are manifold with 

different temperatures prevailing in the soil, inside and above the canopy and considering 

flooded rice in the ponded water layer. Since plants exist in a soil-plant-atmosphere-continuum 

and metabolic processes are not only influenced by their proximate environment, soil 

temperature can influence photosynthesis and respiration (Cooper, 1973) and the growth and 

activity of roots are inseparably related to those of the aerial parts (Yoshida, 1976). An 

impressive body of research exists describing effects of single factors such as temperature (e.g. 

Nagai and Makino, 2009), relative humidity (e.g. Asch et al., 1995), VPD (e.g. Ohsumi et al., 

2008), or radiation (e.g. Campbell et al., 2001), on stomatal conductance and assimilation, but 

the way plants integrate all these different climatic factors is complex (Shrestha et al., 2012) and 

to date still poorly understood. A broader understanding of this integrative process will help 

defining the growth limiting factors in a specific environment and, therefore, enable 

improvement of crop management and point the way to new breeding objectives. Exploration of 

integrative processes requires multi-dimensional experiments under controlled conditions or a 

large number of close observations in natural environments. Staggered sowing dates in a location 

having large intra-annual climatic variation allow studying the effects of complex natural 

environments on different development stages. The Sahelian region, with its climatic extremes, 

provides the opportunity to study the effects of heat, cold, high VPD and high and low solar 

radiation under natural conditions at one site. Since gas-exchange parameters respond quickly to 

climatic conditions, they are useful for the assessment of the relative influence of individual 

parameters on the crop’s reaction to its direct environment. In the present study, leaf gas-

exchange measurements were used to quantify crop responses to its environment and to identify 

climatic and microclimatic parameters having the largest influence on the rice crop. As we 

hypothesized that water-saving irrigation will influence the microclimate within a crop, 
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measurements were conducted in rice fields under flooded and non-flooded conditions. If the 

presence or absence of a ponded water layer already influences the rice crop via changes in 

microclimate, mechanisms need to be understood in order to develop alternative management 

strategies and new varieties that can minimize the risk of yield reductions under water-saving 

irrigation. 

 

2.2 Materials and Methods 

2.2.1 Site description 

Field trials were conducted between October 2009 and October 2010 in Ndiaye (16°11’N, 

16°15’W), located in the Senegal River delta. The experimental site belongs to the Sahel station 

of the Africa Rice Center. It is characterized by a typical Sahelian climate with a short rainy 

season from July to early October. Temperature, relative humidity, solar radiation, and wind 

speed were recorded with an Onset Hobo© weather station every 20 min (Fig. 2.1). All sensors 

were installed close to the experiment, 2 m above a flooded rice field. Precipitation was 

measured at 300 m from the experiments at the Senegal River Development Agency (SAED). 

The soil is an orthothionic Gleysoil (following FAO classification, FAO, 2006), with a texture 

(0–20 cm) of 16-44-40% sand, silt and clay (Haefele et al., 2004). The experimental site has a 

shallow ground water table at 0.8–0.4 m below the soil surface (de Vries et al., 2010).   

 

2.2.2 Experimental design and irrigation treatments 

Three varieties (IR4630, IR64 and Sahel108) were sown on five regularly staggered dates (Fig. 

2.1) and grown under flooded and non-flooded conditions. The first sowing date was in October 

2009 and the last in June 2010. Plots of the different sowing dates were located directly next to 

each other and re-used from April. Each plot consisted of two sub-plots with different irrigation 

treatments in 3 replications. In order to prevent lateral water flows from the flooded to the non-

flooded treatment, sub-plots were separated with a spacing of 10 m. Within each replication, 

varieties were completely randomized. For individual irrigation, each variety-plot (3 m × 4 m) 

was bunded separately and had access to the irrigation canal.  
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Until onset of tillering, all plots were daily irrigated and a continuous water layer of 1–3 cm was 

maintained to ensure seedling emergence. Thereafter, irrigation water was applied on average 

twice a week to maintain a continuous water layer in the flooded treatment, where the irrigation 

water level was approximately 5 cm during early development phases and up to 15 cm after full 

crop establishment. In the non-flooded treatment, the objective was to avoid standing water and 

to prevent drought stress at the same time. Therefore, irrigation water was applied every second 

day slightly above soil saturation. 

 

Figure 2.1: Weather data for Ndiaye between October 2009 and October 2010. Crosses indicate sowing 
dates (SD1: October 12, 2009; SD2: December 14, 2009; SD3: February 15, 2010; SD4: April 12, 2010; 
SD5: June 14, 2010). 

 

2.2.3 Genotypes and crop management 

Three varieties were used in this experiment: IR4630-22-2, an improved long-duration variety; 

IR64 as international check variety and Sahel108 (IR13240-108-2-2-3), a short-duration variety, 

which is very popular in the region.  

Seeds were soaked for 24 h and pre-germinated in cotton bags in sand for 48 h. Pre-germinated 

seeds were dibble seeded with a spacing of 20 cm x 20 cm and covered with sand. In order to 

obtain two plants per hill, at three leaf stage excessive plants were removed or missing plants 

were replaced from an adjacent seedbed. Chemical herbicide (Londax©) with bensulfuron methyl 
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as active ingredient was applied 21 days after sowing (DAS). Thereafter, plots were kept weed-

free through manual weeding.  

Fertilizer was applied uniformly in the recommended quantities in three splits. At 21 DAS, 48 kg 

nitrogen (N) in form of urea and diammonim phosphate (DAP), 60 kg phosphorus (P) as DAP 

and 60 kg potassium (K) as KCl were applied. Second application followed at panicle initiation 

(PI) with 48 kg N and third application at booting stage with 24 kg N.  

 

2.2.4 Observations and measurements 

For micrometerological observations, temperature and humidity sensors were placed in one 

replication of each irrigation treatment. A TinyTag TGP-4500 Dual Channel datalogger (Gemini 

Co., UK) recorded temperature and relative humidity (RH) inside the canopy, where height of 

measurement depended on plant height. A TinyTag TGP-4520 Dual Channel, provided with two 

thermistor probes PB-5001-3M (Gemini Co., UK), was used to measure soil and meristem 

temperature every 15 min. For meristem temperature (TM) measurements, the sensor was placed 

at the soil surface, whereas soil temperature (Ts) was measured in the top soil-layer (0–150 mm). 

Sensors were moved between variety-plots every 24 h.  

Stomatal conductance (gs) and assimilation rate (A) were measured with a portable 

photosynthesis system (LCi, ADC BioScientific Ltd., UK) on 4 plants per replication on the 

youngest fully developed leaf of the main tiller. Measurements were done between 11 am and 3 

pm for different development stages, on 3 days on average per cropping cycle. Between 11 am 

and 3 pm, readings of gs and A were relatively stable and even on hot and dry days, no midday 

depression was observed. Intrinsic water use efficiency (WUEi) was calculated as A/gs. 

Phenological observations were regularly conducted to detect 50% flowering and maturity and 

development stage (DVS) was calculated as:   

 Before flowering:  

 DVS = days after sowing / days to flowering 

 After flowering:  

 DVS = days after flowering / (days to maturity - days to flowering) + 1 
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2.2.5 Statistical analysis 

For data analysis, gas-exchange measurements with a ratio between intercellular and atmospheric 

CO2 concentration (ci/ca ratio) below 0.5 or above 0.85 were excluded. Farquhar and Richards 

(1984) found a variation of ci/ca from 0.58 to 0.83 in wheat. To our knowledge, the biologically 

possible range of ci/ca is not known for rice and therefore a slightly larger data range was 

considered. Furthermore, values for gs above 1 mol m−2 s−2 were excluded for data analysis. 

According to Jones (1992), maximum leaf conductance for herbaceous crop plants is 0.6 mol m−2 

s−2. Since plants from wet habitats tend to have a higher stomatal conductance, a larger data 

range was included. In total, 668 gas-exchange measurements were considered for analysis. 

Statistical analyses were performed with STATISTICA 10. Data were tested for normality using 

Kolmogorov–Smirnov and Lillefors test for normality. To obtain normal distribution, values of 

gs were transformed in their natural logarithm (ln). For the comparison of varieties and the 

effects of irrigation on gas-exchange parameters, factorial ANOVAs and ANCOVAs, including 

Tsmin and TMmin in case of gs and intrinsic water use efficiency, respectively and ln(gs) and 

photosynthetically active radiation on the leaf surface (PAR leaf) in the case of A were 

performed. Microclimate and gas-exchange parameters were calculated using multiple regression 

analyses.  

 

2.3 Results 

2.3.1 Stomatal conductance, assimilation rate and intrinsic water use efficiency 

For all varieties, gs was lowest between December and February and increased afterwards (Fig. 

2.2). Average gs over all measurements was lower in the non-flooded (NF) than in the flooded 

(FL) treatment for all varieties (Table 2.1). It was highest for IR4630 with 0.39 mol m-2 s-1 (FL) 

and 0.32 mol m-2 s-1 (NF), followed by IR64 with 0.39 mol m-2 s-1 (FL) and 0.31 mol m-2 s-1 (NF) 

and Sahel108 mol m-2 s-1 with 0.34 mol m-2 s-1 (FL) and 0.28 mol m-2 s-1 (NF). For IR4630 and 

IR64, A was significantly higher in the flooded treatment, whereas no significant difference 

between irrigation treatments was found for Sahel108. Highest A was found for IR4630 with 

15.8 µmol m-2 s-1 (FL) and 14.3 µmol m-2 s-1 (NF), followed by IR64 with 14.5 µmol m-2 s-1  
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(FL) and 13.4 µmol m-2 s-1 (NF) and Sahel108 with 13.9 µmol m-2 s-1 (FL) and 13.6 µmol m-2 s-1 

(NF). WUEi was highest in January and February and decreased afterwards. For IR64 and 

Sahel108, it was significantly higher in the non-flooded treatment, whereas no significant 

difference was found between irrigation treatments for IR4630. Highest WUEi was found for 

Sahel108 with 53.1 µmol mol-1 (NF) and 46.8 µmol mol-1 (FL), followed by IR64 with 50.1 

µmol mol-1 (NF) and 45.2 µmol mol-1 (FL) and IR4630 with 48.6 µmol mol-1 (NF) and 47.1 

µmol mol-1 (FL). 

 

Figure 2.2: Monthly averages of measurements on selected days of gs (mol m-2 s-1), A (µmol m-2 s-1), and 
WUEi (µmol mol-1), of IR4630, IR64 and Sahel108 grown under flooded and non-flooded conditions. 
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Table 2.1: Analyses of variance for stomatal conductance, assimilation rate and intrinsic water use 
efficiency. ***, **, *: significant at P-value ≤ 0.001, ≤ 0.01, ≤ 0.05, respectively. Abbreviations: d.f.: degree 
of freedom; SS: sum of square; MS: mean square. 

Stomatal Conductance        

d.f. SS MS p 

Irrigation  1 5.13 5.13        0.000*** 

Variety  2 2.14 1.07   0.017* 

Irrigation x Variety  2 0.22 0.11 0.652 

Assimilation Rate 

d.f. SS MS p 

Irrigation  1 153.3 153.3     0.001** 

Variety  2 189 94.5     0.001** 

Irrigation x Variety  2 42.8 21.4 0.196 

Water use efficiency 

d.f. SS MS p 

Irrigation  1 2907 2907   0.001* 

Variety  2 746 373 0.235 

Irrigation x Variety  2 637 318 0.290 

 

2.3.2 Gas-exchange and microclimate 

Average gs, A and WUEi per day of measurement were calculated and correlated with daily 

minimum and maximum weather and microclimate data (Table 2.2). Among temperature data, 

the highest correlation coefficients with ln(gs) were found for minimum meristem temperature 

(TMmin) and minimum soil temperature (Tsmin), which are highly autocorrelated (R > 0.9). Also 

a strong correlation of ln(gs) with minimum relative humidity inside the canopy (RHcmin) and 

radiation was found. Assimilation rate depended mainly on ln(gs) with a strong effect of 

radiation. The effect of meristem and/or soil temperature and RHcmin was even stronger on 

WUEi than on ln(gs), however, WUEi decreased with increasing temperature and humidity.  
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Table 2.2: Pearson correlation coefficients for correlations between climatic data (2 m), microclimatic data 
measured in the canopy, at meristem level and in the soil, DVS and daily average values of (a) stomatal 
conductance, (b) assimilation rate and (c) intrinsic water use efficiency. Additionally, correlation 
coefficients for correlations between natural logarithm of stomatal conductance (ln(gs)) and assimilation 
rate and intrinsic water use efficiency are shown in (b) and (c), respectively. ***, **, *: significant at P-
value ≤0.001, ≤0.01, ≤0.05, respectively. 

a) Stomatal conductance correlation coefficients 

  T min  T max  RH min  VPD  Radiation   

Air  0.71***    0.11  0.47***  ‐0.24  0.71***   

Canopy  0.75***  ‐0.18  0.65***        ‐0.51***  ‐‐   

Meristem  0.84***    0.32*  ‐‐  ‐‐  ‐‐   

Soil  0.80***        0.73***  ‐‐  ‐‐  ‐‐   

 

b) Assimilation rate correlation coefficients 

  T min  T max  RH min  VPD  Radiation  ln(gs) 

Air  0.44***      0.30*  0.12  ‐0.03  0.66***  ‐‐ 

Canopy   0.51***  ‐0.11   0.32*   ‐0.26*    ‐‐ 

Meristem   0.59***  0.22  ‐‐  ‐‐  ‐‐  ‐‐ 

Soil  0.52***        0.47***  ‐‐  ‐‐  ‐‐  ‐‐ 

Leaf  ‐‐  ‐‐  ‐‐  ‐‐  ‐‐  0.82*** 

 

c) Intrinsic water use efficiency correlation coefficients 

  T min  T max  RH min  VPD  Radiation  ln(gs) 

Air  ‐0.72***  0.06  ‐0.62***  0.40**  ‐0.64***  ‐‐ 

Canopy  ‐0.76***  0.21  ‐0.75***   0.59***  ‐‐  ‐‐ 

Meristem  ‐0.85***  ‐0.32*  ‐‐  ‐‐  ‐‐  ‐‐ 

Soil  ‐0.82***     ‐0.76***  ‐‐  ‐‐  ‐‐  ‐‐ 

Leaf  ‐‐  ‐‐  ‐‐  ‐‐  ‐‐  0.91*** 

                  N=62 

 

With TM, Ts and RHc having the strongest correlation with gs, these parameters were chosen for 

comparison between irrigation treatments. Since microclimate in the field depends on canopy 

cover, multiple regression analysis was performed to obtain values for a defined leaf area index 

(LAI) (Table 2.3).  
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Table 2.3: Predictions of minimum meristem temperature (TMmin), minimum soil temperature (Tsmin) and 
minimum relative humidity inside the canopy (RHcmin) under flooded (FL) and non-flooded (NF) 
conditions, resulting from multiple regression analyses. 

Equation  r² 

TMmin  FL  =   2.1 + 0.80 * Tmin + 0.03 * RHmax + 0.27 * LAI  0.87 

NF  =  ‐5.4 + 0.91 * Tmin + 0.07 * RHmax + 0.36 * LAI  0.84 

Tsmin  FL  =   4.2 + 0.72 * Tmin + 0.05 * RHmax + 0.28 * LAI  0.85 

NF  = ‐1.9 + 0.72 * Tmin + 0.06 * RHmax + 0.36 * LAI  0.77 

RHcmin  FL  = ‐11.5 + 3.9 * Tmin + 1.2 * (Tmax ‐ Tmin) ‐18.5 * VPD + 5.0 * LAI  0.88 

NF  = ‐14.1 + 4.4 * Tmin + 0.7 * (Tmax ‐ Tmin) ‐16.8 * VPD + 2.6 * LAI  0.79 

 

Calculated TMmin ranged between 16.1°C and 26.9°C under flooded and between 13.5°C and 

26.4°C under non-flooded conditions (Fig. 2.3). On average, it was 1.6°C lower under non-

flooded than under flooded conditions. Largest differences between irrigation treatments were 

found between December and February with a maximum of 2.8°C in January, whereas between 

June and September, TMmin was less than 1°C lower in the non-flooded treatment. Tsmin ranged 

from 18.9 to 28.9°C in the flooded treatment, and from 17.6 to 27.8°C in the non-flooded 

treatment. On average, it was 1.1°C lower under non-flooded conditions. Calculated RHcmin was 

lowest in January and increased towards the wet season with RHcmin close to 100% from July to 

September. In the course of the observation period, only minor differences between irrigation 

treatments were found for RHcmin, with the largest difference in January, when RHcmin was 

32% under flooded and 23% under non-flooded conditions. 
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Figure 2.3: Predicted meristem (TMmin) and soil temperatures (Tsmin) and predicted relative humidity 
inside the canopy (RHcmin) under flooded (FL) and non-flooded (NF) conditions between November 2009 
and October 2010 for LAI=3. 

 

Since TMmin and Tsmin were highly correlated with gs, analyses of covariance were performed 

including TMmin and Tsmin as covariates, in order to test, if differences in gs between irrigation 

treatments could be explained by differences in TMmin and Tsmin. Analyses of covariance 

revealed differences in gs between varieties, but not between irrigation treatments with either 

TMmin or Tsmin as covariate (Table 2.4). Analysis of covariance of A showed that differences 

between irrigation treatments could be attributed to differences in gs and photosynthetically 

active radiation at the leaf surface during measurement (PAR leaf), whereas differences between 

irrigation treatments in WUEi could be attributed to either TMmin or Tsmin.  
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Table 2.4: Analyses of covariance including TMmin or Tsmin as covariate in the analyses of stomatal 
conductance; including ln(gs) and photosynthetically active radiation at the leaf surface (PAR leaf) as 
covariates in the analysis of assimilation rate; and including TMmin or Tsmin as covariate in the analyses 
of  intrinsic water use efficiency. ***, **, *: significant at P-value ≤ 0.001, ≤ 0.01, ≤ 0.05, respectively. 
Abbreviations: d.f.: degree of freedom; SS: sum of square; MS: mean square. 

Stomatal Conductance 

  d.f.  SS  MS  p 

TMmin  1  58.53  58.53         0.000*** 
Irrigation  1  0.47  0.47  0.099 
Variety  2  1.05  0.52    0.048* 

Irrigation x Variety  2  0.38  0.19  0.328 

 
Stomatal Conductance 

  d.f.  SS  MS  p 

Tsmin  1  61.16  61.16         0.000*** 
Irrigation  1  0.14  0.14  0.368 
Variety  2  1.03  0.52    0.047* 

Irrigation x Variety  2  0.43  0.21  0.281 

 
Assimilation Rate 

  d.f.  SS  MS  p 

ln(gs)  1  3819  3819         0.000*** 
PAR leaf  1  178  178         0.000*** 
Irrigation  1  0  0  0.779 
Variety  2  49  24    0.018* 

 
Intrinsic water use efficiency 

  d.f.  SS  MS  p 

TMmin  1  66900  66900         0.000*** 
Irrigation  1  1  1  0.939 
Variety  2  917  458  0.054 

Irrigation x Variety  2  797  398  0.078 

 
Intrinsic water use efficiency 

  d.f.  SS  MS  p 

Tsmin  1  70300  70300         0.000*** 
Irrigation  1  95  95  0.428 
Variety  2  947  473    0.044* 

Irrigation x Variety  2  832  416  0.064 
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2.3.3 Modelling of gas-exchange parameters 

Using equations resulting from multiple regression analyses, gs was calculated based on 

radiation, TMmin, RHcmin, and development stage (DVS) for the three varieties individually 

(Fig. 2.4). A was calculated based on gs and its natural logarithm, RHcmin, and DVS. Modelled 

gs and A for DVS of 0.75 (around panicle initiation) for the measurement period are shown in 

Fig. 2.5. Between December and January, gs was lowest for all varieties, and it increased until 

July. Largest differences of gs between irrigation treatments were found between December and 

May, whereas between July and September gs was similar under flooded and non-flooded 

conditions. During the whole period, IR4630 showed the highest gs. Furthermore, its difference 

in gs between the flooded and the non-flooded treatment was intermediate during the dry-

seasons, but lowest in the hot-wet-season. IR64 showed the lowest gs during the cold-season, but 

during the hot-wet-season, it was in the same range as IR4630. Differences in gs between 

irrigation treatments were highest for IR64 during the dry seasons. Sahel108 showed the lowest 

gs during the hot-wet-season, but the smallest difference between irrigation treatments during the 

dry-seasons. A was lowest during the cold-dry-season and remained relatively constant during 

the hot-dry-season and the hot-wet-season. Difference between irrigation treatments was largest 

in the cold-dry-season and decreased slowly until the hot-wet-season. IR4630 showed the highest 

A and during the cold-dry-season, when IR64 showed lower A and a larger difference in A 

between irrigation treatments than the other varieties. During the hot-dry-season, A of IR64 

increased strongly and was highest during the hot-wet-season. Assimilation rate of Sahel108 was 

high during the cold-dry-season, but low during the hot-wet-season. Differences between 

irrigation treatments were smaller for IR4630 and Sahel108 than for IR64 during the dry-

seasons. 
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Figure 2.4: Observed vs. simulated stomatal conductance (mol m-2 s-1) and assimilation rates  
(µmol m-2 s-1) for IR4630, IR64 and Sahel108 including equations resulting from multiple regression 
analyses. 
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Figure 2.5: Predicted stomatal conductance (mol m-2 s-1) and assimilation rates (µmol m-2 s-1) for IR4630, 
IR64 and Sahel108 under flooded (FL) and non-flooded (NF) conditions for LAI = 3 at development stage 
0.75 between November 2009 and September 2010. Furthermore, differences between irrigation 
treatments in stomatal conductance and assimilation rate are displayed for the three varieties. 
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2.4 Discussion 

2.4.1 Microclimate and gas-exchange parameters 

Since climatic and microclimatic parameters have interactive effects on gas-exchange 

parameters, usually the effects of single factors such as radiation, temperature, humidity or leaf 

water status are studied in controlled environments. In field experiments, large numbers of 

measurements are needed for an in-depth correlation analysis of individual parameters. The 

obvious advantage of this study in a highly diverse environment is the possibility to assess the 

importance of the individual parameters. Therefore, daily mean values of gs, A and WUEi were 

correlated with daily weather and microclimate parameters fully describing the plant’s 

environment. Highest correlation coefficients were obtained for TMmin and Tsmin. These 

parameters were highly auto-correlated and not much evidence is provided by previous studies if 

rather soil or meristem temperature affects leaf gas-exchange. Since under field conditions, soil 

and meristem temperature of cereal crops are always correlated at least until booting, this 

question may not be of practical relevance, but still of scientific interest. Shimono et al. (2004) 

showed a decrease of gs and A in the reproductive stage, but not in the vegetative stage, in rice 

subjected to cold water. Since low water temperature was associated with a decrease in plant 

water content and sap bleeding rate, they argued that root activity was limited by low water 

temperature and influenced gs and A via an increase of hydraulic resistance. Ts was not measured 

in their experiments, but an influence of water temperature on Ts can be assumed. The effect of 

Ts on water uptake and gas-exchange has been investigated recently. Arai-Sanoh et al. (2010) 

found a slight increase of gs, A, and xylem exudation with increasing Ts up to 32°C, which is 

above the range of Ts observed in our field experiment. Kuwagata et al. (2012) reported non-

significant effects of Ts on A, but lower gs, reduced dry matter production, an impaired dry matter 

allocation to the root, and changes in aquaporin expression under low Ts. Despite the evidences 

that root hydraulic conductivity is affected by Ts, the mechanisms are not yet fully understood. 

Presumably, rather the activity of aquaporins than their abundance is responsible for the reduced 

root hydraulic conductivity under low Ts (Murai-Hatano et al., 2008). However, with the strong 

correlation of TMmin and/or Tsmin and gs over a wide range of climatic conditions in our 

experiments and the mechanistic approaches described by other authors above, it can be assumed 

that either TM or Ts or both have a regulatory effect on gs. Dingkuhn et al. (1999) found gs was 
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roughly constant during the day and dependent on leaf water potential at 8 am, indicating that gs 

can be adjusted for the whole day in the early morning. Therefore, we suppose that either TM or 

Ts in the morning, which is close to their daily minimum, regulates gs.  

A high correlation between RHcmin and gs was found, whereas the correlation between VPDc and 

gs was comparably weak. The influence of RH and VPD on gs has been studied in detail and the 

question, if gs is rather influenced by RH or VPD has been discussed (Aphalo and Jarvis, 1991). 

Since it was difficult to always protect temperature sensors inside the canopy from direct 

sunlight in the field, it is possible that some canopy temperature (Tc) measurements were 

adulterated and thus VPDc, calculated from Tc and RHc, may be not fully correct. With the 

correlation of gs with VPD at 2 m being slightly higher than with RH at 2m, it can be predicted 

that correlation of gs with VPDc should be at least in the same range like with RHc. Nevertheless, 

the influence of Tmax on gs appears to be rather marginal considering the rather weak though 

significant correlation of Tmax at 2 m and gs.  

The dependency of gs on solar radiation can be partly explained by a direct response to light, but 

also as indirect response to changes in intercellular CO2 concentration (Sharkey and Raschke, 

1981). A clear effect of radiation on gs was observed, but exceeded by the influence of 

temperature and humidity. Interestingly, A was mainly influenced by gs, showing that 

assimilation was mainly limited by CO2 concentration inside the leaf even under flooded 

conditions. This is supported by the fact that the main driving forces for gs, namely TMmin 

and/or Tsmin and RHcmin, still had a significant effect on A. Second largest effect on A was 

radiation, which is known to strongly affect A (e.g. Marshall and Biscoe, 1980). With gs 

increasing faster with Ts and RHc than A, WUEi decreases with TM, Ts and RHc.  

The parameter having the highest influence on gas-exchange parameters will probably depend on 

the specific environment. It can be assumed that in the humid Tropics where temperature 

fluctuations are rather small, gs will rather be limited by radiation. However, in the arid and semi-

arid Tropics and in the Sub-tropics Ts and RHc may be the major limiting factors for gs and, thus, 

assimilation.  
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2.4.2 Microclimate and gas-exchange under flooded and non-flooded conditions 

Not much data is found in literature on the effect of water-saving irrigation on microclimate in 

lowland rice fields. Without standing water, meristem temperature will be close to air 

temperature, but a water layer in a flooded field influences the thermal environment of the 

growing point. Since heat capacity of water is more than four times higher than of air, a water 

layer in a field will buffer temperature extremes. It has been shown, that an increased water 

depth leads to a decrease of the daily temperature amplitude of the water body in flooded rice 

fields (Confalonieri et al., 2005). Under sunny conditions, maximum water temperature can be 

much lower than air temperature, when the water is covered by the canopy (Dingkuhn et al., 

1995). Regarding minimum temperature of the water in rice fields, different results have been 

reported. Whereas Julia (2012) described minimum water temperature as close to air 

temperature, it was higher than air temperature in the experiments conducted by Confalonieri et 

al. (2005). In our experiments, a seasonal pattern was observed. Minimum water temperature 

was almost 3°C higher than air temperature at meristem level during the cold-dry-season, 

whereas during the hot-wet-season, it was less than 1°C higher only. These data confirm 

Shimono et al. (2002), who claimed that the difference between water and air temperature in 

paddy fields is generally larger in a cooler climate.  

Observed gs, A, and WUEi varied widely in the course of the year. Compared to flooded 

conditions, gs and A were mostly lower under non-flooded conditions, whereas WUEi was 

slightly higher. With gs depending on TMmin and/or Tsmin, which was constantly lower without 

standing water, we hypothesized that lower TMmin and/or Tsmin led to decreased gs under non-

flooded conditions, which was confirmed by analysis of covariance. Furthermore, lower A under 

non-flooded conditions could be explained by lower gs and higher WUEi by lower TMmin and 

Tsmin.  

Substantial research has been done on water-saving irrigation technologies such as alternate 

wetting and drying (AWD) (Belder et al., 2004), saturated soil culture (Borrell et al., 1997), the 

ground-cover rice production system (GCRPS) (Tao et al., 2006), or aerobic rice (Bouman et al., 

2005). Analyzing 24 “water saving experiments”, Bouman and Tuong (2001) found that water 

saving irrigation treatments which continuously kept the soil at saturation, or allowed for only 

one day soil drying before re-applying a shallow layer of water, were effective in reducing water 
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input while maintaining high yield levels. But reported results are not consistent and even if soil 

water deficits were avoided, yield reductions have been reported in some cases. Under saturated 

soil culture in Australia, significant yield reductions were observed in the wet season in 

comparison to continuous flood irrigation, but not in the dry-season (Borrell et al., 1997). In the 

Sahel, yield was maintained under the System of Rice Intensification (SRI) (Krupnik et al., 

2012a,b), whereas AWD led to yield losses of 1.8 t ha−1 on average in the dry-season, but during 

the wet season, little or no yield losses were observed (de Vries et al., 2010). In areas where low 

temperatures occur and where growth or yield reductions under water-saving irrigation cannot be 

explained by soil water deficits, the effect of changes in soil or meristem temperature should be 

considered. Since root hydraulic conductivity seems to be impaired under low temperature, 

water-saving irrigation might lead to secondary drought.  

 

2.4.3 Modelling of gas-exchange parameters  

For accurate predictions of crop responses using simulation models, the relation between 

irrigation system, microclimate, and growth is essential. To predict growth and yield under future 

climate scenarios and to identify crop characteristics that can help coping with climate change, 

temperature responsive mechanisms need to be understood on their physiological basis. Here, we 

provide evidence of changes in microclimate under water-saving irrigation that lead to alteration 

of stomatal aperture and thus assimilation rate. Assimilation rate of the youngest fully developed 

leaf measured at noon cannot be translated directly into crop growth, but a correlation between 

above ground dry matter at flowering and average A between sowing and flowering was found 

(Fig. 2.6), strengthening the case that the temperature effects on assimilation due to the absence 

of the ponded water layer are responsible for the observed yield losses. 
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Figure 2.6: Correlation between observed above ground dry matter at flowering (t ha-1) and averages of 
simulated assimilation rates (µmol m-2 s-1) between sowing and flowering for IR4630, IR64 and Sahel108 
grown under flooded (FL) and non-flooded (NF) conditions. 

 

In the multiple regression analysis of factors influencing gs and A, including development stage 

significantly improved the resulting regression. This fact is an indirect support of data published 

earlier, indicating that the effect of DVS on gs and A is probably due to a decrease in specific leaf 

area (SLA) (Cabuslay et al., 2002). According to Hartmann (2010), SLA decreases with DVS 

and a lower SLA is associated with higher stomatal density (Xu and Zhou, 2008), leading to 

higher gs with increasing DVS. Regression coefficients of simulated versus observed A were 

comparably low, since simulated gs was included in the simulation of A. Simulation of gs and A 

for the observation period showed some differences between varieties for the three seasons. 

Whereas assimilation of IR64 was relatively low in the dry-seasons, the variety performed better 

in the hot-wet-season. Since IR64 is a variety adapted to the humid Tropics, and has been 

classified as highly cold-sensitive variety (Bertin et al., 1996), its cultivation in the Sahel can be 
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recommended for the hot-wet-season rather than for the dry-seasons, when night temperatures 

may fall below 20°C. Both, gs and A, were relatively high in IR4630 and showed less variation 

during the different seasons than in IR64. Sie et al. (1998) found IR4630 to be relatively 

insensitive to temperature when related to phenology; however, with regard to gs and A in our 

experiment, IR4630 showed an intermediate temperature sensitivity. All gas-exchange 

parameters of Sahel108 showed relatively high values during the cold-dry-season, but low values 

during the hot-wet-season and the variety had the weakest response to temperature among the 

varieties studied. It has been shown earlier, that Sahel108 exhibits a high yield stability under 

Sahelian climate and performs relatively well under suboptimal growth conditions (de Vries et 

al., 2011). When Sahel108 was released in Senegal in 1994, it was targeted for the dry-season 

because of its short duration, which should enable farmers to double crop rice in the Senegal 

River Valley (WARDA, 2001). Thus, not only for its short duration, but also for its high 

assimilation rate during periods when cool nights occur, Sahel108 can be recommended as a dry-

season crop, whereas it seems to be less suitable for the wet-season.  

For all varieties, differences in assimilation between irrigation treatments were largest during the 

cold-dry-season, whereas during the hot-wet-season, A was unaffected by irrigation treatment. 

Therefore, water-saving irrigation measures appear to have a higher potential in the hot-wet-

season, when night temperatures remain high, while during the dry-seasons, non-flooded 

conditions will rather have negative effects on growth and therefore yield. This confirms de 

Vries et al. (2010), who found larger yield reductions in the hot-dry-season than in the hot-wet-

season under AWD at the same sites. During the cold-dry-season, Sahel108, which responded 

less to temperature than the other varieties, showed the smallest difference in A between 

irrigation treatments. When water is scarce and needs to be conserved independent of any 

potential yield losses induced by lower temperatures due to the absence of a ponded water layer, 

less temperature-responsive varieties such as Sahel108 should be chosen.  

In the simulation, reductions of A due to water-saving irrigation were negatively correlated with 

night temperature. Temperatures below 21°C reduced A more than 5% in IR64, whereas for 

Sahel108 and IR4630, A was reduced more than 5% below temperatures of about 17°C. The 

impact of changes in microclimate under water-saving irrigation on growth and yield needs 

further investigation in order to develop water-saving strategies that maintain high grain yields. 
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Furthermore, a robust model of water temperature should be implemented in growth models like 

ORYZA2000 or CERES-Rice, which simulate growth and grain yield of lowland and upland rice 

without considering the effect of a ponded water layer on soil and meristem temperature.  

 

2.5 Conclusion and Outlook 

The absence of a ponded water layer resulted in lower minimum temperatures of the soil and at 

meristem level. Major determinants for gs were Tsmin and/or TMmin and RHcmin followed by 

radiation, whereas A depended mainly on gs and radiation. Both, gs and A were also considerably 

influenced by the development stage of the plant. Lower Tsmin and/or TMmin without standing 

water led to a reduction of gs and thus A in comparison to plants grown under continuously 

flooded conditions. Especially in regions where large temperature amplitudes are prevailing 

during the cropping season, the effect of changes in Ts/TM should be considered when water-

saving irrigation measures are applied. Further research is needed in order to quantify the effect 

of Tsmin and/or TMmin on growth and yield and a deepened understanding of the physiological 

processes leading to lower gs under low Ts and/or TM is required for adapted water management 

strategies that maintain high yields.  
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Abstract 

Growth and grain yield reductions have been widely observed when traditionally flooded rice 

fields were subjected to water-saving irrigation measures, where a continuous floodwater layer is 

avoided. These observations led to the perception of rice being a plant extremely sensitive to 

water stress even when grown in soils where water is sufficiently available. Since the rice plant’s 

meristem is below the water surface during the vegetative stage in flooded fields, the difference 

in heat capacity between water and air will lead to changes in meristem temperature, when a 

ponded water layer is omitted. Therefore, the objective of this study was to investigate leaf area 

development in response to meristem temperature under flooded and non-flooded conditions in 

the field. In Ndiaye, located in the Senegal River valley, a lowland rice variety (IR64) was sown 

on 13 staggered dates between July 2008 and June 2010. In a flooded treatment (FL), a 

continuous water layer was maintained, whereas in a non-flooded treatment (NF), irrigation 

water was applied until soil saturation every 2 or 3 days. Temperature at the soil surface as well 

as leaf area and tiller number were recorded. In most cases, leaf area was reduced under non-

flooded conditions. Leaf area expansion rate was correlated with meristem temperature during 

the night. With temperature at the soil surface being lower under non-flooded conditions, lower 

leaf area expansion rates under non-flooded conditions could be attributed to lower meristem 

temperature. The omission of a floodwater layer can expose the rice plant’s meristems to larger 
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temperature extremes and thus affect plant growth. In environments with large temperature 

amplitudes, this effect should be considered when water-saving measures are applied in lowland 

rice fields.  

 

3.1 Introduction 

Decreasing freshwater resources and a growing world population require increased food 

production and reduced water inputs. With about one-fourth to one-third of the world’s 

developed freshwater resources already used to irrigate rice (Bouman et al., 2007), rice is the 

world’s largest freshwater consumer. Several water-saving irrigation methods have been 

proposed for rice, but most of them come at the cost of reduced grain yield (Tuong et al., 2005). 

In comparison to the traditional flood-irrigation, grain yield reductions have been observed in 

lowland rice even when grown in saturated soils (Borrell et al., 1997; Bouman and Tuong, 2001). 

These grain yield reductions are mostly explained by reductions in dry matter production (Lu et 

al., 2000) or a decrease in leaf growth (Nguyen et al., 2009) than by alleviated harvest index. 

Rice is, generally, considered very sensitive to drought (Farooq et al., 2009) especially its leaf 

growth (Nguyen et al., 2009). Nevertheless, direct comparisons between rice and other crops 

regarding their responses to drought are scarce. Inducing water stress through addition of 

polyethylene glycol led to similarly reduced leaf growth in rice, maize and barley (Lu and 

Neumann, 1998). Comparison of leaf elongation rates under different irrigation treatments 

resulted in the conclusion that sensitivity of rice to soil water deficits is similar to that of maize, 

which may result from the poor root system of rice plants (Parent et al., 2010a). If growth and 

grain yield reductions in field experiments in soils close to their water holding capacity cannot be 

explained by the sensitivity of rice to drought, aspects other than soil moisture should be 

considered.  

When water-saving irrigation measures are investigated, non-flooded fields are compared to 

fields where a ponded water layer is maintained throughout the season. The effect of the ponded 

water layer on microclimate in lowland rice fields has not received much attention in rice 

research yet. Since the meristem of the rice plant is usually surrounded by water in lowland 

fields, water temperature can have a larger influence on plant growth than air temperature. 
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Independent variation of air, root, and meristem temperature showed a large influence of the 

meristem temperature on leaf expansion in maize (Watts, 1972). Shimono et al. (2002) 

determined the correlation between water temperature and leaf growth for paddy rice. Since 

water has a heat capacity four times higher than air (Kretzschmar and Kraft, 2007), a water layer 

in the field has a stabilizing effect on temperature fluctuations at the meristem. Hence, changes 

in meristem temperature caused by the absence of a water ponded layer should be considered in 

water-saving rice production.  

The relationship between temperature and leaf elongation in rice has been studied in detail 

(Parent et al., 2010a,b). Leaf elongation increased with temperature during the day, but expressed 

in thermal time, it was higher during the night and decreased with increasing evaporative 

demand. Meristem temperatures up to 30°C during the night or with very low evaporative 

demand increased leaf elongation, whereas it decreased at higher temperatures.  

In this study, rice was grown with and without a ponded water layer sown on 13 staggered dates 

during two years covering a large range of temperature regimes. Differences in meristem 

temperature resulting from the irrigation treatment were quantified and correlated with leaf area 

development.  

 

3.2 Materials and Methods 

3.2.1 Site description 

Field trials were conducted between July 2008 and October 2010 in Ndiaye (16°11’N, 16°15’W), 

located in the Senegal River delta. The experimental site belongs to the Sahel Station of the 

Africa Rice Center. The climate in Ndiaye is a typical Sahelian climate with a rainy season from 

July to early October. Temperature and relative humidity were recorded with an Onset Hobo©
 

weather station in 20-minute intervals (Fig. 3.1). All sensors were installed close to the 

experiments 2 m above the soil. Precipitation was measured at 300 m from the experiments at the 

Senegal River Development Agency (SAED) office. The soil is an orthothionic Gleysoil (FAO, 

2006), with a texture (0-20 cm) of 16-44-40% sand, silt and clay, respectively (Haefele et al., 

2004).  
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Figure 3.1: Minimum and maximum air temperature and precipitation in Ndiaye between July 2008 and 
October 2010. Numbers represent the respective dates of sowing. 

 

3.2.2 Experimental design and irrigation treatments 

Rice was sown on 13 regularly staggered dates (Table 3.1). The first sowing date was in July 

2008 and the last in June 2010. Plots of the different sowing dates were located directly next to 

each other and re-used from January. Each plot consisted of two sub-plots with different 

irrigation treatments in three replications. Each replication (3 m x 4 m) was bunded separately 

and had access to the irrigation canal. In order to prevent lateral water flows from the flooded to 

the non-flooded treatment, sub-plots were separated with a spacing of 10 m. In the flooded 

treatment, irrigation water was applied on average twice a week to maintain a continuous water 

layer. The irrigation water level depended on plant height, which was approximately 5 cm during 

early development phases and up to 15 cm after full crop establishment. In the non-flooded 

treatment, the objective was to avoid standing water and to prevent drought stress at the same 
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time. Therefore, irrigation water was applied every second day slightly above soil saturation. 

Irrigation treatments started with onset of tillering. Before tillering, both treatments were 

irrigated daily and a continuous water layer of 1-3 cm was maintained to ensure seedling 

emergence.  

Table 3.1: Dates of sowing 

Date  Sowing date 

1  10.07.08 

2  15.09.08 

3  10.11.08 

4  20.01.09 

5  19.03.09 

6  11.05.09 

7  13.07.09 

8  17.08.09 

9  12.10.09 

10  14.12.09 

11  15.02.10 

12  12.04.10 

13  14.06.10 

 

 

3.2.3 Crop management 

Seeds of IR64 were soaked for 24 h and pre-germinated in cotton bags in sand for 48 h. Pre-

germinated seeds were dibble seeded with a spacing of 20 × 20 cm and covered with sand. In 

order to obtain two plants per hill, at 3-leaf stage excessive plants were removed or missing 

plants were replaced from an adjacent seed bed. Chemical herbicide (Londax©) was applied 21 

days after sowing (DAS). Thereafter, plots were kept weed-free through manual weeding. 

Fertilizer was applied uniformly in the recommended quantities in three splits. At the first 

application at 21 DAS, 48 kg nitrogen (N) in form of urea and di-ammonium phosphate (DAP), 

60 kg phosphorus (P) as DAP and 60 kg potassium (K) as KCl were used. Second application 

followed at panicle initiation (PI) with 48 kg N, and third application at booting stage with 24 kg 

N.  
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3.2.4 Observations and measurements 

For microclimatic observations, a thermistor probe PB-5001-3M (Gemini Co., UK) was placed 

on the soil surface and connected to a TinyTag TGP-4520 Dual Channel, which recorded 

temperature readings every 15 min. Phenological observations were regularly conducted to 

detect 50% flowering and maturity and development stage was calculated as:  

 DVS before flowering = days after sowing / days to flowering  

 DVS after flowering = days after flowering / (days to maturity - days to flowering) + 1 

Meristem temperature was defined as temperature on the soil surface until DVS 0.85. After DVS 

0.85, air temperature was used. During the cold season (between November and February), tillers 

were counted every three weeks on four hills per replication. In the remaining time, tillers were 

counted every two weeks during the cropping cycle. On the same dates, destructive samplings 

were conducted on four hills per replication. Following the last sowing date, only one destructive 

sampling was conducted. The youngest fully developed leaves of the main tiller were scanned 

for leaf area, dried and weighed and specific leaf area (SLA) was calculated. The remaining 

leaves were separated from the stems, dried and weighted. Leaf area of the whole plant was 

calculated as leaf dry weight multiplied by SLA. For daily leaf area, curves following the 

equation:  

 ln(y) = a + b*x + c*x0.5 

were fitted to leaf are at the sampling dates. 

 

3.2.5 Statistical analysis 

Leaf area index at flowering was compared between irrigation treatments using analysis of 

variance and a subsequent post-hoc analysis using Tukey’s HSD test with STATISTICA 6.0. 

Regression coefficients were calculated with MS Office EXCEL 2007. Multiple regression 

analysis was performed with STATISTICA 6.0, as well as comparison of linear regressions 

using analysis of covariance.  
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3.3 Results 

3.3.1 Phenology, leaf area and tillers 

With 60 days in the flooded treatment (FL) and 61 days in the non-flooded treatment (NF), 

duration to flowering was shortest after sowing in August 2009, followed by duration after 

sowing in July 2008 (67 days in both treatments) and July 2009 with 70 (FL) and 73 (NF) days 

to flowering (Fig. 3.2a). Sowing in November 2008 resulted in the longest duration of 134 (FL) 

and 135 (NF) days to flowering, followed by 106 (FL) and 118 (NF) days to flowering after 

sowing in January 2009. Since temperature was higher during the cold season in 2009/2010 than 

in 2008/2009, sowing in December 2009 resulted in flowering at 99 (FL) and 100 (NF) days. The 

largest difference in phenology between treatments was observed after sowing in January 2009, 

when flowering in the non-flooded treatment occurred 12 days later than in the flooded 

treatment. Apart from this, duration to flowering differed between treatments from 0 to 3 days.  

Leaf area index (LAI) at flowering was greatest after sowing in July 2008 with 5.15 (FL) and 

4.68 m2 m-2 (NF), followed by 4.00 (FL) and 3.68 m2 m-2 (NF) after sowing in May 2009 (Fig. 

3.2b). It was smallest after sowing in November 2008 with 1.69 (FL) and 0.60 m2 m-2 (NF), 

followed by 2.38 (FL) and 1.77 m2 m-2 (NF) after sowing in October 2009. Even though 

differences between treatments were not significantly different, LAI was lower in the non-

flooded treatment in most cases. On average, LAI was 17% lower without a ponded water layer 

in the field. Sowing from April to July led to a decrease of less than 10% or even an increase in 

LAI under non-flooded conditions, whereas sowing between October and February led to a 

decrease in LAI of more than 30% on average.  
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Figure 3.2: Duration to flowering (a), LAI at flowering (b) and tiller number at flowering (c) in the flooded 
and non-flooded treatment for all sowing dates. 
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Under flooded conditions, tiller number at flowering was highest after sowing in January 2009 

(25) and February 2010 (22), whereas under non-flooded conditions, highest tiller numbers were 

observed after sowing in April 2010 (25), July 2008 and December 2009 (both 24) (Fig. 3.2c). 

Lowest tiller numbers were observed after sowing in October 2009 with 13 in the flooded 

treatment and 14 in the non-flooded treatment, and in November 2009 with 13 (FL) and 16 (NF). 

On average over all seasons, IR64 had 19 tillers at flowering in the flooded treatment and 20 

tillers in the non-flooded treatment.  

 

3.3.2 Temperature at the meristem 

Multiple regression analysis was used to predict temperature at the plant’s meristem before 

booting under flooded and non-flooded conditions (Fig. 3.3). 

 

Figure 3.3: Observed and predicted temperature above the soil surface under flooded (a) and non-
flooded (b) conditions including equation for prediction. 
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Both equations showed a highly significant (P < 0.001) correlation between observed and 

predicted values. Under non-flooded conditions, meristem temperature was predicted with a 

lower intercept and a steeper slope for the variables LAI, Tmin and RHmax. Under flooded 

conditions, predicted meristem temperature was on average 21.8°C with an absolute minimum of 

11.5°C and an absolute maximum of 27.3°C (Fig. 3.4). Under non-flooded conditions, 

temperature varied between 8.0 and 26.5°C with an average of 20.0°C. Predicted meristem 

temperature was always lower under non-flooded conditions. Largest differences between 

treatments were found in the cold-dry season between November and March, whereas smallest 

differences were observed between July and October.  

 

Figure 3.4: Predicted temperature at the soil surface under flooded and non-flooded conditions at LAI=1. 
Dotted line displays the differences between both irrigation treatments. 

 

3.3.3 Leaf area expansion rate and meristem temperature 

For daily values of leaf area, curves were fitted through leaf area data obtained from destructive 

samplings. In Fig. 3.5, curves for three different sowing dates are shown exemplarily.  
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Figure 3.5: Leaf area index at sampling dates including fitted curves for both irrigation treatments and 3 
sowing dates.  

 

Average leaf area expansion rates (LER) during the early vegetative growth (DVS 0–0.35), late 

vegetative growth (DVS 0.35–0.7) and early reproductive growth (DVS 0.7–1) were 

significantly (P < 0.05) correlated with average meristem temperature during the respective 

stages (Fig. 3.6). The highest correlation coefficient was found for the late vegetative growth 

stage, followed by the early vegetative growth stage. Including TM as covariate, no significant 

differences in LER were found between irrigation treatments. During early vegetative growth, 

LER varied between 0.50 and 7.81 cm2 d−1 in the flooded treatment and between 0.02 and 7.87 

cm2 d−1 in the non-flooded treatment with an average of 3.43 (FL) and 2.52 cm2 d−1 (NF), 

respectively. During late vegetative growth, LER ranged from 6.71 to 50.30 cm2 d−1 with an 

average of 25.58 cm2 d−1 under flooded conditions, while under non-flooded conditions, it 

ranged from 2.42 to 39.02 cm2 d−1 with an average of 19.50 cm2 d−1. Variation between 8.35 and 

37.54 cm2 d−1 with an average of 19.5 cm2 d−1 was found in the flooded treatment during early 

vegetative growth, when in the non-flooded treatment LER varied between 1.84 and 44.43 cm2 

d−1 with an average of 20.87 cm2 d−1.  
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Figure 3.6: Leaf area expansion rate regressed versus temperature at meristem level in 3 development 
stages: early vegetative stage (DVS 0–0.35), late vegetative stage (DVS 0.35–0.7) and early reproductive 
stage (DVS 0.7–1). * , ** and *** indicate significance at P < 0.05, <0.01, and <0.001, respectively. 
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3.3.4 Tillers, leaf area and meristem temperature 

The relationship between TM and tiller number at flowering for the two irrigation treatments is 

shown in Fig. 3.7. Tiller number at flowering was negatively correlated with TM, independent of 

irrigation treatment. Probably due to low temperature during late vegetative stage, sowing in 

November 2008 and October 2009 led to exceptionally low tiller numbers, which were therefore 

excluded from the linear regression. Average TM between sowing and flowering ranged from 

16.8°C (sown November 2008) and 25.3°C (sown July 2009) with an average of 21.6°C in the 

flooded treatment. In the non-flooded treatment, TM ranged from 14.4°C to 24.2°C with an 

average of 20.0°C. Leaf area at flowering was positively correlated with TM in both treatments. 

In the flooded treatment, leaf area varied between 676 and 2059 cm2
 with an average of 1281 

cm2, whereas in the non-flooded treatment, leaf area ranged from 239 to 1870 cm2
 with an 

average of 1108 cm2. Correlation coefficients for the linear regression between TM and leaf area 

per tiller were higher than that for TM and leaf area. Leaf area per tiller ranged from 51.3 to 95.4 

cm2
 with an average of 69.1 cm2

 in the flooded treatment. In the non-flooded treatment, it ranged 

from 15.2 to 76.9 cm2
 with an average of 54.1 cm2.  
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Figure 3.7: Tiller number at flowering (a), leaf area per plant (b) and leaf area per tiller (c) regressed 
versus average meristem temperature between sowing and flowering. *, ** and *** indicate significance at 
P < 0.05, <0.01, and <0.001, respectively. 
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3.4 Discussion 

3.4.1 Irrigation system and meristem temperature 

A ponded water layer in the field buffers temperature extremes at the growing point of a rice 

plant. With increasing water depth, daily temperature amplitude of the water body decreases 

(Confalonieri et al., 2005). Depending on LAI, maximum water temperature in flooded rice 

fields can be much lower than Tmax of the air (Dingkuhn et al., 1995). Minimum water 

temperature has been reported to be similar (Julia, 2012) or above (Confalonieri et al., 2005) air 

temperature. Our results showed a seasonal pattern for the difference between minimum air and 

water temperature under flooded conditions. In warm nights during the wet season, water 

temperature was similar to air temperature, whereas in cool nights, water was up to 4°C warmer 

than air. Similar results were obtained by Ohta and Kimura (2009) for several regions in Japan. 

Under non-flooded conditions, temperature at the soil surface will be similar to air temperature. 

However, the cooling effect of a wet soil surface leads to a slight decrease of temperature at 

meristem level, especially under high evaporative demand. On the other hand, a positive effect of 

canopy cover on above surface temperature was observed during the night. Plants will be 

exposed to higher day and lower night temperatures at meristem level, when traditionally flooded 

rice fields are subjected to water-saving irrigation methods, where a continuous water layer is 

avoided. Particularly during periods with low night temperatures, a ponded water layer protects 

the rice plant’s meristem from chilling.  

 

3.4.2 Meristem temperature and leaf growth 

Until booting, the rice plant’s meristem is surrounded by water in flooded fields. There is general 

acceptance that water temperature has a larger influence on leaf growth than air temperature 

during this time (Nishiyama, 1976). Independent variation of day and night temperatures showed 

an increase in leaf elongation up to 30°C during the day and up to 27°C during the night (Cutler 

et al., 1980). At the experimental site in Ndiaye, day temperature is usually above 30°C and 

rarely below 28°C. Even though, daytime water temperature can be much lower than air 

temperature, it can be argued that night temperature is the limiting factor for leaf growth in rice 

in Senegal as well as in most other regions in the dry Tropics and the Subtropics. This is 
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supported by the work of Parent et al. (2010b), who found that if leaf growth of rice is expressed 

in thermal time, leaf growth rates are higher during the night than during the day. This may be 

due to the higher evaporative demand during the day having a negative impact on leaf growth. 

With increasing meristem temperature during the night, leaf area expansion rate increased 

linearly during vegetative stages. During early reproductive stage, this relationship was less 

pronounced. Number of tillers at flowering decreased with increasing temperature, with an 

exception after sowing in November 2008 and October 2009, when tillering was affected by low 

temperature. The relationship between temperature and tillering was probably caused via 

duration, when higher temperatures lead to shorted crop duration and thus less tillers. Total leaf 

area at flowering was positively correlated with meristem temperature. However, since tiller 

number was reduced under high temperature, higher leaf growth under increasing temperature 

mainly led to increased leaf area per tiller and less to an overall increase of leaf area per plant. 

Dingkuhn and Sow (1997) found a positive correlation between the fraction of assimilates used 

for leaf growth and temperature and argued that leaf growth over-proportionally decreases, if 

temperature decreases. Therefore, in addition to leaf area per tiller, probably assimilate 

partitioning was also largely affected by temperature, resulting in a larger share of leaf area as 

compared to structural biomass under high temperatures. 

 

3.4.3 Irrigation system and leaf growth 

The effect of water-saving irrigation systems on meristem temperature and the related effects on 

leaf growth, have not been investigated to date. An average reduction of meristem temperature of 

1.8°C under non-flooded conditions resulted in an average reduction of leaf area per plant of 

17% and in a reduction of 23% of leaf area per tiller. This effect was more pronounced in the 

cold-dry season, when Tmin was lowest. Only minor reductions of leaf area were observed 

during the wet season, when Tmin is generally high. Interestingly, changes in meristem 

temperature did not affect plant phenology. Since phenology is driven by mean temperature at 

meristem level, the effect of lower night temperatures under water-saving conditions was 

probably offset by higher day temperatures. With day temperature in Ndiaye being usually above 

the optimum temperature for leaf elongation, it is likely that growth is mainly limited by night 

temperature. Since this argument does not hold for development, most likely, temperature 
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response functions differ for leaf growth and development. When applying water-saving 

irrigation measures, where a ponded water layer is avoided, the effect of lower night temperature 

at meristem level on leaf area development should be considered. Especially in areas where low 

night temperatures occur, potential trade-offs between possible water-savings and growth 

reductions should been taken into account. With rice growth models like ORYZA2000 and 

CERES-Rice, growth can be simulated under upland and lowland conditions, but water 

temperature is not considered. Models, which can simulate water temperature, have been 

developed by Dingkuhn et al. (1995), Confalonieri et al. (2005) and Kuwagata et al. (2008), but 

have yet to be validated outside the environment they were calibrated for (Van Oort et al., 2011). 

Since absence or presence of a ponded water layer influences meristem temperature, which in 

turn largely affects plant growth, a robust model of water temperature needs to be implemented 

in growth models. In summary, without a continuous floodwater layer, leaf area was reduced in 

most cases, whereas tiller number and phenology were fairly unaffected. During the night, 

temperature at the soil surface was lower under non-flooded conditions. Leaf area expansion rate 

appeared to be limited by night temperature, leading to lower leaf area expansion rates and thus 

leaf area under non-flooded conditions. Therefore, in environments where large temperature 

amplitudes occur, the effect of a ponded water layer on meristem temperature needs to be 

considered, when water-saving measures are to be applied. At the same time, rice growth models 

need to include routines, capable of predicting water temperature for a large range of 

environments.  
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4 Yield components in response to thermal environment and irrigation system in 

lowland rice in the Sahel 

 

This chapter is published as: 

Stuerz, S., Sow, A., Muller, B., Manneh, B., Asch, F., 2014. Yield components in response to 

thermal environment and irrigation system in lowland rice in the Sahel. Field Crops Research 

163, 47-54. 

 

Key words: Oryza sativa; spikelets per panicle; spikelet sterility; water-saving irrigation; water 

temperature 

 

Abstract 

Yield reductions have been widely observed under water-saving irrigation in lowland rice. The 

yield gap has been related to decreases in the number of spikelets per panicle and decreased 

spikelet fertility. Since these yield components highly depend on the thermal environment of the 

meristem which is subjected to changes when a ponded water layer is omitted, the impact of 

irrigation system on yield components needs to be studied under consideration of temperature at 

meristem level. Therefore, the objective of this study was to analyze yield and yield components 

of irrigated rice grown with and without a ponded water layer under consideration of effects of 

irrigation system on meristem temperature under field conditions. Field trials were conducted on 

two sites in Senegal, where rice was grown under flooded and non-flooded conditions with six 

staggered sowing dates between August 2009 and June 2010. Temperature was measured at 

meristem level and related to leaf area, yield and yield components of three different varieties 

(i.e. IR64, Sahel202 and N22). Yield reductions under non-flooded conditions were mainly 

observed in the cold-dry season, whereas slight yield increases were found in the hot-wet season. 

Among the yield components, reduced number of spikelets per panicle and spikelet fertility 

accounted for the largest share of the yield gap. Meristem temperature during the night was 

always lower under non-flooded conditions and the temperature difference between irrigation 
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treatments increased during the cold-dry season. Leaf area per tiller was linearly related to 

meristem temperature in the observed temperature range, and a linear relationship was found 

between leaf area per tiller and the number of spikelets per panicle. Furthermore, spikelet fertility 

increased with meristem temperature between panicle initiation and booting stage. Therefore, 

lower meristem temperature led to smaller leaf area per tiller, less spikelets per panicle and 

decreased fertility under non-flooded conditions. Without standing water, the rice plant’s 

meristem will be exposed to lower temperatures during night, which can lead to significant yield 

reductions in areas where cool nights occur. 

 

4.1 Introduction 

Increasing water scarcity led to the development and introduction of several water-saving 

technologies in irrigated lowland rice production. The omission of a ponded water layer usually 

leads to more yield per unit of water applied and therefore an improved field-level water 

productivity, but even though water can be saved easily, yield reductions are often observed in 

non-flooded rice fields (Tuong et al., 2005). Reported effects of water-saving irrigation on yield 

components vary widely. Whereas none of the yield components alone could explain the yield 

gap between aerobic and flooded rice in experiments conducted in the Philippines (14°11’N) 

(Bueno et al., 2010), spikelets per panicles were considered as the most important factor 

responsible for the yield reductions under aerobic cultivation in experiments conducted in north-

east India (25°39’N) (Patel et al., 2010). For northern China (40°02’N), a decrease in spikelet 

fertility with decreasing water input was reported, but results were inconsistent between years 

and varieties (Bouman et al., 2006). Since the reported effects of water-saving irrigation on yield 

components appear to be rather contradictory, site-specific characteristics might be of 

importance. Recently, higher yields observed in the ‘ground cover rice production system’ 

(GCRPS) as compared to the traditional paddy cultivation system in a cool climate in central 

China were related to higher soil temperature under GCRPS conditions and in turn to a larger 

number of panicles, an increased number of spikelets per panicle, and a higher percentage of 

filled grains (Liu et al., 2013). The formation of yield and its components (i.e. number of 

panicles per unit area, number of spikelets per panicle, thousand grain weight (TGW) and 

spikelet fertility) are processes highly dependent on environmental conditions. Although TGW 
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increases with higher radiation during grain filling stage (Yoshida and Parao, 1976), it is 

probably the yield component, which is least affected by environmental conditions, because 

grain size is limited by the size of the hull (Yoshida, 1981). However, a high percentage of 

spikelet sterility is caused by temperatures below 20°C persisting for a few days at booting or 

heading and temperatures above 35°C at anthesis or flowering (Yoshida, 1981; Fageria, 2007). 

The number of panicles per unit area is largely dependent on tillering performance, which was 

found to be driven by LAI, probably via the attenuation of light intensity and/or by influencing 

light quality at the base of the canopy (Zhong et al., 2002). Number of spikelets per panicle has 

been described to decrease (Yoshida, 1973) and also to increase (Kovi et al., 2011) with 

increasing temperature, indicating a process not driven by temperature alone. Close correlations 

between number of spikelets per panicle and dry weight per tiller (Shiratsuchi et al., 2007) or leaf 

area per tiller (Sheehy et al., 2001; Zhang and Yamagishi, 2010) have been drawn and the 

relationship was shown to be robust for different planting densities, fertilizer applications and 

tiller orders. Since number of panicles as well as number of spikelets per panicle have been 

correlated with leaf growth, which in turn depends strongly on environmental conditions, an 

environmental effect on these yield components can be established. Leaf growth of rice is 

enhanced up to a temperature of 30°C during the day and up to 27°C during the night, and a 

positive effect of raised night temperature on leaf growth was even observed during the day 

(Cutler et al., 1980). Since the rice plant’s meristem is below the water surface until booting 

stage in traditionally flooded fields, water temperature has a larger influence on growth than air 

temperature (Shimono et al., 2002). When water-saving methods are applied, the meristem is 

subjected to a change of the thermal environment, since water has a higher heat capacity than air. 

Even though this aspect could have effects on leaf growth and therefore on panicle number and 

spikelets per panicle and also directly on spikelet fertility, it has not been considered in literature 

on water-saving irrigation and its influence on yield and yield components so far. Therefore, the 

objective of this study was to analyse yield and yield components of rice grown with and without 

a ponded water layer during different seasons in a highly variable thermal environment under 

consideration of meristem temperature.  
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4.2 Materials and Methods 

4.2.1 Site description 

Field trials were conducted between August 2009 and October 2010 at two sites belonging to the 

Sahel station of the Africa Rice Center. Both sites have a typical Sahelian climate with a short 

rainy season from July to early October, cool nights occurring specially in the cold-dry season 

between November and February, and high maximum temperatures in the hot-dry season 

between March and June. In Ndiaye (16°11’N, 16°15’W), located in the Senegal River delta, 

climate is influenced by the Atlantic Ocean, which is about 26 km to the west, whereas in Fanaye 

(16°32’N, 15°11’W), located farther inland in the Senegal River valley, a more continental 

climate prevails with lower minimum temperatures in the cold season and higher maximum 

temperatures in the hot season. In Ndiaye, temperature, relative air humidity, solar radiation, and 

wind speed were recorded with an Onset Hobo© weather station each 20 min. In Fanaye, the 

same weather parameters were recorded with a Delta-T© weather station in the same intervals 

(Fig. 4.1). All sensors were installed close to the experiments, 2 m above the soil. Precipitation 

was measured at the Senegalese agencies SAED (Ndiaye) and ISRA (Fanaye), which both are 

located 300 m from the respective experiments. In Ndiaye, soil is characterized as orthothionoc 

Gleysoil following the FAO soil classification (FAO, 2006) with a texture (0-20 cm) of 16-44-

40% sand, silt, and clay (Haefele et al., 2004). The experimental site has a shallow ground water 

table at about 0.8-0.4 m below the soil surface (de Vries et al., 2010). The soil in Fanaye is 

classified according to the FAO as eutric Vertisol with 8-28-64% sand, silt, and clay (Haefele et 

al., 2004). According to de Vries et al. (2010), ground water table at this station is constantly 

below 3 m.  
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Figure 4.1: Minimum and maximum air temperature and precipitation between August 2009 and October 
2010 in Ndiaye (a) and Fanaye (b). 

 

4.2.2 Experimental design and irrigation treatments 

Rice was sown on 6 bi-monthly staggered dates between August 2009 and June 2010 on both 

sites (Table 4.1). Plots of the different sowing dates were located directly next to each other. 

Each plot consisted of two sub-plots with different irrigation treatments in three replications. 

Each replication (3 m × 4 m) was bunded separately and had access to the irrigation canal. In 

order to prevent lateral water flows from the flooded to the non-flooded treatment, sub-plots 

were separated with a spacing of 10 m. In the flooded treatment, irrigation water was applied on 

average twice a week to maintain a continuous water layer. The irrigation water level depended 

on plant height which was approximately 5 cm during early development phases and up to 15 cm 

after full crop establishment. In the non-flooded treatment, the objective was to avoid standing 

water and to prevent drought stress at the same time. Therefore, plots were irrigated every other 

day to slightly above soil saturation. Irrigation treatments were started with onset of tillering. 
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Before tillering, both treatments were irrigated daily and a continuous water layer of 1-3 cm was 

maintained to ensure seedling emergence.  

Table 4.1: Dates of sowing in Ndiaye and Fanaye 

Year Month Ndiaye Fanaye 

2009 August 17.08.09 20.8.09 

 October 12.10.09 15.10.09 

 December 14.12.09 10.12.09 

2010 February 15.02.10 11.02.10 

 April 12.04.10 19.04.10 

 June 14.06.10 17.06.10 

 

4.2.3 Crop management 

Three varieties were used in this experiment: IR64 as international check variety, Sahel202 

(ITA306), a medium-duration variety, which is very popular in the region and N22, a heat and 

drought tolerant variety. Seeds were soaked for 24 h and pre-germinated in cotton bags in sand 

for 48 h. Pre-germinated seeds were dibble seeded with a spacing of 20 × 20 cm and covered 

with sand. In order to obtain two plants per hill, at three leaf stage excessive plants were 

removed or missing plants were replaced from an adjacent seed-bed. Chemical herbicide 

(Londax©) was applied 21 days after sowing (DAS). Thereafter, plots were kept weed-free 

through manual weeding.  

Fertilizer was applied uniformly in the recommended quantities in three splits. At 21 DAS, 48 kg 

nitrogen (N) in form of urea and di-ammonium-phosphate (DAP), 60 kg phosphorus (P) as DAP 

and 60 kg potassium (K) as KCl were applied. Second application followed at panicle initiation 

(PI) with 48 kg N and third application at booting stage with 24 kg N.  
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4.2.4 Observations, measurements and data analysis 

For microclimatic observations, one thermistor probe PB-5001-3M (Gemini Co., UK) was 

placed on the soil surface in each irrigation treatment and connected to a TinyTag TGP-4520 

Dual Channel, which recorded temperature readings every 15 min. Meristem temperature (TM) 

was defined as temperature on the soil surface until booting stage. Thereafter, air temperature 

was used. Phenological observations were regularly conducted to PI, booting, 50% flowering and 

maturity.  

For determination of grain yield and yield components, four plants per replication, which were 

representative for the entire plot, were harvested and bulked to one sample. After sowing in 

August 2009, non-flooded plots in Ndiaye were attacked by rats in the late reproductive stage 

and therefore, data were excluded from analysis.  

During the cold season between November and February, tillers were counted every three weeks 

on four hills per replication. In the remaining time, tillers were counted every other week during 

the cropping cycle. On the same dates, destructive samplings were conducted on four hills per 

replication. Following sowing in June 2010, only one destructive sampling was conducted. The 

youngest fully developed leaves of the main tiller were scanned for leaf area, dried and weighed, 

and specific leaf area (SLA) was calculated. The remaining leaves were separated from the 

stems, dried, and weighed. Leaf area of the whole plant was calculated as leaf dry weight 

multiplied by SLA. For daily leaf area, curves following the equation  

 ln(y) = a + b*x + c*x0.5 

were fitted via adjustment the values of the constants a, b and c to the values of the measured leaf 

area at the sampling dates. In order to obtain variety specific meristem temperature information 

corrected for differences in LAI, multiple regression analyses were performed. Under flooded 

conditions, daily minimum meristem temperature was calculated as:  

 TM=2.1+0.27*LAI+0.80*Tmin+0.03*RHmax 

and under non-flooded conditions as:   

 TM=-5.4+0.36*LAI+0.91*Tmin+0.07*RHmax 
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Statistical analyses were performed with STATISTICA version 10 (StatSoft, Inc) using general 

linear model approach. For linear regressions, regression coefficients were calculated with MS 

Office EXCEL 2007.  

 

4.3 Results 

4.3.1 Meristem temperature under flooded and non-flooded conditions 

Calculated TM was always lower under non-flooded than under flooded conditions (Fig. 4.2). 

Largest differences between irrigation treatments were found between November and April, 

whereas during the remaining time differences were comparably small. In Ndiaye, TM in the 

flooded fields ranged between 13.9°C and 27.9°C with an average of 23.0°C and in the non-

flooded fields a temperature range between 11.7°C and 27.7°C with an average of 22.0°C was 

found. In Fanaye a larger temperature range was found. Under flooded conditions, TM ranged 

from 11.0°C to 30.0°C with an average of 22.1°C and under non-flooded conditions temperature 

varied between 6.7°C and 27.7°C with an average of 20.0°C.   

 

Figure 4.2: Calculated minimum temperature at meristem level (TMmin) at LAI=3 for rice grown under 
flooded and non-flooded conditions in Ndiaye (a) and Fanaye (b). Dashed lines display temperature 
differences between irrigation treatments. 
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4.3.2 Effects of irrigation treatment and sowing date on phenology, yield, and yield 

components 

Duration to maturity ranged from 85 days in IR64 sown in August (FA-FL) to 169 days in N22 

sown on October (ND-FL) (Table 4.2). Sowing in August led to the shortest duration, when 

maturity was reached 100 days after sowing (DAS) on average across varieties, sites and 

treatments, whereas sowing in October led to the longest duration with 147 days to maturity on 

average. With 113 days to maturity across sowing dates, sites, and treatments, IR64 had the 

shortest duration among the varieties, followed by Sahel202 with 126 days and N22 with 131 

days. In the non-flooded irrigation treatment, duration to maturity was prolonged by 4 days on 

average. The effect of site was rather small, with 124 days to maturity in Ndiaye across sowing 

dates, varieties, and treatments compared to 123 days to maturity in Fanaye.  
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Yield varied between 0.3 g plant−1 in IR64 sown in October (ND-NF) and 31.9 g plant−1 in IR64 

sown in August (FA-NF). Across varieties, sites and treatments, lowest yields were found after 

sowing in October (3.9 g plant−1), whereas highest yields were found after sowing in August 

(25.3 g plant−1) followed by yields after sowing in June (21.6 g plant−1). Sahel202 obtained the 

highest yield across sowing dates, sites and treatments with 18.1 g plant−1, followed by IR64 

with 17.6 g plant−1 and N22 with 15.5 g plant−1. With 18.9 g plant−1 across sowing dates, sites 

and treatments, higher yields were obtained in the flooded treatment, whereas in the non-flooded 

treatment 15.1 g plant−1 were achieved only. Significant yield reductions in the non-flooded 

treatment were only found for sowing dates between December and April, whereas significant 

yield increases were found in Ndiaye after sowing in June for IR64 and N22. In Ndiaye, 17.3 g 

plant−1 were achieved across sowing dates, varieties, and treatments, whereas in Fanaye, 16.9 g 

plant−1 were achieved.  

Yield was mainly influenced by month of sowing, followed by irrigation treatment and the 

interaction between both (Table 4.3). Largest share of variance of the number of panicles could 

be explained by differences between sites and the interaction of site and irrigation treatment. 

Number of spikelets per panicle was mainly influenced by month of sowing and the interaction 

of month of sowing and irrigation treatment. Furthermore, significant effects of variety were 

found. Fertility was mainly affected by month of sowing, subsequently by site and irrigation 

treatment. Thousand grain weight (TGW) was not significantly affected by any of the effects.  
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4.3.3 Contributions of yield components to relative yield under non-flooded conditions 

Relative yield, as quotient of results obtained under non-flooded conditions divided by those 

obtained under continuous flood irrigation, ranged between 0.18 and 1.78 with an average of 

0.81 (Fig. 4.3). No correlation was found with relative panicle number, which was on average 

1.04 with a range between 0.62 and 1.92. Highly significant correlation was found between 

relative yield and relative number of spikelets per panicle, which varied between 0.37 and 1.70 

with an average of 0.94. Similarly, relative fertility showed a good correlation with relative yield. 

It ranged between 0.18 and 1.52 with a mean of 0.87. Best correlation with relative yield was 

found for relative number of filled grains per panicle, which showed a mean of 0.85 and varied 

between 0.06 and 2.10. Relative TGW as on average 0.98 and showed no correlation with 

relative yield.  
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Figure 4.3: Correlations between relative yield and relative yield components as results obtained without 
ponded water in relation to results obtained with ponded water for Ndiaye and Fanaye were rice was 
sown on 6 different dates, respectively. *** indicate significance at P <0.001. 
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4.3.4 Influence of meristem temperature on yield components 

Highly significant correlations were found between leaf area (LA) per tiller and meristem 

temperature (TM) between panicle initiation (PI) and booting stage (Fig. 4.4a). Whereas TM 

ranged from 14.1°C to 27.7°C with a mean of 22.9°C under flooded conditions, under non-

flooded conditions, it varied between 9.9°C and 27.3°C with a mean of 21.4°C. Corresponding 

LA per tiller was between 44.7 cm2 and 160.9 cm2 with an average of 89.5 cm2 under flooded 

conditions and between 15.5 cm2 and 145.2 cm2 with an average of 79.9 cm2 under non-flooded 

conditions. While under non-flooded conditions, average LA per tiller was reduced by 11% and 

average TM by 1.5°C, no significant difference was found between regressions of both irrigation 

treatments. Also, LA per tiller was significantly correlated with spikelets per panicle (Fig. 4.4b). 

Under flooded conditions, an average of 78.7 spikelets per panicle was found, ranging between 

39.7 and 159.4, whereas under non-flooded conditions, spikelets per panicle ranged between 

20.0 and 129.6 with an average of 69.8. Likewise LA per tiller, spikelets per panicle were 

reduced by 11% on average under non-flooded conditions. 
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Figure 4.4: Correlations between TMmin and leaf area per tiller at flowering (a) and leaf area per tiller at 
flowering and spikelets per panicle (b). Black symbols represent flooded conditions, grey symbols 
represent non-flooded conditions. Circles are IR64, triangles are Sahel202 and squares are N22. *** 
indicate significance at P <0.001. 
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Correlations between TM between PI and booting and spikelet fertility were highly significant 

(Fig. 4.5). Fertility ranged between 6.4% and 96.6% with an average of 61.5% under flooded 

conditions. However, under non-flooded conditions, fertility varied between 1.7% and 87.7% 

with a mean of 53.3%. Therefore, fertility was reduced by 13% on average under non-flooded 

conditions, accompanied by TM, which was 1.5°C lower than under flooded conditions.  

 

Figure 4.5: Correlation between TMmin between PI and booting and percentage of fertile spikelets. Black 
symbols represent flooded conditions, grey symbols represent non-flooded conditions. Circles are IR64, 
triangles are Sahel202 and squares are N22. *** indicate significance at P <0.001. 

 

4.4 Discussion 

4.4.1 Meristem temperature under flooded and non-flooded conditions 

During cool nights, that follow warm days, a ponded water layer can preserve heat that was 

accumulated during the day due to the higher heat capacity of water compared to air. Hence, 

minimum water temperature in flooded rice fields is usually higher than minimum air 

temperature. This effect has been described already and is considered as generally larger in a 

cooler climate (Shimono et al., 2002; Gombos, 2008). Therefore, it has been proposed to 

increase the water level in flooded fields, when air temperature is likely to drop below critical 
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levels (Satake et al., 1988). Temperature at the soil surface in non-flooded fields can be 

considered as close to air temperature. Due to evaporative cooling, minimum temperature on a 

wet soil surface can be even lower than temperature measured at 2 m height. Temperature 

differences between flooded and non-flooded fields showed a clear pattern in our experiments. 

With decreasing air temperature during the night, difference in TMmin between irrigation 

treatments increased, since TM was higher than air temperature under flooded conditions. Given 

that until booting, the rice plant’s meristem is surrounded by water in flooded fields and 

surrounded by air in non-flooded fields, the temperature difference between water and air is of 

vital importance when water-saving measures are to be applied in irrigated lowland rice.  

 

4.4.2 Effects of irrigation treatment and sowing date on yield and yield components 

Sowing in October led to a complete crop failure in both irrigation treatments due to cold 

damage. In the non-flooded treatment, yield reductions were mainly observed after sowing in the 

cold-dry season in December and February, whereas sowing in June, close to the wet-season, 

resulted in higher yields under non-flooded conditions in Ndiaye. A large body of literature 

exists on water-saving technologies with yield responses reported varying from slight increases 

(Kato et al., 2009) to large reductions (Tao et al., 2006). However, seasonal effects of water-

saving measures on yield responses have been reported by de Vries et al. (2010), who found little 

or no yield loss in the wet season, but an average yield loss of 1.8 t ha−1 during the hot-wet 

season when applying alternate wetting and drying (AWD) at the same sites in Senegal. In 

contrast, Krupnik et al. (2012a,b) did not find a seasonal effect on yield when comparing the 

System of Rice Intensification (SRI) with continuous flood-irrigation in Ndiaye and Fanaye. In 

order to quantify temperature effects on plant growth, either growth chamber experiments, which 

cannot reflect the real microclimate in the field, or staggered sowing dates covering thus 

different thermal environments in the field, can be used. To our knowledge, no attempt has been 

made so far to describe the interactive effects of temperature and irrigation method using 

staggered sowing dates to multiplicate the number of GxE observations and therefore, the effects 

of changes in the irrigation methods or system related to those changes in microclimate on yield 

and yield components remain still unclear.  



 

76 
 

Month of sowing and thus climatic and microclimatic conditions, had the largest effect on yield, 

followed by irrigation treatment, and the interaction between both. Furthermore, panicle number 

per plant, number of spikelets per panicle, and spikelet fertility were significantly affected by 

month of sowing and the interaction of month of sowing and irrigation treatment, whereas only 

spikelet fertility was significantly influenced by irrigation treatment alone. Site and variety also 

had significant effects on yield components, which may be partly due to differences in 

temperature between sites and differences in genotypic duration leading to exposure to different 

climatic conditions during critical phases of development (Shrestha et al., 2012). With radiation 

rarely limiting rice production in Senegal and yields being largely influenced by annual 

temperature patterns (Dingkuhn and Sow, 1997), a detailed analysis of the interaction between 

temperature and irrigation treatment is urgently needed.  

 

4.4.3 Yield components affected by irrigation treatment and the influence of meristem 

temperature 

Yield differences between irrigation treatments were mainly attributed to changes in the number 

of spikelets per panicle and in fertility, which in combination resulted in a treatment induced 

difference in filled grains per panicle. The number of spikelets per panicle has been considered 

the most important factor responsible for the yield gap between aerobic and flooded rice (Patel et 

al., 2010), which has been related to pre-flowering abortion due to water stress (Kato et al., 

2009). However, it has been also shown that the number of spikelets per panicle increases with 

increasing air temperature (Kovi et al., 2011). In our experiment, we found an indirect effect of 

temperature on spikelets per panicle, since the number of spikelets per panicle was strongly 

related to leaf area per tiller at flowering, which in turn was largely affected by temperature at 

meristem level. With TMmin being lower under non-flooded conditions and TM during the night 

being the determining factor of leaf growth (Parent et al., 2010), leaf area per tiller was mostly 

lower when the ponded water layer was absent. The relation between leaf area per tiller and 

spikelets per panicle has been demonstrated by Sheehy et al. (2001), who found approximately 

one juvenile spikelet per square centimeter leaf area produced. Even though, spikelet number 

was mostly reduced under non-flooded conditions, average number of mature spikelets per leaf 

area at flowering was nearly constant between treatments with 0.88 spikelets cm−2 under flooded 
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and 0.87 spikelets cm−2 under non-flooded conditions, confirming the dependence of spikelet 

number on leaf area.  

Spikelet fertility is known to be largely driven by temperature (Dingkuhn et al., 1995). Critical 

period for cold induced decrease in fertility is the early microspore stage, when the panicle is 

exposed to the temperature of the ponded water layer and not of the atmosphere in flooded fields 

(Julia and Dingkuhn, 2013) and therefore, deep-water irrigation can prevent sterility in areas or 

periods with low night temperatures (Board et al., 1980). In different studies a threshold has been 

described, where only temperatures below a certain value induce a high percentage of unfilled 

grains. Whereas Shrestha et al. (2011) reported a variety-specific threshold between 15°C and 

18°C, Yoshida (1981) stated that air temperatures below 20°C can cause high percentages of 

sterility. In the present study, a linear relationship between TMmin and spikelet fertility was 

found. Fertility was determined as percentage of unfilled grains at maturity, neglecting the 

difference between sterile and unfilled grains. Since low temperature was also associated with 

small leaf area, which in turn can compromise grain filling due to an insufficient assimilate 

supply (Venkateswarlu, 1976), it is hypothesized that low temperature resulted in an interactive 

effect of cold-induced sterility and a high number of unfilled grains due to source limitations. 

Therefore, low temperature related poor development of leaf area could not only lower yield 

levels via a reduction of number of spikelets per panicle but also via a higher percentage of 

unfilled grains.  

 

4.5 Conclusions 

In this study we were able to link changes in microclimate to physiological processes that 

determine yield of irrigated rice as affected by irrigation methods intended to save water without 

compromising yield. The combined effects of low temperature at the growing point on leaf 

growth, spikelets per panicle, and spikelet fertility lead to a reduction of filled grains per panicle 

in areas and/or periods where low night temperatures occur. Since temperature at meristem level 

was lower without standing water before booting stage, reductions of filled grains per panicle 

were observed under non-flooded conditions. As the temperature difference between flooded and 

non-flooded fields is larger under cooler conditions, yield reductions occurred mainly in the 
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cold-dry season. Thus, since rice is a thermophilic crop, it is extremely important to pay attention 

to temperature critical phases in the yield building process and to not compromise yield through 

the water-saving method used. Since different water saving irrigation technologies exist, it would 

be advisable to adjust the respective method to the respective environmental conditions and 

within this best also to the variety used. This would either imply intensive phenotyping of a large 

number of rice genotypes or developing a crop simulation model sensitive enough to simulate the 

effects of different irrigation methods on the yield building processes and their temperature 

critical phases.  

 

4.6 Acknowledgments 

This study was performed within the frame of the RISOCAS project addressing adaptation of 

African agriculture to climate change. Financial support by the German Ministry for 

collaboration and development through GIZ/BMZ (project no.: 07.7860.5-001.00) is gratefully 

acknowledged.  

 

4.7 References 

Board, J.E., Peterson, M.L., Ng, E., 1980. Floret sterility in rice in a cool environment. Agron. J. 

72, 483–487.  

Bouman, B.A.M., Yang, X., Wang, H., Wang, Z., Zhao, J., Chen, B., 2006. Performance of 

aerobic rice varieties under irrigated conditions in North China. Field Crop. Res. 97, 53–

65.  

Bueno, C.S., Bucourt, M., Kobayashi, N., Inubushi, K., Lafarge, T., 2010. Water productivity of 

contrasting rice genotypes grown under water-saving conditions in the tropics and 

investigation of morphological traits for adaptation. Agric. Water Manag. 98, 241–250.  

Cutler, J.M., Steponkus, P.L., Wach, M.J., Shahan, K.W., 1980. Dynamic aspects and 

enhancement of leaf elongation in rice. Plant Physiol. 66, 147–152.  



                                                                                                                                        Dissertation 
 

79 
 

de Vries, M.E., Rodenburg, J., Bado, B.V., Sow, A., Leffelaar, P.A., Giller, K.E., 2010. Rice 

production with less irrigation water is possible in a Sahelian environment. Field Crop. 

Res. 116, 154–164.  

Dingkuhn, M., Sow, A., Samb, A., Diack, S., Asch, F., 1995. Climatic determinants of irrigated 

rice performance in the Sahel. I: photothermal and micro-climatic responses of flowering. 

Agric. Syst. 48, 385–410.  

Dingkuhn, M., Sow, A., 1997. Potential yields of irrigated rice in the Sahel. In: Miézan, K.M., 

Wopereis, M.C.S., Dingkuhn, M., Deckers, J., Randolph, T.F. (Eds.), Irrigated Rice in the 

Sahel: Prospects for Sustainable Development. WARDA, ADRAO, Bouaké, Côte 

d’Ivoire, pp. 361–379.  

Fageria, N.K., 2007. Yield physiology of rice. J. Plant Nutr. 30, 843–879.  

FAO, 2006. World Reference Base for Soil Resources 2006. FAO, Rome.  

Gombos, B., 2008. Modeling water temperature of Hungarian rice fields. Idojaras 112, 33–43.  

Haefele, S.M., Wopereis, M.C.S., Schloebohm, A.M., Wiechmann, H., 2004. Long-term fertility 

experiments for irrigated rice in the West African Sahel: effect on soil characteristics. 

Field Crop. Res. 85, 61–77.  

Julia, C., Dingkuhn, M., 2013. Predicting temperature induced sterility of rice spikelets requires 

simulation of crop-generated microclimate. Eur. J. Agron. 49, 50–60.  

Kato, Y., Okami, M., Katsura, K., 2009. Yield potential and water use efficiency of aerobic rice 

(Oryza sativa L.) in Japan. Field Crop. Res. 113, 328–334.  

Kovi, M.R., Bai, X., Mao, D., Xing, Y., 2011. Impact of seasonal changes on spikelets per 

panicle, panicle length and plant height in rice (Oryza sativa L.). Euphytica 179, 319–

331.  

Krupnik, T.J., Rodenburg, J., Haden, V.R., Mbaye, D., Shennan, C., 2012a. Genotypic trade-offs 

between water productivity and weed competition under the system of rice intensification 

in the Sahel. Agric. Water Manag. 115, 156–166.  



 

80 
 

Krupnik, T.J., Shennan, C., Rodenburg, J., 2012b. Yield, water productivity and nutrient 

balances under the system of rice intensification and recommended management 

practices in the Sahel. Field Crop. Res. 130, 155–167.  

Liu, M., Lin, S., Dannenmann, M., Tao, Y., Saiz, G., Zuo, Q., Sippel, S., Wei, J., Cao, J., Cai, 

X., Butterbach-Bahl, K., 2013. Do water-saving ground cover rice production systems 

increase grain yields at regional scales? Field Crop. Res. 150, 19–28.  

Parent, B., Turc, O., Gibon, Y., Stitt, M., Tardieu, F., 2010. Modelling temperaturecompensated 

physiological rates, based on the co-ordination of responses to temperature of 

developmental processes. J. Exp. Bot. 61, 2057–2069.  

Patel, D.P., Das, A., Munda, G.C., Ghosh, P.K., Bordoloi, J.S., Kumar, M., 2010. Evaluation of 

yield and physiological attributes of high-yielding rice varieties under aerobic and flood-

irrigated management practices in mid-hills ecosystem. Agric. Water Manag. 97, 1269–

1276.  

Satake, T., Lee, S.Y., Koike, S., Kariya, K., 1988. Male sterility caused by cooling treatment at 

the young microspore stage in rice plants. XXVIII: prevention of cool injury with the 

newly devised water management practices: effects of the temperature and depth of water 

before the critical stage. Jpn. J. Crop Sci. 57, 234–241.  

Sheehy, J.E., Dionora, M.J.A., Mitchell, P.L., 2001. Spikelet numbers, sink size and potential 

yield in rice. Field Crop. Res. 71, 77–85.  

Shimono, H., Hasegawa, T., Iwama, K., 2002. Response of growth and grain yield in paddy rice 

to cool water at different growth stages. Field Crop. Res. 73, 67–79.  

Shiratsuchi, H., Ohdaira, Y., Takanashi, J.I., 2007. Relationship between dry weight at heading 

and the number of spikelets on individual rice tillers. Plant Prod. Sci. 10, 430–441.  

Shrestha, S., Asch, F., Dingkuhn, M., Becker, M., 2011. Cropping calendar options for rice-

wheat production systems at high-altitudes. Field Crop. Res. 121, 158–167.  



                                                                                                                                        Dissertation 
 

81 
 

Shrestha, S., Asch, F., Dusserre, J., Ramanantsoanirina, A., Brueck, H., 2012. Climate effects on 

yield components as affected by genotypic responses to variable environmental 

conditions in upland rice systems at different altitudes. Field Crop. Res. 134, 216–228.  

Tao, H., Brueck, H., Dittert, K., Kreye, C., Lin, S., Sattelmacher, B., 2006. Growth and yield 

formation of rice (Oryza sativa L.) in the water-saving ground cover rice production 

system (GCRPS). Field Crop. Res. 95, 1–12.  

Tuong, T.P., Bouman, B.A.M., Mortimer, M., 2005. More rice, less water – integrated 

approaches for increasing water productivity in irrigated rice-based systems in Asia. Plant 

Prod. Sci. 8, 231–241.  

Venkateswarlu, B., 1976. Source–sink interrelationships in lowland rice. Plant Soil 44, 575–586.  

Yoshida, S., 1973. Effects of temperature on growth of the rice plant (Oryza sativa L.) in a 

controlled environment. Soil Sci. Plant Nutr. 19, 299–310.  

Yoshida, S., 1981. Fundamentals of Rice Crop Science. International Rice Research Institute, 

Los Banos, Philippines.  

Yoshida, S., Parao, F.T., 1976. Climatic Influence on Yield and Yield Components of Lowland 

Rice in the Tropics. Climate and Rice. International Rice Research Institute, Los Banos, 

Philippines, pp. 471–491.  

Zhang, B., Yamagishi, J., 2010. Response of spikelet number per panicle in rice cultivars to three 

transplanting densities. Plant Prod. Sci. 13, 279–288.  

Zhong, X., Peng, S., Sheehy, J.E., Visperas, R.M., Liu, H., 2002. Relationship between tillering 

and leaf area index: quantifying critical leaf area index for tillering in rice. J. Agric. Sci. 

138, 269–279.  

 

 

 



 

82 
 

5 General Discussion 

5.1 Water-saving irrigation and microclimate 

Not much evidence has been provided in literature so far about the impact of water-saving 

irrigation on microclimate in lowland rice fields. Without standing water, meristem temperature 

will be close to air temperature, but a water layer in a flooded field can change the thermal 

environment of the growing point in comparison to air temperature. Since heat capacity of water 

is more than four times higher than of air, a water layer in a field will buffer temperature 

extremes. It has been shown, that an increased water depth leads to a decrease of the daily 

temperature amplitude of the water body in flooded rice fields (Confalonieri et al., 2005). 

Regarding minimum temperature of the water in rice fields, different results have been reported. 

Whereas Julia (2012) described minimum water temperature as close to air temperature, it was 

higher than air temperature in the experiments conducted by Confalonieri et al. (2005). In our 

experiments, a seasonal pattern was observed. Minimum water temperature was almost 3°C 

higher than air temperature at meristem level during the cold-dry-season, whereas during the hot-

wet-season, it was less than 1°C higher only. Similar results have been reported by Shimono et 

al. (2002), who claimed that the difference between water and air temperature in paddy fields is 

generally larger in a cooler climate. Since the temperature regime directly above the soil surface 

influences soil temperature, lower minimum soil temperatures were found without standing 

water as well. A larger temperature amplitude of the soil in non-flooded rice fields has been 

observed by Alberto et al. (2009), who also found changes in temperature and vapour pressure 

deficit (VPD) inside the canopy in aerobic rice fields. Only minor changes in relative humidity 

inside the canopy were found in our experiments. Since the canopy’s microclimate is highly 

influenced by transpiration, which is reduced under drought, a reduction in relative humidity 

inside the canopy does not necessarily show the effect of the presence or absence of a ponded 

water layer alone, but can include interactions between plants and their direct environment. 

Under a closed canopy, evaporation is comparably low to transpiration and will be similar from a 

water layer and from a wet soil surface. Therefore, air humidity in the canopy can be expected to 

be similar in a flooded field and in a field close to soil saturation, as it was the case in our 

experiments. If transpirational cooling is maintained, temperature inside the canopy will be also 

similar under flooded and non-flooded conditions, unless thermal radiation from the water body 
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leads to temperature changes. No such evidence was found in our experiments, where canopy 

temperature was similar in both irrigation treatments (data not shown). 

 

5.2 Influence of meristem temperature on assimilation, growth and grain yield 

Largest differences in microclimate between irrigation treatments were found for soil 

temperature and temperature at meristem level. These two parameters were also found to 

influence stomatal conductance to the largest extent and therefore, assimilation rate. Since soil 

and meristem temperature are highly autocorrelated until booting stage under natural conditions, 

it could not be specified, which of the parameters affects leaf gas-exchange directly. Previous 

studies rather suggest soil temperature as driving force for water uptake and therefore, leaf gas-

exchange. Arai-Saboh et al. (2010) found a slight increase of gs, A and xylem exudation with 

increasing soil temperature up to 32°C, which is above the range of soil temperature observed in 

our field experiment. Kuwagata et al. (2012) reported non-significant effects of soil temperature 

on A, but lower gs, reduced dry matter production, an impaired dry matter allocation to the root 

and changes in aquaporin expression under low soil temperature. Despite the evidences that root 

hydraulic conductivity is controlled by soil temperature, the mechanisms are not yet fully 

understood. Presumably, rather the activity of aquaporins than their abundance is responsible for 

the reduced root hydraulic conductivity under low soil temperature (Murai-Hatano et al., 2008). 

However, the impairment of root hydraulic conductivity will lead to a decrease in stomatal 

conductance and thus affect assimilation rate. Since the process of CO2 assimilation by plant 

leaves is the main process that determines plant growth (Goudriaan and van Laar, 1994), a 

decrease of stomatal conductance and assimilation rate under low soil temperature will also 

affect plant growth, despite the fact that the extent rather than the activity of the photosynthetic 

surface is the key determinant of plant productivity (Kriedemann, 1986). Due to mutual shading 

of leaves in a closed canopy, crop growth rate is rather determined by total leaf area than by 

productivity of an individual leaf and consequently, the influence of soil temperature on stomatal 

conductance and assimilation rate becomes less important for plant growth when the canopy is 

fully established. Independent variation of air, root, and meristem temperature showed a large 

influence of the meristem temperature on leaf expansion in maize (Watts, 1972b). Independent 

variation of day and night temperatures showed an increase in leaf elongation up to 30°C during 
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the day and up to 27°C during the night for rice (Cutler et al., 1980). At the experimental sites in 

Ndiaye and Fanaye, day temperature is usually above 30°C and rarely below 28°C. Even though, 

daytime water temperature can be much lower than air temperature, it can be argued that night 

temperature is the limiting factor for leaf growth in rice in Senegal as well as in most other 

regions in the dry Tropics and the Subtropics. This is supported by the work of Parent et al. 

(2010b), who found that with leaf growth of rice expressed in thermal time, leaf growth rates are 

higher during the night than during the day. In our experiments, leaf area expansion rate 

increased linearly during the vegetative stage with increasing meristem temperature during the 

night. During the early reproductive stage, this relationship was less pronounced. Number of 

tillers at flowering decreased with increasing meristem temperature, with an exception after 

sowing in November 2008 and October 2009, when tillering was affected by low temperature. 

The relationship between temperature and tillering was probably caused via duration, when 

higher temperatures lead to shorted crop duration and thus less tillers. Total leaf area at flowering 

was positively correlated with average minimum meristem temperature between sowing and 

flowering. However, since tiller number was reduced under high temperature, higher leaf growth 

under increasing temperature mainly led to increased leaf area per tiller and less to an overall 

increase of leaf area per plant. Dingkuhn and Sow (1997) found a positive correlation between 

the fraction of assimilates used for leaf growth and temperature and argued that leaf growth over-

proportionally decreases, if temperature decreases. Therefore, in addition to leaf area per tiller, 

probably assimilate partitioning was also largely affected by temperature, resulting in a larger 

share of leaf area as compared to structural biomass under high temperatures. Although, a large 

leaf area index is essential for high grain yield (Yoshida and Parao, 1976), the influence of 

temperature on yield is complex, since grain yield is determined by yield components developed 

in different phenophases, which are influenced by the environmental conditions during the 

respective phase (Shrestha et al., 2012). Therefore, the influence of climatic conditions on each 

yield component, i.e. panicle number, spikelets per panicle, percentage of filled spikelets and 

thousand grain weight (TGW), needs to be considered separately. The number of panicles per 

unit area is largely dependent on tillering performance (Yoshida, 1981), which was found to be 

driven by LAI, probably via the attenuation of light intensity and/or by influencing light quality 

at the base of the canopy (Zhong et al., 2002). In our experiment, we found an indirect effect of 

temperature on spikelets per panicle, since the number of spikelets per panicle was strongly 
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related to leaf area per tiller at flowering, which in turn was largely affected by temperature at 

meristem level. The relation between leaf area per tiller and spikelets per panicle has been 

demonstrated by Sheehy et al. (2001), who found approximately one juvenile spikelet per square 

centimeter leaf area produced. Spikelet fertility is known to be largely driven by temperature 

(Dingkuhn et al., 1995). In different studies a threshold has been described, where only 

temperatures below a certain value induce a high percentage of unfilled grains. Whereas Shrestha 

et al. (2011) reported a variety-specific threshold between 15°C and 18°C, Yoshida (1981) 

declared that air temperatures below 20°C can cause high percentages of sterility. In the present 

study, a linear relationship between meristem temperature and spikelet fertility was found. 

Fertility was determined as percentage of unfilled grains at maturity, neglecting the difference 

between sterile and unfilled grains. Since low temperature was also associated with small leaf 

area, which in turn can compromise grain filling due to an insufficient assimilate supply 

(Venkateswarlu, 1976), it is hypothesized that low temperature resulted in an interactive effect of 

cold-induced sterility and source-limited, thus, poor grain filling. Therefore, low temperature 

related poor development of leaf area could not only lower yield levels via a reduction of number 

of spikelets per panicle but also via a higher percentage of unfilled spikelets due to source-

limitations. TGW is probably the yield component, which is least affected by environmental 

conditions, because grain size is limited by the size of the hull (Yoshida, 1981), even though, it 

increases with higher radiation during grain filling stage (Yoshida and Parao, 1976). 

 

5.3 Implications for water-saving rice production 

Since stomatal conductance depended mainly on soil and/or meristem temperature, which was 

lower under non-flooded conditions, stomatal conductance and thus assimilation rate were 

reduced without a ponded water layer in the field. With meristem temperature during the night 

being the determining factor of leaf growth (Parent et al., 2010a), leaf area per tiller was usually 

lower when the ponded water layer was omitted and therefore, spikelet number was mostly 

reduced under non-flooded conditions. Furthermore, non-flooded conditions led to a higher 

percentage of unfilled spikelets, since the critical period for cold induced sterility is the early 

microspore stage, when the panicle is exposed to the temperature of the floodwater and not the 

atmosphere in flooded fields (Julia and Dingkuhn, 2013). Therefore, water-saving irrigation can 
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lead to reduced assimilation, growth and yield, even in the absence of soil water deficits. 

However, a clear seasonal pattern was observed, with a stronger impairment during cool nights. 

When air temperature drops below 20°C, grain yield can be compromised under water-saving 

irrigation. It has been known before, that deep-water irrigation can prevent spikelet sterility in 

areas where low night temperatures occur (Board et al., 1980), but there is still a lack of 

awareness about the impact of low temperature during the vegetative stage, which can jeopardize 

grain yields. Important rice growing areas are in the subtropics and in temperate regions, e.g. 

China, Korea or Japan, where low temperatures occur and yield under water-saving irrigation 

can be affected. Generally, yield potentials are higher in the subtropics than in the humid tropics 

(Ying et al., 1998), because of higher radiation and lower night temperatures leading to 

prolonged crop duration and thus higher yields. But since crop duration, which is considered to 

depend on mean temperature (Dingkuhn et al., 1995), was not affected by irrigation treatment, 

this positive effect of lower night temperature on yield was not observed under non-flooded 

conditions. Nevertheless, the generalization of our findings to other rice growing environments 

has its limitations, because of the specific characteristics of the Sahelian environment, where the 

experiments were conducted. Apart from the short rainy season, relative air humidity is generally 

low in the Sahel. Watts (1972a) found a stronger decrease of leaf extension with decreasing root 

temperature under low relative humidity. Likewise, it was suggested that high evaporative 

demand during the day is responsible for decreased leaf growth rates (Parent et al., 2010). 

Therefore, the negative effect of lower night temperature under water-saving irrigation on leaf 

growth might only be valid under low relative humidity. Also contradictory to our findings were 

the results of Peng et al. (2004), who found a decrease of biomass, spikelets per m2 and grain 

yield with increasing minimum temperature between 22°C and 24°C in experiments conducted 

in the Philippines, where air humidity is generally high. Furthermore, they claimed the need for 

greater fundamental understanding of the effects of night temperature on physiological processes 

governing crop growth and yield development, because the physiological mechanisms of the 

differential effect of night versus day temperature are unknown. Even though, our findings might 

not apply for the humid tropics, they highlight the need for consideration of temperature changes 

under water-saving irrigation in areas where low night temperatures occur and relative humidity 

during the day is low. Since relative humidity during the day and night temperature are 

interdependent, the described effects on growth and yield are probably still of broader relevance 
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outside the Sahel. To mitigate impairment of growth under water-saving irrigation, a floodwater 

layer could be used to bridge cool periods, or a less temperature-responsive variety should be 

chosen.  
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6 Conclusions 

In this study, it has been shown that the presence or absence of a ponded water layer in irrigated 

rice fields affects the thermal environment at meristem level. Under non-flooded conditions, the 

plant’s meristem is subjected to a larger temperature amplitude compared to continuously 

flooded conditions. Minimum meristem temperature was always lower under non-flooded 

conditions, whereupon the difference in minimum meristem temperature between irrigation 

treatments increased with decreasing air temperature. With increasing minimum meristem 

temperature, a linear increase of stomatal conductance, assimilation rate, leaf area development 

and spikelet fertility was found in the observed temperature range. Since the number of spikelets 

per panicle was highly correlated with leaf area per tiller, which increased with increasing 

meristem temperature, the number of spikelets per panicle was also affected by meristem 

temperature. Therefore, lower meristem temperature under non-flooded condition led to lower 

assimilation rates, less leaf area, lower spikelet fertility, less spikelets per panicle, and thus yield 

reductions in comparison to continuously flooded fields. This effect was larger during the cold-

dry-season, when night temperatures are relatively low, whereas during the hot-wet-season, no 

yield reductions have been observed under non-flooded conditions. In areas or periods where 

night temperatures below 20°C occur, the combined effects of changes in meristem temperature 

should be considered when water-saving measures are to be applied. Thus, since rice is a 

thermophilic crop, it is extremely important to pay attention to temperature critical phases in the 

yield building process and to not compromise yield through the water-saving method used. Since 

different water saving irrigation technologies exist, it would be advisable to adjust the respective 

method to the respective environmental conditions and within this best also to the variety used. 

This would either imply intensive phenotyping of a large number of rice genotypes or developing 

a crop simulation model sensitive enough to simulate the effects of different irrigation methods 

on the yield building processes and their temperature critical phases.  
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