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Abstract

:

Organic amendments can reportedly sustain and increase lowland rice productivity in smallholder systems. Few studies have assessed locally-available substrates in hydrologically variable floodplain environments. We investigated the effects of green and farmyard manures on rice yields, and total soil C and N in the Kilombero floodplain, Tanzania. At both the fringe and the middle positions, five treatments were applied in 2016 and 2017, comprising (1) non-amended control, (2) farmyard manure, (3) pre-rice legumes, (4) post-rice legumes and (5) a combination of green and farmyard manures. Residual treatment effects were assessed in 2018 when rice plots were uniformly non-amended. Depending on the year and the position, organic amendments increased rice grain yields by 0.7–3.1 Mg ha–1 above the non-amended control. Sole green and farmyard manure applications had similar effects on grain yield, while a combination of green and farmyard manure led to a significant increase in grain yield above both the control and sole applications of organic amendments in both years. The contribution from biological N2 fixation by legumes ranged from 4 to 61 kg N ha–1. Despite partial N balances being mostly negative, we observed positive residual effects on the yield of the non-amended rice in the third year. Such effects reached up to 4 Mg ha−1 and were largest with post-rice legumes, sole or combined with farmyard manure. Irrespective of the position in the floodplain, manures significantly increased soil C and N contents after two years, hence enhancing soil fertility and resulting in increased rice grain yields. Comparable benefits may be obtained along the hydrological gradients of other large river floodplains of the region and beyond.
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1. Introduction


Tanzania is one of the largest rice producers in East Africa, accounting for about 50% of the total regional output [1]. Rice grain yields are generally low, ranging between 0.5 to 2.1 Mg ha−1 across all rice-growing environments [2]. Tanzania will need to double its current rice production by 2030 to meet the rapidly-growing domestic demand [3,4]. Most rice is produced in rainfed lowland floodplain environments and it is predominantly grown by smallholder farmers. With yields attainable by best farmers of >5 Mg ha−1, the yield gap is large, reaching up to 3.4 Mg ha−1 [5,6]. Rice yields and total annual production in floodplains are highly variable, partly due to erratic rainfall and unpredictable soil submergence regimes but also because of low and variable soil fertility and poor management practices [7,8]. While mineral fertilizers are still considered being the primary option for soil fertility restoration [9], increasing the current low use of mineral N fertilizers will depend on their availability and affordability [10]. These latter conditions are rarely met in the remote rural villages of the Kilombero floodplain, which is one of the largest rice-growing areas of Tanzania and the focal environment of the present study.



Organic amendments, in contrast, have the potential to increase soil fertility without using external inputs. The effects of organic amendments on rice production have been widely studied. After the first review on historical uses of organic amendments in China, Korea and Japan by F.H. King in his book “Farmers of forty centuries” [11], the first scientific journal papers appeared in the 1950s. Since the mid-1980s, a large array of studies and later review papers on leguminous green and animal manures [12,13] and on food legume residues appeared [14]. In-situ or ex-situ (cut-and-carry) grown legume manures, sole or in combination with mineral fertilizers [15,16], have shown to increase rice grain yields on average by 35% and in some cases by >50% [17].



Apart from reported yield benefits, the incorporation of organic amendments has further been shown to improve aggregate stability [17] and other soil attributes by increasing total soil organic C and N, as well as available P, K, S, and Zn [16]. They also improve water infiltration, hydraulic conductivity and the soil’s water-holding capacity [18], thus reducing negative effects of dry-spells and counteracting soil degradation [19]. In-situ-grown green manures during the pre-rice niche are additionally able to save nitrate from leaching and denitrification losses [20,21] and to reduce negative effects of iron toxicity [22], while promoting soil microbial and enzyme activities [23]. Organic amendments also can reduce plant pathogenic nematode communities and soil-borne diseases [24] and suppress weed growth [12]. There is evidence that locally-available organic amendments can be economically viable and resource-conserving alternatives to mineral fertilizers with a high promise to sustain and increase production in small-scale agriculture [25].



Despite beneficial effects, the adoption of organic fertilizer strategies in rice-based systems of Africa has remained low [9]. Besides labour limitations, farmers lack the knowledge of the benefits derived from organic amendments [26]. Other authors pinpointed the lack of both available farmyard manure and seeds of appropriate legume species as a hindrance to adopting strategies based on organic inputs [27]. Particularly in favourable irrigated lowland environments, the competitiveness of organic amendments with cheap and readily-available mineral fertilizer sources is reportedly low [12]. In addition, niches for growing green manure legumes are often non-existent in intensive irrigated production systems or too short or water-limited in extensive rainfed environments [12]. Most of these reported constraints to the use of organic amendment strategies refer to (irrigated) lowland rice in South and South-East Asia [12] and upland rice in West Africa [17] and are not, or only partially, applicable to rainfed floodplains in East Africa. Such floodplain environments are edaphically and hydrologically highly variable, and soil fertility is often low [28]. Consequently, the use efficiency of applied mineral N is highly variable and tends to be low [8]. In addition, mineral fertilizers are often unaffordable for smallholders or not available in a timely manner [29]. In the absence of mineral fertilizers, farmers have to rely largely on the native supplying capacity of minerals by the soil, often resulting in nutrient mining [30].



Organic amendments appear as a promising alternative strategy for soil fertility restoration and for increasing the yield of rainfed lowland rice, particularly in floodplains. Many farmers in the Kilombero floodplain own cattle and have thus the possibility to apply farmyard manure. One single crop of rainfed rice during the main rainy season [7] leaves available cropping niches for growing green manure, grain, or forage legumes either before rice planting (pre-rice niche) or after rice harvest (post-rice niche). The duration of these cropping niches depends on water availability for the establishment and the growth periods of green manure crops and thus on the onset of the rains for the pre-rice niche and on the soil moisture retention for the post-rice niche. These conditions of water availability differ spatially depending on the physical position of fields within the floodplain (distance from the central river) between the drought-prone fringe and wetter middle positions [31]. Due to severe submergence risks, the center positions closest to the river are largely unsuited for green manure growth, and even rice production is highly risky due to high production uncertainty and yield variability [7]. Conditions of water availability further vary temporally according to rainfall patterns within the season or between years [32]. Hence, the effectiveness of organic amendments in enhancing lowland rice performance in floodplains is expected to differ by amendment type, field position and year. We further assume that the repeated application of organic amendments can improve soil attributes with associated residual effects on subsequent non-amended crops.



To date, no studies have assessed the effects of different organic amendments on rainfed rice performance in the often remote rural floodplain environments of East Africa. We, therefore, quantified the effects of (a) sole farmyard manure application, (b) pre–rice green manure (c) post-rice green manure, and (d) of a combination of post-rice green and farmyard manure on rice grain yield (direct and residual effects), on soil C and N contents, and on partial N balances. The field experiments were conducted at the fringe and middle positions in the Kilombero floodplain between 2015 and 2018.




2. Materials and Methods


2.1. Edaphic and Climatic Conditions of the Experimental Sites


Field experiments were conducted in farmers’ fields between 2015 and 2018 in two villages located near Ifakara town in the Kilombero District of Tanzania. The Kilombero floodplain is part of the Rufiji River Basin extending from 7.65° to 10.02° S latitude and from 34.56° to 37.79° E longitude and is the largest rice-growing environment of Tanzania. The floodplain is divided into three hydrological positions (fringe, middle and center) based on the origin of the water and submergence duration [31]. Only the fringe and middle positions were considered in this study after the complete submergence of the center position in 2015 [7]. The two test sites have been under continuous extensive rainfed rice production for >15 years. In Table 1, both sites had similar soil textural classes (silt loam) and a comparable soil pH (5.8–6.0). The soils of the fringe position contained more available P (48 mg kg−1) than the middle position (16 mg kg−1), but both were above the critical limit for rice growth of <8 mg P kg−1 and of plant-available (exchangeable) soil K of <60 mg K kg−1 according to Mehlich-3 soil extraction as earlier reported [7].



The experimental site has a sub-humid tropical climate, with average annual temperatures of 22–23 °C and maximum and minimum peaks in December and July, respectively. Rainfall occurs in a pseudo-bimodal pattern with erratic rains between November and January and intensive rain between March and May. The dry season extends from June to October. Long-term average annual rainfall is 1100 mm. During the experimental period, rainfall varied between 632 mm (2018) and 1262 mm (2017) (Figure 1). Besides in-situ rainfall, the hydrology of the floodplain differs with the distance of fields from the central river. The hydrology in the middle position is determined mainly by overbank flow from the Kilombero River, while the fringe positions receive lateral subsurface flow contributions from adjacent mountain ranges [33]. Early rainfall events in November/December provide the moisture required for the growth of short-duration green manure crops before the establishment of the rice crop in March (pre-rice niche). Shallow groundwater and residual soil moisture after flood recession in June provide water for cultivating deep-rooted legumes during the dry season (post-rice niche), resulting in specific cropping sequences, and interactions of surface and groundwater determined the dynamics of water availability or submergence regimes (Figure 2).




2.2. Experimental Design and Treatment Application


Four strategies using organic amendments were compared with a non-amended control in a randomized complete block design (RCBD) with four replications. The experiments were implemented at two contrasting locations within the floodplain (fringe and middle positions) and included: (i) farmyard manure, (ii) lablab (Lablab purpureus L.) as pre-rice green manure, (iii) stylosanthes (Stylosanthes guianensis L.) as post-rice green manure, (iv) a combination of cowpea (Vigna unguiculata L.) as post-rice green manure and farmyard manure application before rice planting and (v) the non-amended control treatment (Figure 3). The treatments were applied in the same plots for two consecutive years (2015 and 2016), their direct benefits were evaluated in 2016 and 2017, while the residual effect on a non-amended rice crop was assessed, with all plots being treated uniformly (no organic amendment) in 2018 (Figure 3). The trial were established at the two different hydrological positions using individual experimental plot sizes of 6 × 5 m (30 m2). Plots were manually tilled to a depth of 15 cm, bunds of 50 cm height and 30 cm width were built and compacted around each plot to prevent lateral flows of water and nutrients. Additionally, one-meter-wide trenches were installed to separate the treatment blocks (replications). Field areas within the bunded plots were puddled and manually levelled.



Farmyard manure: Fresh cattle manure was obtained from one local farmer in the area. Subsamples were dried and analyzed for N content (Table 2). Fresh farmyard manure was homogenously applied at a rate equivalent to 60 kg N ha−1 and manually incorporated into the topsoil (0–15 cm) one week prior to soil puddling and rice transplanting. Depending on the N content, farmyard manure application rates varied by year between 5 and 6.7 Mg ha−1.



Green manures: Three green manure species were selected, i.e., (i) lablab, (ii) stylosanthes and (iii) cowpea based on them being locally known and seeds being available. The choice of the specific genotypes used was informed by their multi-purpose use attributes. Besides being used as green manures, stylosanthes and the specific cowpea were forage types, and the grains of cowpea and lablab can potentially be used for human consumption. Such multi-purpose considerations have been pointed out being key factors for farmers’ adoption of green manure technologies [12]. Legume seeds were obtained from the Agriculture Research Institute (ARI) in Ilonga, Tanzania (stylosanthes), and the National Semiarid Research Resources Institute (NaSARRI), Uganda (lablab and cowpea). Lablab was used as pre-rice green manure and established after the first rains in early or mid-December at a 40 × 40 cm spacing. Long-duration multi-purpose cowpea and the forage legume stylosanthes were established as post-rice green manures by dibble-seeding at a 20 × 10 (stylosanthes) or 20 × 40 cm spacing (cowpea) 2‒5 days after rice harvest. The post-rice legumes grew on residual soil moisture for initially 2–3 months into the dry season, and re-greened and continued to grow for another 1–2 months after the onset of the short rains until the land preparation for rice in the subsequent year. No rhizobia inoculum was applied as all legumes nodulated spontaneously.



Biomass samples for weight, N content and the share of N derived from biological N2 fixation were obtained from a 2 × 3 m harvest area in the middle of each plot at 45 (pre-rice legumes) and 150 days after seeding (post rice legumes). The biomass was chopped and incorporated manually into the topsoil (0–15 cm) two weeks before rice transplanting. Only in the cowpea treatment, farmyard manure was additionally applied at a rate of 60 kg N ha−1 and incorporated together with the fresh legume biomass two weeks prior to rice transplanting. In one corner of each legume plot, six maize plants were established at the time of legume seeding and were used as non-fixing references for δ15N analysis after harvest at 45 days (pre-rice green manure) or 110 days (post-rice green manures). In the final experimental year (2018), rice was grown without any amendments to assess the residual effect of repeated manuring under ceteris paribus conditions (Figure 3).



Rice: Seeds of the high-yielding indica variety SARO-5 were obtained from the Tanzania Agriculture Research Institute (TARI) in Ifakara. Seeds were pre-soaked for 24 h, incubated for 48 h and sown in a nursery bed. Twenty-five days-old rice seedlings were transplanted into the puddled and levelled field plots at a 20 × 20 cm spacing at two seedlings per hill (25 hills m−2) in late February or early March of each year, depending on the onset of the main rainy season. Plots were hand-weeded homogenously in all plots at 28 and 56 days after transplanting. Rice was harvested from 2 × 3 m sampling areas in the center of each plot in late May or early June. After manual threshing, measured with a digital grain moisture meter (Satake Moistex SS7) and adjusted to 14% grain moisture content. Additionally, 12 adjacent hills were cut at ground level to determine biomass accumulation and yield components, including the number of tillers and panicles m−2, percentage filled grains, and 1000-g weight.




2.3. Data Collection and Analyses of Plant Material and Soil


Samples of approximately 100 g of rice grain and straw, of farmyard manure and of legumes were oven-dried at 105 °C for ~48 h until constant weight. Sub-samples of about 1 g were fine ground and analyzed for their N content using an elemental analyzer (EURO EA Elemental Analyzer series 3000, EURO-EA Vector Pavia, Italy). The share on N derived from the atmosphere (%Ndfa) by legumes was estimated using the δ15N natural abundance method. Above-ground plant parts were analyzed for N isotope ratios using a Europa Scientific Ltd. Geo 2020 mass spectrometer coupled to the ANCA-SL elemental analyzer (Welsh S. Sercon Ltd., Crewe, Cheshire, UK). The δ15N signatures were calculated according to equation 1, with atmospheric N2 serving as standard [20]. The shares of Ndfa (%) were assessed as shown in equation 2 [21]. The B value is the δ15N share of the same N2 fixing legume when grown with N2 as sole N source (natural discrimination of the heavy 15N isotope by the nitrogenase enzyme complex). The B-values were −1.36‰ for Lablab purpureus [22], −1.76‰ for Stylosanthes guianensis [23], and −2.2 for Vigna unguiculata [24]. All 15N data were expressed as atom% in excess of the natural 15N background abundance of the atmosphere of 0.3663%.
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Based on N contents and biomass accumulation, partial N balances were calculated for the different treatments as (N added by amendments)–(N removed with harvested grain) [20]. Nitrogen input by dry and wet deposition, N2 fixation by free-living organisms or N losses by volatilization, denitrification and leaching were not considered.



Composite samples of seven topsoil cores per plot (0–20 cm) were collected before rice transplanting in 2015 and after rice harvest in 2017 to assess changes in soil C and N contents after two years of treatment application. The samples were air-dried, ground to pass through a 2 mm sieve, and analyzed for total N by dry combustion method at 950 °C using an Elemental Analyzer (vario-ELcube Elementar Analysesysteme GmbH, Langenselbold, Germany). Plant-available P and K were extracted from the initial soil samples (2015) using the Mehlich-3-extraction method [25]. Phosphorus was colourimetrically analyzed using molybdenum-blue complex (Specord 50Plus, Analytik Jena AG, Jena, Germany), while K was analyzed using ICP-OES (Spectro Arcos, Spectro Analytical Instruments GmbH, Kleve, Germany).




2.4. Statistical Analysis


A linear mixed model fit by Restricted Maximum Likelihood (ReML) variance components analysis was used for data on soil, yield, yield parameters and N uptake in each position. The fixed model included position, treatment and year, while replications were considered as a random factor. Descriptive statistics on means and standard errors of the means were calculated for main effects over years and for both hydrological positions. A two-way ANOVA was used for comparing soil nutrient concentrations and rice grain yield. Where applicable, mean separations were done using the Tukey test (p < 0.05).





3. Results


3.1. Nitrogen Accumulation and N2 Fixation by Legumes


Above-ground biomass accumulation, N content, N accumulation and the amounts of N derived from biological N2 fixation by green manures differed between legume species, position and cropping season (Table 2). The relatively more extended growth period during the post-rice niche compared to lablab, application of stylosanthes and cowpea produced higher biomass of 0.9–3.4 and 1.1–2.0 Mg ha−1 respectively. While, biomass accumulations by lablab and cowpea were comparable in both years and positions, the biomass of stylosanthes was much higher in 2016 (3.1–5.2 Mg ha−1) than in 2015 (1.9–2.5 Mg ha−1) and differed between positions. Also, the in-field variability (establishment and stand densities) was much higher with small-seeded stylosanthes than with the large-seeded legumes (data not shown).



The amount of N added by farmyard manure was fixed at 60 kg ha−1. On the other hand, the amounts of N incorporated into the soil with legume biomass (N derived from both the soil and the atmosphere) varied widely between species and years. The highest N-accumulation was recorded in cowpea with 76‒78 kg N ha−1 in the fringe and 122 kg N ha−1 in the wetter middle position. Similar to biomass, the N accumulation by stylosanthes was highly variable, ranging from 36‒73 kg N ha−1. The lowest N-accumulation range of 1.3–2.0 kg N ha−1 was recorded in lablab. The measured mean shares of N derived from N2 fixation were higher in cowpea (44% Ndfa) than in lablab (32% Ndfa) or stylosanthes (30% Ndfa). Resulting amounts of N fixed differed between legumes, positions and years, ranging from 4 kg N ha−1 (lablab in the fringe position) to 61 kg N ha−1 (cowpea in the middle position). The amounts of N2 fixed were higher in 2016 than in 2015, independent of the position.




3.2. Effect of Organic Amendments on Rice Grain Yield


Rice grain yields differed between treatments, positions and years (Table 3). The overall mean was 5.5 Mg ha−1 with higher average yields in the wet year of 2017 (6.1 Mg ha−1) than in the relatively dry year of 2016 (4.8 Mg ha−1). The yield of the non-amended control ranged from 3.6 (2016) to 4.9 Mg ha−1 (2017) and tended to be higher in the wet middle than the drier fringe positions, particularly during the dry year of 2016. Sole farmyard manure application at a rate of 60 kg ha−1 increased yields by 22% in the first and by 31% in the second years of treatment application. The rice yield response to green manure application showed a similar pattern (stronger response in 2017 than in 2016) and was significant in both years, irrespective of whether the legume was grown in the pre-rice (lablab) or the post-rice niche (stylosanthes). The N application rate was much lower with green manures compared to farmyard manure, pointing to a large N accumulation and fixation by the below ground biomass. The strongest yield response was observed in both years and positions with combined incorporation of the post-rice green manure (cowpea) and the application of farmyard manure, with yield increases of 86% in the dry (2015) and 45% in the wet year (2016).



ANOVA showed significant effects of treatment and year for most yield parameters (Table 4), while positions only affected the percentage of filled grains and thousand-grain weight. Significant interactions between treatments and years required a differentiated presentation of the findings by years (Table 3).



Panicle numbers ranged between 156 (2016) and 163 m−2 (2017), and in all cases, manuring resulted in significant increases. Panicle numbers tended to be higher (significant only in 2016) after incorporation of the post-rice green manure compared to pre-rice green manure or farmyard manure application. No treatment effect was observed regarding the percentage of filled grains and 1000-grain weights. However, the share of filled grains was higher in 2016 (94%) than in 2017 (80%). A combined application of green manure and farmyard manure in 2015 and 2016 not only provided highest yields but also resulted in highest N removal by the grain with 70 and 80 kg N ha−1 in 2016 and 2017, respectively.




3.3. Partial N Balances, Soil Attribute Changes and Residual Yield Effects


Partial N balances (N added from farmyard manure and legume Ndfa–N removed with harvested rice grain) varied widely between −59 and +38 kg N ha−1 (Table 5). While partial N balances were always negative in the non-amended control, they were negative to neutral with pre- and post-rice green manures and consistently positive across years and positions in the combined green and animal manure treatments with N surpluses of +22 to +38 kg N kg N ha−1. These trends in the partial N balances are also reflected in changes of selected soil fertility attributes (Table 6). The soil C and N contents declined in control treatments by −4.4 to −1.1% between the start of the experiment in 2015 and the harvest of the rice crop in 2017. The application of organic amendments significantly improved the soils fertility status, increasing topsoil C contents (0–20 cm) by up to 29% in the fringe and up to 46% in the middle positions. Concomitant increases in soil N due to organic amendments were about 16% with lablab and ranged from 8‒44% with stylosanthes across all positions.



In relative terms, a sustained application of sole farmyard manure in the fringe and middle increased soil C and N least compared to green manure legumes. However, the combination of post-rice green manure and farmyard manure showed strongest effects, increasing soil C from initially about 15 to up to 20 g kg−1 and soil N from about 0.9 to >1.3 g kg−1 after two years of treatment application.



The reported partial N balances (Table 5) and the changes in soil C and N contents following two years of organic amendments (Table 6) were associated with significant residual yield effects in the non-amended rice crop of 2018. Although the initial soil C contents were not significantly correlated with residual grain yields, there was a significant positive correlation between final total soil C content in June 2017 and rice grain yield in 2018 (Figure 4). While grain yields in the control treatment reached 4.4 Mg ha−1 in the fringe and 3.2 Mg ha−1 in the middle position, yields were significantly higher following pre-rice green manures in the middle (+34% yield-) and following post-rice green manure at both positions (+43% to >100% yield increase). No significant residual effects were detected with sole farmyard manure and pre-rice green manure application in the fringe position.



Averaged across treatments, the residual yield effects of previously applied organic amendments tended to be higher in the middle than in the fringe positions with 80% and 23% higher yields than in the non-amended control, respectively. N additions by dry and wet deposition or by free-living nitrogen fixation as well as removal by volatilization and denitrification and leaching are not considered.





4. Discussion


4.1. Niches for Organic Amendments


Despite the undisputed large potential of organic amendments for enhancing the productivity and sustainability the availability of farmyard manure is often limited for farmers who don’t have animals or it has contested alternative uses, i.e., as amendment in home-gardens or as domestic fuel [37] and only few legumes species are used as green manures in Africa [38]. Thus, the rice-growing area under green manure legumes or receiving farmyard manure has declined from >20 Mio. in the 1980s to <5 Mio. ha in the early 2000s [39].



Such trends raise the question if organic amendments in general and leguminous green manures in particular have not loomed larger in scientists’ minds than in those of farmers. In consequence, since the mid-1990s, scientists have analyzed the agronomic and socio-economic constraints to adopting organic amendments at farm level and tried to define niche environments where organic amendments outcompete mineral nutrient sources [40].



Such analyses point to legume seed availability, land limitations for legume growth and labour constraints for manure transport and incorporation to be the main culprits for low adoption rates [41]. Niche environments where green manures out-compete mineral N fertilizers were identified as rainfed systems with variable hydrology and sandy soil texture [12]. In consequence, the use of organic amendments is likely to have the largest impact in environments with little or no labour constraints (small field sizes in densely populated areas or availability of mechanical implements) and in hydrologically-variable environments with light-textured soils. These latter conditions negatively affect the use efficiency of applied mineral N fertilizer and favour the mineralization and effective N uptake by rainfed lowland rice from organic sources. Such social-ecological conditions are largely provided in Kilombero floodplain with land-holdings of <1 ha, the availability of tractor-based tillage implements [42]. In addition, the absence and the relatively high cost or the untimely availability of mineral N fertilizers [29], leave smallholder farmers in the Kilombero floodplain with organic amendments as the more attractive option to improve soil attributes, supply N and increase the performance of the prevailing low-input rainfed rice production systems.



Furthermore, hydrology is a major factor affecting the crop sequence and determining the integration of green manure legumes into rainfed rice production systems. The unreliable water availability associated with many rainfed situations also increases the riskiness of green manure use. Climate projections for Tanzania indicate increasing trends in rainfall amounts in the short (November-December) while decreasing in the long (March-May) rainy seasons [43]. While these projections are expected to favour the integration of legumes in the pre-rice niche, the delay in the onset of the main rainy season with more intense but short rainfall events may also attenuate the moisture deficit in the early dry season [32], thus favouring diverse crop options, including green manures in the post-rice niche. This situation was exemplified in the present study by a relatively better performance of both the pre- and the post-rice green manures in the wet middle position and during the wet year of 2017.




4.2. Direct Benefits of Organic Amendments


The present study considered the application of both farmyard manure and the in-situ growth of green manures as organic amendments for rainfed lowland rice in different floodplain environments of Kilombero (Figure 2). Depending on the position and the year, such strategies resulted in yield increases of 18‒62% above the non-amended control. The positive effects from organic amendments can be attributed to the improvement in soil fertility compared to the low indigenous soil fertility in the control treatment. The extent of these yield-increasing effects was in a comparable order of magnitude as effects reported from annual green manure legumes in irrigated rice of the Philippines [44], of perennial legume residues in Zimbabwe [45], and of farmyard manure on rainfed rice in the Indian Punjab [46]. However, in these studies, application rates of organic N sources were either substantially higher than in the present study, or organic amendments were supplementing an application of mineral N [47]. Furthermore, beneficial effects of legume green manures were shown to occur in relatively fertile Gleysols in inland valley wetland with subsurface water and nutrient flow contributions from adjacent valley slopes in West Africa [48]. We show that relatively modest N application rates suffice to enhance the performance of lowland rice in floodplain environments with low soil fertility and additionally differentiated responses to both pre- and post-rice strategies in different hydrological positions. A similar trend was observed but with a larger magnitude of up to 133% yield increase when recommended rates of mineral fertilizer N were applied at the same experimental sites and in the same years [7]. The large, and compared to organic amendment relatively higher rice yield responses to mineral N, even at the moderate application rate of 60 kg ha−1 could be related to the low N status of the alluvial floodplain soils [28], where additionally small-scale farmers are not applying fertilizers and are hence mining the soil for nutrients [8]. Such soil fertility considerations are likely to affect particularly organic amendments that have to undergo microbial decomposition before nutrients become plant available. On the other hand, mineral N sources are often not available and rarely affordable by small-scale farmers [10].



Reported benefits from green manures are mainly related to the legumes’ ability to accumulate sufficient biomass and to fix atmospheric N2 during a short growing period. In our study, the amount of atmospheric N fixed in the above-ground green manure legume biomass contributed 4–61 kg N ha−1, depending on the species, the production system, and the fields’ position within the floodplain (Table 2). These amounts are substantially less than those reported from some studies in favourable irrigated systems [49] but within the range of works conducted in unfavourable rainfed lowlands in Cambodia [50] or North-East Thailand [51]. The share of N derived from the atmosphere (Ndfa) by biological N2 fixation was assessed by the δ15N method as suggested by other authors [36] and ranged from 23% to 59%, depending on the species and the system (pre- vs. post-rice legumes). While the net N contributions from multi-purpose long-duration cowpea and from lablab were consistent with ranges reported from grain cowpea [52] or lablab in West Africa [53], the N contribution by stylosanthes grown as a post-rice forage species was much lower than that reported from rice-based systems in Madagascar [54] or from maize-based systems in Kenya [34]. Severe drought following the harvest of rice in 2015 combined with soil compaction after flood recession were likely to have affected legume establishment and stylosanthes growth during the dry season (Figure 2). Also, the small seed size of stylosanthes compared to lablab or cowpea may have negatively affected germination and crop establishment and increased performance variability between years and positions, but also within plots. A poor stand establishment with small-seeded legumes is related to imperfect land preparation and seed deposition at variable depths, from which large seeded legumes can more easily recover than small-seeded ones [55]. We conclude that long-duration multipurpose (forage and green manure) legumes will be required for the extended post-rice niche while short-duration and thus generally larger-seeded (grain and green manure) legumes may be preferred for the pre-rice niche in hydrologically variable floodplain environments.




4.3. Residual Benefits of Organic Amendments in Kilombero


Irrespective of the legume species, the system or the study year, sole growth of green manure legumes resulted in largely negative partial N balances. Only with the addition of farmyard manure N balances of the legume-based systems were positive (Table 5). However, these balance calculations disregarded below-ground biomass and N accumulation, which may have severely under-estimated the legumes’ contributions to N balances, particularly in the case of stylosanthes with its extensive and deep root system. On the other hand, the N balances may be even more negative when gaseous N losses are accounted for [20]. Thus, some 15 kg N ha−1 are reportedly being lost by the process NH3 volatilization in rice systems in Asia [56,57], while N losses by denitrification and nitrate leaching have been estimated at 32 kg ha−1 in non-amended rainfed rice in Nepal [20] and in Ghana [21]. However, long-term experiments have shown that most of the N added by organic amendments is contained in various organic fractions [58] and becomes only gradually plant available after microbial decomposition. Thus gaseous N losses are minimized and residual effects on subsequent crops can reportedly occur [59], as also observed in the present study where yield increases in previously legume-amended plots could reach 4 Mg ha−1 in 2018. (Table 6).



The slow mineralization of both farmyard and green manures compared to mineral N fertilizer [60] may have contributed to the observed build-up of soil organic C and N during the two years of continuous organic treatment application as suggested before [61], and thus have contributed to the reported residual benefits on soil C and N (Table 6), and presumably to higher water-holding capacity [62] and rice yield stability [63]. Similar residual benefits from sustained application of organic amendments have been reported from rainfed lowland rice systems in Asia, particularly on sandy soils with low inherent organic matter contents [64]. Such effects are however not uniform, and in the present case, they differed not only between amendment types and systems but also by the hydrological position of the field plots within the floodplain (Table 6). Thus, largest residual mean rice gain from previously amended plots was observed in the middle positions, while gains were less evident in floodplain fringes. This observation further stresses that the effects of organic amendments strategies are transferable in both hydrological positions but higher in the middle position of the Kilombero floodplain.



In summary, we assessed legume performance as well as direct and residual yield benefits from different organic amendments. The reported effects of manures on increasing rice grain yields, and soil C and N contents were confirmed for a floodplain wetland in East Africa by our work. We believe that comparable benefits may be obtained in other hydrologically variable floodplain environments of the region and beyond. However, given the large variability in hydrological situations both between positions and years, the effects of building soil organic matter for buffering hydrological extremes as well as the phyto-sanitary and weed suppression aspects warrant further research attention in the future.





5. Conclusions


This study highlights the importance of green and farmyard manure application in resource-poor smallholder rice farming systems. Repeated application of organic amendments can enhance soil C and N with associated effects on direct and residual rice yield increase in the Kilombero floodplain. With the prevalence of rainfed lowland systems with one single crop per year, there are available cropping niches for both pre- and post-rice green manure growth. In addition, the widespread cattle rearing in the area ensures the availability of farmyard manure. These organic amendments provide small-scale rainfed rice farmers with a promising alternative to poorly-available and generally non-affordable mineral N fertilizers for soil fertility restoration and enhanced sustainable food production in hydrologically variable floodplain environments.







Author Contributions


Conceptualization, M.B., D.N. and K.S.; methodology, J.K., D.N., K.S. and M.B.; validation, D.N. and M.B.; formal analysis, J.K., M.B.; investigation, J.K., K.S. and D.N.; resources, K.S., D.N. and M.B.; data curation, J.K., K.G.; writing—original draft preparation, J.K.; writing—review and editing J.K., K.G., D.N., K.S., T.F.D. and M.B.; visualization, J.K, D.N., T.F.D. and M.B.; supervision, D.N., K.S. and M.B.; project administration, D.N. and M.B.; funding acquisition, M.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the German Federal Ministry for Education and Research (BMBF) grant number FKZ 031A250 A-H, with additional funding provided by the German Federal Ministry of Economic Cooperation and Development.




Acknowledgments


The authors are grateful to Geoffrey Gabiri for the depth to ground water data and the field assistants for field establishment and management.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



FAO. Food and Agriculture Organization of the United Nations, Statistics Division. Available online: http://www.fao.org/faostat/en/#data/QC (accessed on 16 June 2020).

	



Diagne, A.; Amovin-Assagba, E.; Futakuchi, K.; Wopereis, M.C.S. Estimation of cultivated area, number of farming households and yield for major rice-growing environments in Africa. In Realizing Africa’s Rice Promise; CAB International: Wallingford, UK, 2013; ISBN 9781845938123. [Google Scholar]

	



Seck, P.A.; Tollens, E.; Wopereis, M.C.S.; Diagne, A.; Bamba, I. Rising trends and variability of rice prices: Threats and opportunities for sub-Saharan Africa. Food Policy 2010, 35, 403–411. [Google Scholar] [CrossRef]

	



Wenban-Smith, H.; Faße, A.; Grote, U. Food security in Tanzania: The challenge of rapid urbanisation. Food Sec. 2016, 8, 973–984. [Google Scholar] [CrossRef]

	



Tanaka, A.; Johnson, J.M.; Senthilkumar, K.; Akakpo, C.; Segda, Z.; Yameogo, L.P.; Bassoro, I.; Lamare, D.M.; Allarangaye, M.D.; Gbakatchetche, H.; et al. On-farm rice yield and its association with biophysical factors in sub-Saharan Africa. Eur. J. Agron 2017, 85, 1–11. [Google Scholar] [CrossRef]

	



Senthilkumar, K.; Rodenburg, J.; Dieng, I.; Vandamme, E.; Sillo, F.S.; Johnson, J.M.; Rajaona, A.; Ramarolahy, J.A.; Gasore, R.; Abera, B.B.; et al. Quantifying rice yield gaps and their causes in Eastern and Southern Africa. J. Agron. Crop Sci. 2020, 206, 478–490. [Google Scholar] [CrossRef]

	



Kwesiga, J.; Grotelüschen, K.; Neuhoff, D.; Senthilkumar, K.; Döring, T.F.; Becker, M. Site and management effects on grain yield and yield variability of rainfed lowland rice in the Kilombero Floodplain of Tanzania. Agronomy 2019, 9, 632. [Google Scholar] [CrossRef]

	



Senthilkumar, K.; Tesha, B.J.; Mghase, J.; Rodenburg, J. Increasing paddy yields and improving farm management: Results from participatory experiments with good agricultural practices (GAP) in Tanzania. Paddy Water Environ. 2018, 16, 749–766. [Google Scholar] [CrossRef]

	



Barrett, C.B.; Bevis, L.E.M. The self-reinforcing feedback between low soil fertility and chronic poverty. Nat. Geosci. 2015, 8, 907–912. [Google Scholar] [CrossRef]

	



Tsujimoto, Y.; Rakotoson, T.; Tanaka, A.; Saito, K. Challenges and opportunities for improving N use efficiency for rice production in sub-Saharan Africa. Plant Prod. Sci. 2019, 22, 413–427. [Google Scholar] [CrossRef]

	



Paull, J. The making of an agricultural classic: Farmers of forty centuries or permanent agriculture in China, Korea and Japan, 1911–2011. Agric. Sci. 2011, 2, 175–180. [Google Scholar] [CrossRef]

	



Becker, M.; Ladha, J.K.; Ali, M. Green manure technology: Potential, usage, and limitations. A case study for lowland rice. Plant Soil 1995, 174, 181–194. [Google Scholar] [CrossRef]

	



Xie, Z.; Tu, S.; Shah, F.; Xu, C.; Chen, J.; Han, D.; Liu, G.; Li, H.; Muhammad, I.; Cao, W. Substitution of fertilizer-N by green manure improves the sustainability of yield in double-rice cropping system in south China. Field Crop. Res. 2016, 188, 142–149. [Google Scholar] [CrossRef]

	



Siddique, K.H.M.; Johansen, C.; Turner, N.C.; Jeuffroy, M.H.; Hashem, A.; Sakar, D.; Gan, Y.; Alghamdi, S.S. Innovations in agronomy for food legumes. A review. Agron. Sustain. Dev. 2012, 32, 45–64. [Google Scholar] [CrossRef]

	



Das, K.; Biswakarma, N.; Zhiipao, R.; Kumar, A.; Ghasal, P.C.; Pooniya, V. Significance and Management of Green Manures. In Soil Health; Springer Nature: Cham, Switzerland, 2020; ISBN 978-3-030-44363-4. [Google Scholar]

	



Ding, W.; Xu, X.; He, P.; Ullah, S.; Zhang, J.; Cui, Z.; Zhou, W. Improving yield and nitrogen use efficiency through alternative fertilization options for rice in China: A meta-analysis. Field Crop. Res. 2018, 227, 11–18. [Google Scholar] [CrossRef]

	



Becker, M.; Johnson, D. The role of legume fallows in intensified upland rice-based systems of West Africa. In Resource Management in Rice Systems: Nutrients; Springer: Dordrecht, The Netherlands, 1999; pp. 105–120. ISBN 978-94-010-6133-9. [Google Scholar]

	



Seufert, V.; Ramankutty, N.; Foley, J.A. Comparing the yields of organic and conventional agriculture. Nature 2012, 485, 229–232. [Google Scholar] [CrossRef]

	



Place, F.; Barrett, C.B.; Freeman, H.A.; Ramisch, J.J.; Vanlauwe, B. Prospects for integrated soil fertility management using organic and inorganic inputs: Evidence from smallholder African agricultural systems. Food Policy 2003, 28, 365–378. [Google Scholar] [CrossRef]

	



Becker, M.; Asch, F.; Maskey, S.L.; Pande, K.R.; Shah, S.C.; Shrestha, S. Effects of transition season management on soil N dynamics and system N balances in rice–wheat rotations of Nepal. Field Crop. Res. 2007, 103, 98–108. [Google Scholar] [CrossRef]

	



Asante, M.; Becker, M.; Angulo, C.; Fosu, M.; Dogbe, W. Seasonal nitrogen dynamics in lowland rice cropping systems in inland valleys of northern Ghana. J. Plant Nutr. Soil Sci. 2017, 180, 87–95. [Google Scholar] [CrossRef]

	



Gao, S.J.; Cao, W.D.; Gao, J.S.; Huang, J.; Bai, J.S.; Zeng, N.H.; Chang, D.N.; Shimizu, K. Effects of long-term application of different green manures on ferric iron reduction in a red paddy soil in Southern China. J. Integr. Agr. 2017, 16, 959–966. [Google Scholar] [CrossRef]

	



Patra, A.K.; Abbadie, L.; Clays-Josserand, A.; Degrange, V.; Grayston, S.J.; Guillaumaud, N.; Loiseau, P.; Louault, F.; Mahmood, S.; Nazaret, S.; et al. Effects of management regime and plant species on the enzyme activity and genetic structure of N-fixing, denitrifying and nitrifying bacterial communities in grassland soils. Environ. Microbiol. 2006, 8, 1005–1016. [Google Scholar] [CrossRef]

	



Zhang, X.; Wu, X.; Zhang, S.; Xing, Y.; Liang, W. Organic amendment effects on nematode distribution within aggregate fractions in agricultural soils. Soil Ecol. Lett. 2019, 1, 147–156. [Google Scholar] [CrossRef]

	



Adamtey, N.; Musyoka, M.W.; Zundel, C.; Cobo, J.G.; Karanja, E.; Fiaboe, K.K.M.; Muriuki, A.; Mucheru-Muna, M.; Vanlauwe, B.; Berset, E. Productivity, profitability and partial nutrient balance in maize-based conventional and organic farming systems in Kenya. Agric. Ecosyst. Environ. 2016, 235, 61–79. [Google Scholar] [CrossRef]

	



Mafongoya, P.L.; Bationo, A.; Kihara, J.; Waswa, B.S. Appropriate technologies to replenish soil fertility in Southern Africa. Nutr. Cycl. Agroecosyst. 2007, 76, 137–151. [Google Scholar] [CrossRef]

	



Ali, M. Evaluation of green manure technology in tropical lowland rice systems. Field Crop. Res. 1999, 61, 61–78. [Google Scholar] [CrossRef]

	



Daniel, S.; Gabiri, G.; Kirimi, F.; Glasner, B.; Näschen, K.; Leemhuis, C.; Steinbach, S.; Mtei, K. Spatial distribution of soil hydrological properties in the Kilombero Floodplain, Tanzania. Hydrology 2017, 4, 57. [Google Scholar] [CrossRef]

	



Chianu, J.N.; Chianu, J.N.; Mairura, F. Mineral fertilizers in the farming systems of sub-Saharan Africa. A review. Agron. Sustain. Dev. 2012, 32, 545–566. [Google Scholar] [CrossRef]

	



Nhamo, N.; Rodenburg, J.; Zenna, N.; Makombe, G.; Luzi-Kihupi, A. Narrowing the rice yield gap in East and Southern Africa: Using and adapting existing technologies. Agric. Syst. 2014, 131, 45–55. [Google Scholar] [CrossRef]

	



Gabiri, G.; Burghof, S.; Diekkrüger, B.; Leemhuis, C.; Steinbach, S.; Näschen, K. Modeling spatial soil water dynamics in a tropical floodplain, East Africa. Water 2018, 10, 191. [Google Scholar] [CrossRef]

	



Näschen, K.; Diekkrüger, B.; Leemhuis, C.; Seregina, L.; van der Linden, R. Impact of climate change on water resources in the Kilombero Catchment in Tanzania. Water 2019, 11, 859. [Google Scholar] [CrossRef]

	



Burghof, S.; Gabiri, G.; Stumpp, C.; Chesnaux, R.; Reichert, B. Development of a hydrogeological conceptual wetland model in the data-scarce Northeastern region of Kilombero Valley, Tanzania. Hydrogeol. J. 2018, 26, 267–284. [Google Scholar] [CrossRef]

	



Ojiem, J.O.; Vanlauwe, B.; Ridder, N.d.; Giller, K.E. Niche-based assessment of contributions of legumes to the nitrogen economy of Western Kenya smallholder farms. Plant Soil 2007, 292, 119–135. [Google Scholar] [CrossRef]

	



Nguluu, S.N.; Probert, M.E.; McCown, R.L.; Myers, R.J.K.; Waring, S.A. Isotopic discrimination associated with symbiotic nitrogen fixation in stylo (Stylosanthes hamata L.) and cowpea (Vigna unguiculata L.). Nutr. Cycl. Agroecosyst. 2002, 62, 11–14. [Google Scholar] [CrossRef]

	



Nyemba, R.C.; Dakora, F.D. Evaluating N2 fixation by food grain legumes in farmers’ fields in three agro-ecological zones of Zambia, using 15N natural abundance. Biol. Fert. Soils 2010, 46, 461–470. [Google Scholar] [CrossRef]

	



Reddy, K.S.; Kumar, N.; Sharma, A.K.; Acharya, C.L.; Dalal, R.C. Biophysical and sociological impacts of farmyard manure and its potential role in meeting crop nutrient needs: A farmers. Aust. J. Exp. Agric. 2005, 45, 357. [Google Scholar] [CrossRef]

	



Dakora, F.D.; Keya, S.O. Contribution of legume nitrogen fixation to sustainable agriculture in sub-Saharan Africa. Soil Biol. Biochem. 1997, 29, 809–817. [Google Scholar] [CrossRef]

	



Becker, M. Potential and limitations of green manure technology in lowland rice. J. Agric. Trop. Subtrop. 2001, 102, 91–108. [Google Scholar]

	



Mtei, K.M.; Ngome, A.F.; Wambua, S.; Becker, M. Assessment of technology options addressing agricultural production constraints in Western Kenya. Greener J. Agric. Sci. 2013, 3, 222–234. [Google Scholar] [CrossRef]

	



Becker, M.; Ladha, J.K. Adaptation of green manure legumes to adverse conditions in rice lowlands. Biol. Fert. Soils 1996, 23, 243–248. [Google Scholar] [CrossRef]

	



Kassie, M.; Jaleta, M.; Shiferaw, B.; Mmbando, F.; Mekuria, M. Adoption of interrelated sustainable agricultural practices in smallholder systems: Evidence from rural Tanzania. Technol. Forecast. Soc. Chang. 2013, 80, 525–540. [Google Scholar] [CrossRef]

	



Gebrechorkos, S.H.; Hülsmann, S.; Bernhofer, C. Long-term trends in rainfall and temperature using high-resolution climate datasets in East Africa. Sci. Rep. 2019, 9, 11376. [Google Scholar] [CrossRef]

	



Becker, M.; Ali, M.; Ladha, J.K.; Ottow, J.C.G. Agronomic and economic evaluation of Sesbania rostrata L. green manure establishment in irrigated rice. Field Crop. Res. 1995, 40, 135–141. [Google Scholar] [CrossRef]

	



Chikowo, R.; Mapfumo, P.; Nyamugafata, P.; Giller, K.E. Woody legume fallow productivity, biological N2 -fixation and residual benefits to two successive maize crops in Zimbabwe. Plant Soil 2004, 262, 303–315. [Google Scholar] [CrossRef]

	



Ladha, J.K.; Khind, C.S.; Gupta, R.K.; Meelu, O.P.; Pasuquin, E. Long-term effects of organic inputs on yield and soil fertility in the rice–wheat rotation. Soil Sci. Soc. Am. J. 2004, 68, 845–853. [Google Scholar] [CrossRef]

	



Wei, W.; Yan, Y.; Cao, J.; Christie, P.; Zhang, F.; Fan, M. Effects of combined application of organic amendments and fertilizers on crop yield and soil organic matter: An integrated analysis of long-term experiments. Agric. Ecosyst. Environ. 2016, 225, 86–92. [Google Scholar] [CrossRef]

	



Bado, B.V.; Lompo, F.; Bationo, A.; Segda, Z.; Sédogo, P.M.; Cescas, M.P. Contributions of cowpea and fallow to soil fertility improvement in the Guinea Savannah of West Africa. In Innovations as Key to the Green Revolution in Africa: Exploring the Scientific Facts; Springer: Dordrecht, The Netherlands, 2011; pp. 859–866. ISBN 978-90-481-2541-8. [Google Scholar]

	



Peoples, M.B.; Brockwell, J.; Herridge, D.F.; Rochester, I.J.; Alves, B.J.R.; Urquiaga, S.; Boddey, R.M.; Dakora, F.D.; Bhattarai, S.; Maskey, S.L.; et al. The contributions of nitrogen-fixing crop legumes to the productivity of agricultural systems. Symbiosis 2009, 48, 1–17. [Google Scholar] [CrossRef]

	



Ro, S.; Becker, M.; Manske, G. Effect of phosphorus management in rice-mungbean rotations on sandy soils of Cambodia. J. Plant Nutr. Soil Sci. 2016, 179, 481–487. [Google Scholar] [CrossRef]

	



Haefele, S.M.; Naklang, K.; Harnpichitvitaya, D.; Jearakongman, S.; Skulkhu, E.; Romyen, P.; Phasopa, S.; Tabtim, S.; Suriya-arunroj, D.; Khunthasuvon, S.; et al. Factors affecting rice yield and fertilizer response in rainfed lowlands of Northeast Thailand. Field Crop. Res. 2006, 98, 39–51. [Google Scholar] [CrossRef]

	



Naab, J.B.; Chimphango, S.M.B.; Dakora, F.D. N2 fixation in cowpea plants grown in farmers’ fields in the upper West region of Ghana, measured using 15N natural abundance. Symbiosis 2009, 48, 37–46. [Google Scholar] [CrossRef]

	



Sanginga, N. Role of biological nitrogen fixation in legume based cropping systems; a case study of West Africa farming systems. Plant Soil 2003, 252, 25–39. [Google Scholar] [CrossRef]

	



Zemek, O.; Frossard, E.; Scopel, E.; Oberson, A. The contribution of Stylosanthes guianensis L. to the nitrogen cycle in a low input legume-rice rotation under conservation agriculture. Plant Soil 2018, 425, 553–576. [Google Scholar] [CrossRef]

	



Madanzi, T.; Chiduza, C.; Richardson-Kageler, S.J. Effects of planting method and seed size on stand establishment of soybean [Glycine max L. Merrill cv. Solitaire]. Soil Tillage Res. 2010, 106, 171–176. [Google Scholar] [CrossRef]

	



Pathak, H.; Li, C.; Wassmann, R.; Ladha, J.K. Simulation of nitrogen balance in rice-wheat systems of the Indo-Gangetic Plains. Soil Sci. Soc. Am. J. 2006, 70, 1612–1622. [Google Scholar] [CrossRef]

	



Zhang, M.; Yao, Y.; Tian, Y.; Ceng, K.; Zhao, M.; Zhao, M.; Yin, B. Increasing yield and N use efficiency with organic fertilizer in Chinese intensive rice cropping systems. Field Crop. Res. 2018, 227, 102–109. [Google Scholar] [CrossRef]

	



Hong, X.; Ma, C.; Gao, J.; Su, S.; Li, T.; Luo, Z.; Duan, R.; Wang, Y.; Bai, L.; Zeng, X. Effects of different green manure treatments on soil apparent N and P balance under a 34-year double-rice cropping system. J. Soils Sediments 2019, 19, 73–80. [Google Scholar] [CrossRef]

	



Becker, M.; Ladha, J.K.; Ottow, J.C.G. Nitrogen losses and lowland rice yield as affected by residue nitrogen release. Soil Sci. Soc. Am. J. 1994, 58, 1660. [Google Scholar] [CrossRef]

	



Naher, U.A.; Ahmed, M.N.; Sarkar, M.I.U.; Biswas, J.C.; Panhwar, Q.A. Fertilizer management strategies for sustainable rice production. In Organic Farming: Global Perspectives and Methods; Woodhead Publishing: Oxford, UK, 2019; pp. 251–267. ISBN 9780128132722. [Google Scholar]

	



Lal, R. Restoring soil quality to mitigate soil degradation. Sustainability 2015, 7, 5875–5895. [Google Scholar] [CrossRef]

	



Samal, S.K.; Rao, K.K.; Poonia, S.P.; Kumar, R.; Mishra, J.S.; Prakash, V.; Mondal, S.; Dwivedi, S.K.; Bhatt, B.P.; Naik, S.K.; et al. Evaluation of long-term conservation agriculture and crop intensification in rice-wheat rotation of Indo-Gangetic Plains of South Asia: Carbon dynamics and productivity. Eur. J. Agron. 2017, 90, 198–208. [Google Scholar] [CrossRef] [PubMed]

	



Ladha, J.K.; Reddy, C.K.; Padre, A.T.; van Kessel, C. Role of nitrogen fertilization in sustaining organic matter in cultivated soils. J. Environ. Qual. 2011, 40, 1756–1766. [Google Scholar] [CrossRef]

	



Ladha, J.K.; Khind, C.S.; Khera, T.S.; Bueno, C.S. Effects of residue decomposition on productivity and soil fertility in rice–wheat rotation. Soil Sci. Soc. Am. J. 2004, 68, 854–864. [Google Scholar] [CrossRef]








[image: Agronomy 10 01280 g001 550] 





Figure 1. Monthly and total annual rainfall and mean minimum and maximum air temperature distribution during the three-year experimental period. Data were recorded at a weather station installed at Ifakara Health Institute research station, about 5 km West of Ifakara town. 
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Figure 2. Depth to ground water level dynamics resulting from the surface water and groundwater interaction during dry, short- and long-rain season for the fringe and middle positions of the Kilombero floodplain, Tanzania from July 2015 to June 2016. Adapted from Gabiri et al. [33]. 
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Figure 3. Characterization of the applied cropping systems, including crop species, i.e., rice, cowpea, lablab and stylosanthes, and their temporal sequence in Kilombero floodplain, Tanzania during the experimental period (2015–2018). Main rainy season extends from March to May, main dry season from July to February. Shaded black areas represent the period for farmyard manure (FYM) application. 
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Figure 4. Relationship between final soil organic C and rice grain yield in 2018; y = −3.13 + 0.47x, adjusted r² = 0.81, df = 8, p < 0.001; there was no significant interaction between position and the relationship between soil organic carbon (SOC) and rice grain yield. 
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Table 1. Selected physical and chemical properties of the experimental topsoil (0–20 cm) in Kilombero floodplain at the onset of the experiment in November 2015.
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	Soil Characteristics
	Fringe
	Middle





	Classification (WRB)
	Fluvisol
	Fluvisol



	Soil texture
	Silt Loam
	Silt Loam



	Clay (%)
	14.3
	26.6



	Sand (%)
	33.7
	14.1



	Silt (%)
	52.0
	59.3



	Bulk density (g cm−3)
	1.4
	1.3



	pH (H2O)
	6.0
	5.8



	Total C (g kg−1)
	16.5
	14.5



	Total N (g kg−1)
	0.9
	0.9



	Available P (mg kg−1) *
	47.5
	16.0



	Available K (mg kg−1) *
	71.4
	79.2







* Mehlich-3. WRB-World Reference Base of the Food and Agriculture Organization of the United Nations (FAO). Presented values are means of n = 20 replicate samples.













[image: Table] 





Table 2. Characterization of the organic amendments (biomass and N accumulation and the shares and amounts of N2 fixed by legumes) applied at the fringe and the middle positions of Kilombero floodplain in 2016 and 2017.
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Organic Amendment

	
2015

	
2016

	




	
Biomass (Mg dm ha−1)

	
N Content (%)

	
N Accum. (kg ha−1)

	
δ15N (‰)

	
Nfda (%)

	
N Fixed (kg ha−1)

	
Biomass (Mg dm ha−1)

	
N Content (%)

	
N Accum. (kg ha−1)

	
δ15N (‰)

	
Nfda (%)

	
N Fixed (kg ha−1)






	
Fringe

	

	

	

	

	

	

	

	

	

	

	

	




	
Farmyard manure

	
5.0 a

	
1.2

	
60 a

	
‒

	
‒

	
‒

	
6.7 a

	
0.9

	
60 a

	
‒

	
‒

	
‒




	
Lablab

	
1.3 c

	
1.6

	
18 b

	
4.6

	
23

	
4 c

	
1.0 c

	
1.3

	
13 b

	
4.5

	
51

	
7 c




	
Stylosanthes

	
1.9 bc

	
1.9

	
36 b

	
4.4

	
25

	
9 b

	
5.2 b

	
1.4

	
73 a

	
5.9

	
39

	
28 b




	
Cowpea

	
2.1 b

	
3.6

	
76 a

	
3.0

	
39

	
30 a

	
2.5 c

	
3.1

	
78 a

	
3.1

	
59

	
46 a




	
Middle

	

	

	

	

	

	

	

	

	

	

	

	




	
Farmyard manure

	
5.0 a

	
1.2

	
60 b

	
‒

	
‒

	
‒

	
6.7 a

	
0.9

	
60 b

	
‒

	
‒

	
‒




	
Lablab

	
1.8 c

	
1.8

	
18 c

	
4.6

	
27

	
5 c

	
1.1 c

	
1.9

	
21 c

	
4.4

	
29

	
6 c




	
Stylosanthes

	
2.5 bc

	
2.5

	
63 bc

	
4.3

	
29

	
18 b

	
3.1 b

	
2.0

	
62 b

	
4.4

	
28

	
17 b




	
Cowpea

	
3.8 b

	
3.4

	
122 a

	
4.2

	
29

	
35 a

	
3.8 b

	
3.2

	
122

	
2.3

	
50

	
61 a








%Nfda–Nitrogen derived from the atmosphere, δ15N‒atom per cent excess above 0.366% (atmosphere). Maize was used as a non-fixing reference crop with δ15N values of 10.7‰, 6.4‰ for fringe and 6.7‰, 6.8‰ for middle position in 2015 and 2016, respectively. ‘B–value’ refers to isotopic discrimination in N-free medium and was applied as 1.36‰ for lablab [34], 1.76‰ for stylosanthes [35], and 2.20‰ for cowpea [36]. Different letters within a column denote significant differences at p < 0.05 according to Tukey Test. N accum= biomass × N content, N fixed = %Ndf × N accum.
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Table 3. Effect of organic amendments on grain yield, N uptake and yield components of rainfed lowland rice in Kilombero floodplain, Tanzania in 2016 and 2017 (means across two positions).
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	Treatment
	Rice Grain Yield (Mg ha−1)
	Panicle Number (m−2)
	Filled Grains (%)
	1000 Grain Weight (g)
	Grain N Removal (kg ha−1)





	2016
	
	
	
	
	



	Control
	3.6 c
	103 c
	92.3 d
	30.0 b
	35.7 c



	Farmyard manure
	4.4 b
	146 b
	93.4 bc
	30.6 a
	39.0 b



	Pre-rice GM *
	4.3 b
	167 b
	93.9 b
	30.1 b
	39.6 b



	Post-rice GM *
	4.3 b
	186 a
	92.7 cd
	29.4 b
	35.1 c



	Post-rice GM + FYM #
	6.7 a
	181 a
	94.5 a
	30.8 a
	70.4 a



	Mean
	4.8
	156
	93.5
	30.3
	44.0



	2017
	
	
	
	
	



	Control
	4.9 d
	131 b
	82.3 a
	31.2 a
	52.9 d



	Farmyard manure
	6.2 bc
	162 a
	79.8 a
	31 a
	68.4 b



	Pre-rice GM
	6.4 b
	173 a
	76.6 a
	31.1 a
	64.5 b



	Post-rice GM *
	5.7 c
	167 a
	79.4 a
	30.7 a
	59.2 c



	Post-rice GM + FYM
	7.1 a
	174 a
	81.1 a
	30.7 a
	80.0 a



	Mean
	6.1
	163
	79.7
	30.9
	65.5







* GM = green manure, # FYM = farmyard manure. Different letters within a column/year denote significant differences at p < 0.05 according to Tukey Test. Presented values are means of n = 8 replicates.
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Table 4. Analysis of variance for grain yield, N uptake and yield components (means of the years 2016 and 2017).
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	Source of Variation
	Rice Grain Yield (Mg ha−1)
	Panicle Number (m−2)
	Filled Grains (%)
	1000 Grain Weight (g)
	Grain N Removal (kg ha−1)
	Total Crop N Uptake (kg ha−1)





	Treatment
	***
	**
	ns
	**
	**
	**



	Position
	ns
	ns
	***
	**
	ns
	*



	Year
	***
	ns
	**
	**
	**
	**



	Year x Treatment
	**
	*
	***
	ns
	**
	**



	Position x Treatment
	ns
	ns
	ns
	***
	ns
	ns



	Year x Position
	ns
	ns
	ns
	**
	ns
	ns



	Treatment x Position x Year
	ns
	ns
	ns
	ns
	ns
	ns







Significant level ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05, ns—not significant.
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Table 5. Partial N balances of the lowland rice-based systems in Kilombero floodplain as affected by different organic amendments (2016–2017).
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Treatment

	
2016

	
2017




	
N Input (kg ha−1)

	
N Removal (kg ha−1)

	
N Balance (kg ha−1)

	
N Input (kg ha−1)

	
N Removal (kg ha−1)

	
N Balance (kg ha−1)






	
Fringe

	

	

	

	

	

	




	
Control

	
0.0

	
35.8 b

	
−35.8 c

	
0.0

	
54.8 c

	
−54.8 d




	
Farmyard manure (FYM)

	
60.0

	
35.6 b

	
24.4 a

	
60.0

	
65.7 b

	
−5.7 b




	
Pre-rice green manure (GM)

	
4.1

	
38.4 b

	
−34.3 c

	
6.7

	
60.7 b

	
−54.0 d




	
Post-rice GM

	
8.9

	
37.0 b

	
−59.1 b

	
28.1

	
54.5 c

	
−26.4 c




	
Post-rice GM + FYM

	
89.6

	
68.0 a

	
21.6 a

	
106.0

	
76.2 a

	
29.8 a




	
Control

	
0.0

	
35.6 c

	
−35.6 d

	
0.0

	
56.0 d

	
−56.0 d




	
Middle

	

	

	

	

	

	




	
Farmyard manure (FYM)

	
60.0

	
42.4 b

	
17.6 b

	
60.0

	
71.1 b

	
−11.1 b




	
Pre-rice green manure (GM)

	
4.8

	
40.7 b

	
−35.9 d

	
6.0

	
68.3 bc

	
−62.3 d




	
Post-rice GM

	
18.1

	
33.2 c

	
−15.1 c

	
17.0

	
63.8 c

	
−46.8 c




	
Post-rice GM + FYM

	
95.4

	
72.8 a

	
22.6 a

	
121.9

	
83.9 a

	
38.0 a








N Input = Biomass × N content, N removal = rice grain yield × N content, N balance = N input- N removal. Legume N input = (N fixed (%Ndf × N accum.)) N removal = (grain N uptake (N harvested in the grain)), N balance = N input-N removal. Presented values are means of n = 4 replicates. Different letters within a column denote significant differences different at p < 0.05 according to Tukey test.
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Table 6. Residual effect of treatment application on changes in topsoil (0–20 cm) concentration of total carbon and nitrogen before the start of the experiment in 2015 (initial) and after harvesting the third crop in 2017 (final) and on the grain yield of an unamended crop or rainfed lowland rice in 2018.
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Position/Treatment

	
Total Soil Carbon (g kg−1)

	
Total Soil Nitrogen (g kg−1)

	
Rice Yield (Mg ha−1)




	
Initial

	
Final

	
%Δ

	
Initial

	
Final

	
%Δ






	
Fringe

	

	

	

	

	

	

	

	

	

	

	

	




	
Control

	
17.0

	
±1.07 a

	
16.6

	
±0.52 b

	
−2.4

	
0.92

	
±0.07 a

	
0.91

	
±0.00 c

	
−1.1

	
4.4

	
±0.57 c




	
Farmyard manure (FYM)

	
17.0

	
±1.48 a

	
17.6

	
±1.63 b

	
3.5

	
0.85

	
±0.07 a

	
0.98

	
±0.04 b

	
15.3

	
5.2

	
±0.56 bc




	
Pre-rice green manure (GM)

	
16.0

	
±1.07 a

	
18.1

	
±1.18 ab

	
13.1

	
0.87

	
±0.05 a

	
0.98

	
±0.05 ab

	
12.6

	
4.3

	
±0.41 c




	
Post-rice green manure

	
17.5

	
±2.27 a

	
18.7

	
±0.69 a

	
6.9

	
0.92

	
±0.09 a

	
0.99

	
±0.00 a

	
7.6

	
6.3

	
±0.45 a




	
Post-rice GM + FYM

	
15.1

	
±1.42 a

	
19.4

	
±0.94 a

	
28.5

	
0.81

	
±0.07 a

	
1.12

	
±0.08 a

	
38.3

	
6.0

	
±0.61 ab




	
Middle

	

	

	

	

	

	

	

	

	

	

	

	




	
Control

	
13.7

	
±1.59 a

	
13.5

	
±1.09 c

	
−1.5

	
0.90

	
±0.12 a

	
0.86

	
±0.08 c

	
−4.4

	
3.2

	
±0.26 c




	
Farmyard manure (FYM)

	
14.8

	
±2.13 a

	
15.3

	
±2.56 b

	
3.4

	
0.92

	
±0.14 a

	
1.01

	
±0.18 b

	
9.8

	
4.7

	
±0.74 b




	
Pre-rice green manure (GM)

	
13.7

	
±3.42 a

	
15.5

	
±2.09 ab

	
13.1

	
0.89

	
±0.21 a

	
1.03

	
±0.13 ab

	
15.7

	
4.3

	
±0.23 b




	
Post-rice green manure

	
16.0

	
±1.00 a

	
21.3

	
±3.00 a

	
33.1

	
0.97

	
±0.00 a

	
1.40

	
±0.20 a

	
44.3

	
6.8

	
±0.22 a




	
Post-rice GM + FYM

	
14.3

	
±1.93 a

	
20.8

	
±1.69 a

	
45.5

	
0.97

	
±0.15 a

	
1.44

	
±0.09 a

	
48.5

	
7.2

	
±0.49 a




	
Source of variation

	

	

	

	

	

	

	

	

	

	

	

	




	
Treatment

	
ns

	
*

	

	
ns

	
*

	

	

	
*




	
Location

	
ns

	
ns

	

	
ns

	
ns

	

	

	
ns




	
Location x Treatment

	
ns

	
ns

	

	
ns

	
ns

	

	

	
ns








Residual response for the unamended rice crop in 2018. Values (means ± SE) followed by different letters within a column denote significant differences at p < 0.05 according to Tukey Test. Significant level ‘*’ 0.05, ns—not significant.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
200 -

Depth to groundwater level (cm)

-300 -

100 -

-200 -

-0

Rainfall g
/\ ’

_________________________________________________________________________________________________ \\ R

Fringe position l
- 180
~ - 240

Middle position

Groundwater table i

- 300
Jul Aug Sep  Oct Nov  Dec Jan Feb ~ Mar Apr  May Jun

Daily rainfall (mm)





nav.xhtml


  agronomy-10-01280


  
    		
      agronomy-10-01280
    


  




  





media/file2.png
s & 8 ¢

2

Total monthly rainfall (mm)

3

2

C—— 20152016 (1009 mm)
20162017 (1262 mm)
s 20172018 32 mm)
Mean Tmax (32 9C)
-=w== Mean TMin, (219C)

.|::l—_|_.D.-i—I

n [l

s Fice growing period | -

—

Jul

Aug Sep Oct Nov Dec Jan

Feb

15

- 10

perature (*C)

Monthlv tem





media/file5.jpg
Croppingystem
[S——
r——
U

[o——"

prv—

05

206207

Decianteb Nacprstayuntal

e—

S —





media/file3.jpg
Depth to groundswater level (cm)

H

E

g

g

0

Fringe position

Groundwater table

“Middle postion

Tl

Aug.

S o

Nov

Jon

Wb Mar

A

May

Daily rainall (mm)





media/file1.jpg
300

§

8

Total monthly rainfall (mm)
g 8 8

o

S20152016 (1009 mm).

= 20162017 (2520m)
e Rice growing period |

. ﬂn ol |

Jul

Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

‘Monthly temperature (C)





media/file7.jpg
Rice grain yield (Mg ha')

A Fringe
O Middle

Y=-3.13+0.47x
r’=0.81

14 16 18 20 22
Final SOC (g kg*)





media/file0.png





media/file8.png
A Fringe
O Middle O
=6
=
>0 Y=-3.13+0.47x
s 2=0.81
e
L i
& 4
5h
¥
J
= 2 A
0 .

12 14 16 18 20 22
Final SOC (g kg?)





media/file6.png
Cropping system 2015 2016 - 2017 2018
[ 1 | - ( 1 | ) [ 1 I
Treatment / Season Wet season Dry season Wet season Dry season Wet season
.’ R | 4 . 5
Control Rice Rice 4-,/-’ -------- F- a_ll_o_w_ _____ p Vs Rice
”' = - ,I'/ B /7 /’ . ’,’
Farmyard manure (FYM) Rice Rice ya Fallow s Rice
,"' . 9,7 74 7/ . ; /4 T / y : ) e
Pre-sice green marure A AR A A A,
[' 17,- R e it e ’ ;, ,;’ ,;, B /7 " ”
y . 5 ’ A 4/ . 7 // . J
Post-rice green manure Rice /A Stylosanthes 7~ Rice 2 F: a_“_oiN ______ 7 Rice
a T P N R S R AR B RO v, 7
’I . - ,I/ ,,’I’ - ’[’
Post-rice green manure + FYM e ' | Fallow 7 Rice
\Mar Apr May Jun ]ulj kDec Jan Feb Mar Apr May Jun ]ul} \Mar Apr May Jun ]ul}
| | = |
Objective / Activity Homogeneization Treatment application X 2 years Residual effect






