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ABSTRACT

A dramatic increase in nitrogen (N) fertilizer use will accompany the agricultural intensification
in Sub-Saharan Africa (SSA) to feed the growing population, yet the fate of added N is poorly
understood in this region. In this dissertation, | evaluated the effects of N management practices on the
N partitioning within the soil-crop system and accordingly the crop yield response, as well as on the N
losses through different pathways from the maize systems of the Tanzanian highlands. Two sites (TZi,
sandy Alfisols; and TZm, clayey Andosols) were included to represent the diversity in soil type. The
ultimate objective was to develop appropriate N management practices that can enhance maize yield in
the Tanzanian highlands while minimizing potentially adverse impacts on the environment.

First, | investigated the fluctuation of soil inorganic N and its availability to maize under
different N rates (0-150 kg N ha™). Results showed that in the early season, soil mineralized N was
exposed to the leaching risk due to limited crop N demand. Also, applied-N depleted fast at TZi,
particularly at higher N rate, but a large fraction (~80%) was retained available to crop at TZm. Such
effect of soil type largely contributed to the higher yield at TZm (up to 4.4 Mg ha™?) than at TZi (up to
2.6 Mg hat) under the same N rate. The best-fitted linear-plateau model indicated that the soil inorganic
N availability (0-0.3 m) at the tasseling stage (i.e., 68—71 days after planting) significantly accounted
for the final yield. Further, yield at TZi was still limited by N availability at the tasseling stage due to
fast depletion of applied-N, whereas it no longer limited the yield at TZm once above 67 kg N ha™.

Next, | examined the pathway of N loss through ammonia (NHs) volatilization with six urea-N
rates (0150 kg N ha?) and the mitigation treatments of immediate irrigation and urea deep placement.
Much higher NHs-N loss from applied N (36%-52%) was found at TZi compared to TZm (5%-22%).
Sigmoid models best described the response pattern of proportional N loss to increasing N rates at both
sites, and showed that simple surface urea application is not recommended at TZi, whereas TZm is
inherently capable of buffering NHs-N loss for a single application of up to 60 kg N ha?. The
susceptibility of TZi soil to NH5; loss mainly resulted from its low capacities of pH buffering and cation
exchange, and high urease activity. Both mitigation treatments were effective. The inhibited rise of soil
pH but not NH4* concentration mainly explained the mitigated NH; loss, though nitrification in the
irrigation treatment might also have contributed.

Then, I quantified the nitrate (NOs") leaching from the critical root zone (0-0.3 m) of maize in
response to increasing N rates and maize straw incorporation. The soil rewetting process, particularly
at the onset of the rainy season and following N applications, was an important driver of NO3~ loss.
Nitrate loss increased exponentially with N rates, and varied inter-annually. Relating cumulative NO3z™
loss to maize yield under increasing N rates revealed a tipping point—occurrence depending on
season—above which yield increment was accompanied by substantial NOs™ loss. Straw incorporation
induced net N immobilization in the early growing season, and reduced NOs~ losses by 3.3-6.3 kg N

ha™, yet no effect was observed on the cumulative NOs~ losses or maize yields. The NO;~ loss



reductions (equivalent to 1.2-2.7 kg N Mgt added C) were far below the net N immobilization potential
of the straw decomposition (18.0-38.1 kg N Mg added C), which was likely due to the large pieces
of straw (~0.15 m) used in the field, which could have induced N limitation and biomass-N recycling
in the decomposition microsites.

Further, I conducted year-round measurements to quantify the effects of fertilizer-N and straw
management on the soil emissions of nitrous oxide (N2O). Rainfall and the resulting soil moisture, rather
than soil temperature, were important environmental drivers of N.O emissions in this study. Applied-
N stimulated N>O fluxes across soil types but with different magnitudes—Ilower at TZi due to the
dominance of nitrification in N>O production, as compared to higher at TZm likely from promoted
denitrification when WFPS was > 47%. N,O emission increased either exponentially or linearly with N
rate, depending on the year. Fractions of fertilizer-N lost as N.O were well below the 1% emission
factor of the IPCC Tier 1 method, ranging from 0.13 to 0.26% at TZi and from 0.24 to 0.42% at TZm,
for the rate of 50-150 kg N ha* across years. Compared to N application alone, straw plus N did not
alter maize yield, but did significantly raise N-O emissions with a synergistic effect. Consequently,
straw incorporation markedly increased the emission factor (up to 0.46% at TZi and 1.29% at TZm) as
well as yield-scaled N,O emission.

This dissertation provides some of the first in situ evaluations, including the NHs3;, NOs~, and
N2O losses in response to N practices, and the applicability of straw to mitigate NOs™ loss in two maize
systems of the Tanzanian highlands. These results are valuable for designing the N strategies targeting

higher yields with lower environmental costs for the cropland intensification across SSA.
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CHAPTER 1

Introduction

1.1 Food sufficiency and agricultural intensification in Sub-Saharan Africa

Sub-Saharan Africa (SSA) faces a vexing problem of feeding itself (van Ittersum et al. 2016).
Since the 1960s, SSA failed to benefit from the improved crop varieties during the Green Revolution;
the average cereal productivity in the region was stagnantly low as less than 1 Mg ha™* (Hazell and
Wood 2008). The same period (1961-2005), however, saw cereal yields rise to 3 Mg ha™* in Latin
America, South Asia, and Southeast Asia, 5 Mg ha in China, and 10 Mg ha™* in Europe, North America,
and Japan (Sanchez 2015). By 2050, the population growth on the African continent is projected to
increase approximately 2.5-fold, being the dominant contribution to the world population growth
(United Nations 2017). In addition, the current level of cereal self-sufficiency is as low as approximately
80% (van Ittersum et al. 2016), meaning that 20% of the cereal consumption in this region depends on
importation. The lowest crop productivity coupled with the fastest population growth will drive a
substantial pressure on food security in this region.

Agricultural intensification in SSA is both desirable and inevitable (Palm et al. 2017; Sanchez
2015; Vanlauwe et al. 2014a). Increased food supply for feeding the growing population in this sub-
continent has primarily depended on agricultural extensification—the expansion of cropland (Cassman
et al. 2003) by clearing natural vegetation such as forest, savanna, and woodlands (Brink and Eva 2009;
Gibbs et al. 2010). Agricultural intensification, improving productivity on the existing croplands, has
the potential to save natural ecosystems from being converted to agriculture (Stevenson et al. 2013).
Also, the improved cropland productivity is increasingly recognized as the entry point to break the
vicious cycle underlying rural poverty (Vanlauwe et al. 2011; Bationo et al. 2007). Continued expansion
of cropland should remain as the last choice to secure food production if we are going to conserve
biodiversity and ecosystem services (e.g., carbon storage) for future generations (Chaplin-Kramer et al.
2015; Kehoe et al. 2017).

1.2 Nitrogen, its fate in cropping systems of SSA, and the potential environmental
implications

A dramatic increase in fertilizer use, particularly nitrogen (N), will accompany the agricultural
intensification in SSA. Nitrogen is an essential nutrient for plant growth and primary production. The
depletion of soil N in SSA croplands (Sanchez 2002), due to continuous cropping without proper
nutrient replenishment (Vitousek et al. 2009), has been one of the major biophysical constraints on crop
yield (Mueller et al. 2012; Vanlauwe et al. 2014b). Use of fertilizer-N in this region is extremely limited,
typically less than 10 kg N ha *(Vitousek et al. 2009), which also explained why the improved crop
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varieties failed to bring higher cereal yields to SSA farmers. Recognizing this, national government
agencies and international organizations are making efforts to increase fertilizer use at least 6-fold to
reach an average of 50 kg fertilizer nutrient ha™ yr* (AGRA 2009; Mungai et al. 2016; Sanchez et al.
2009). Considering the low N input in current African cropland, Hickman et al. (2015) pointed out that
at least 6 Tg N yr* will be needed just to reach an average application rate of 75 kg N ha™ yr?* for
cereal production on existing agricultural land. If not carefully managed, this unprecedented amount of
N input could be subject to substantial loss, which could have devastating consequences for ecosystems
downstream (Galloway et al. 2003).

Unfortunately, the fate of added N is poorly understood in SSA cropping systems. Added N
mostly ends up with a limited proportion in crop uptake and finally the protein in human diet (Ladha et
al. 2005), particularly when the amount is in excess of crop demand; a better understanding of the
response of crop yield to increasing N rate is therefore essential to define suitable N strategies for SSA
croplands. The major pathways of N loss from cropping systems include volatilization of ammonia
(NHs3), leaching, and denitrification to N (Fig. 1.1; Robertson and Vitousek 2009), though water erosion

may also have a contribution in hilly areas (Barrows and Kilmer 1963).

Fertilizer-N: The key to crop production and environmental issues

(1) Urea hydrolysis
(2) NHs volatilization
(3) Nitrification
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Fig. 1.1 A simplified depiction on the pathways of fertilizer-N cycling in the cropping systems; Urea is used

as the example of fertilizer-N source.

Ammonia volatilization occurs at high soil pH when ammonium (NH4") is present. It may
account for substantial N loss of applied fertilizer-N (e.g., up to >50%) in the cropping systems
(Sommer et al. 2004), particularly when urea is used as the fertilizer-N source. Release of NHjs affects
air quality (e.g., forming fine particulate matter, PM.s) and impacts human health (Lelieveld et al. 2015);
it also contributes to N deposition, leading to soil acidification (Tian and Niu 2015), eutrophication
(Bergstrom and Jansson 2006), and loss of biodiversity (Bobbink et al. 2010). Surprisingly, to date, no
field measurements have been conducted in SSA croplands to examine the response pattern of NH3 loss
to increasing N rate, despite that urea heavily dominates N fertilizer consumption in this region (over
50%; IFA 2017).



Leaching is the downward movement of dissolved N in the soil profile with percolating water,
which accounts for another major proportion of N loss from most upland cropping systems (Lehmann
and Schroth 2003). Nitrate (NO3") is generally the predominant form of leachate N in the cropping
systems (van Kessel et al. 2009; Svoboda et al. 2013). Nitrate discharged to the downstream ecosystems
can lead to freshwater eutrophication (Smith et al. 1999) and coastal marine ecosystem damage (Diaz
and Rosenberg 2008; Howarth and Marino 2006). High-NOs™ in the drinking water is also a health
threat to children and pregnant women (Gatseva and Argirova 2008). This problem could be particularly
acute in developing regions like SSA, where drinking water is generally obtained from shallow wells
or streams. However, the global trends in NO3™ research from 1960 to 2017 showed that SSA has been
largely overlooked (Padilla et al. 2018). Further, the seasonal rainfall in tropics of SSA is generally
characterized with uneven distribution and high rainfall intensity, which may induce higher NO3"
leaching loss from both soil and applied fertilizer.

Denitrification is the major biological process that returns soil N to the atmospheric N>
(Philippot et al. 2007), an environmentally benign gas. Except in flooded soils, N loss through
denitrification appears to be smaller than other pathways (e.g., leaching; Robertson and Vitousek 2009).
However, during the stepwise reduction to N, a fraction of reactive N, though generally small, can be
emitted as nitrous oxide (N2O) (Braker and Conrad 2011; Philippot et al. 2007)—a powerful greenhouse
gas and the dominant ozone-depleting substance (Forster et al. 2007; Ravishankara et al. 2009). There
are some other microbiological processes that can also produce N.O (e.g., nitrification; Braker and
Conrad 2011). Nonetheless, N substrate availability (e.g., NH4*, nitrogen oxides etc.) is a critical driving
factor (Firestone and Davidson 1989), which inevitably increases after fertilizer-N addition.
Unfortunately, there is a dearth of knowledge on soil emissions of N>O from SSA croplands, which
hinders our ability to predict the impact of regional agricultural intensification on the climate systems.
Further, most countries across SSA have to use the Tier 1 emission factor (EF) from IPCC (2006),
whereas the EF value was developed mainly based on measurements from temperate ecosystems
(Bouwman et al. 2002b).

On top of the well-documented environmental and public health concerns, the above-mentioned
N losses represent an additional economic cost to the smallholder farmers in SSA and could be of

socioeconomic significance given their poor income (Nyamangara et al. 2003).

1.3 Factors affecting the magnitude and pathways of N loss from cropping systems of
SSA

The magnitude and pathways of N loss from cropping systems are largely controlled by the N
management practices associated with soil, environmental, and crop characteristics (Ladha et al. 2005),
though other soil and land managements (e.g., tillage, catch crops) may also have contributions (e.g.,
Masvaya et al. 2017; Zhou et al. 2017).



Rate of fertilizer-N application is certainly one of the most important aspects in N management,
as it directly links to the cost of input and potential yield level (thus the profitability) for smallholder
farmers in SSA. Applied N rate exceeding the level that maximizes the yield may lead to an exponential
increase in N loss in many reactive forms. Type of fertilizer-N can affect the pathways of N loss; NH4*-
containing or forming fertilizers are likely to have a higher risk of N loss through NH; volatilization,
such as urea (Sommer et al. 2004). Altering method of application (e.g., from broadcast to deep
placement), however, may help to reduce the NHs-N loss following urea application (Rochette et al.
2013; Yao et al. 2018). Further, N application at the timing of small crop demand can lead to a high risk
of N loss.

Low-quality crop residues (e.g., maize straw; high C:N ratio) are recommended to be combined
with fertilizer-N application as a technical basis for the Integrated Soil Fertility Management widely
promoted across SSA (Kimani et al. 2003). Such a combined application recognizes the potential benefit
in mitigating N leaching loss and thereby improving N synchrony (Vanlauwe et al. 2002) through
altered N mineralization-immobilization turnover. However, the field verifications with leachate
measurement are still lacking to confirm such benefit (Gentile et al. 2009; Sugihara et al. 2012a). Further,
added residues may provide C source as energy for denitrifiers, thus stimulate the N>O production
(Abalos et al. 2012), yet the effect of combined sources (fertilizer-N plus residues) on the soil emissions
of N0 has not been reported with in situ measurements for SSA croplands.

Environmental factors (e.g., rainfall, soil moisture, soil temperature, etc.) have either direct or
indirect effects on the different pathways of N loss. For example, rainfall is a critical factor driving
NO;™ leaching loss, particularly in re-fed agriculture of SSA (Mapanda et al. 2012a; Russo et al. 2017).
Through controlling soil moisture content, it also affects the microbial process (e.g., nitrification or
denitrification) in producing N.O (Bateman and Baggs 2005). Further, soil moisture and temperature
are both important factors influencing the microbial activity, which regulates the mineralization of soil
organic matter and the biochemical transformations of N in soils.

Soil type also strongly affects the storage and N loss in soils. Soil texture is a key controller
over the water holding capacity and permeability, both of which determine the movement and retention
of N. Soil pH buffering capacity and cation exchange capacity (CEC) are important properties affecting
the magnitude of NHs-N loss (Haden et al. 2011; Sigunga et al. 2002). Also, soil texture, structure, and
organic matter content strongly controls the soil microbial dynamics and further the microbe-mediated
N dynamics (Juma 1993; Sugihara et al. 2010).

Crop N demand along the time-course of growing period could be one of the important crop
characteristics in relation to N supply and loss. Small crop N demand with sufficient N supply (either
through mineralization of soil organic matter or fertilizer-N addition) generally causes an unexpectedly
high amount of N loss.

Many of the above-mentioned factors (e.g., soil, climate, etc.) are site-specific and vary both

temporally over the years and spatially across SSA (Dewitte et al. 2013; Jalloh et al. 2012; Masvaya et

4



al. 2017). Further, many factors (e.g., N management, soil type, and climate) may have interactions in
determining N storage and loss in soils, thus making appropriate fertilizer-N recommendations more
difficult. Therefore, a multiple year-site research is needed with integrated assessment on the magnitude

and pathways of N cycling in the cropping systems of SSA.

1.4 A need for N management targeting higher yield with lower environmental costs in

maize-based systems of the Tanzanian highlands

Careful N management will be needed during agricultural intensification in SSA as it plays a
key role in addressing the triple challenge of food security, environmental degradation, and climate
change (Zhang et al. 2015). Further, in developed regions like Europe, the environmental costs due to
N pollution (see Section 1.2) has been reported to be higher than the value that N fertilizer added to the
farm income (Sutton et al. 2011). Though currently, the sustainability may not necessarily be an
immediate concern by smallholder farmers in SSA, the institutions and policies should encourage the
intensification in a sustainable way. Mitigating N loss at the very first level of the source (i.e., cropping
systems) is worth the effort because it can largely avoid the N cascade (Galloway et al. 2003).

Maize is a staple crop in SSA critical to food security (Ekpa et al. 2018). This is particularly
true in Tanzania, where maize-based farming systems are heavily dominated (FAO 2001). Also,
Tanzania is one of the nine countries that are expected to contribute half of the world’s population
growth from 2017 to 2050 (United Nations 2017). The first target of the agricultural intensification
must be those areas with dense population and high potential for crop production (Palm et al. 2017;
Vanlauwe et al. 2014a), such as highlands (Getahun 1978). Indeed, southern highlands of Tanzania are
densely populated and intensively cultivated, known as the “breadbasket.” To be specific,
approximately 46% of the maize is produced in southern highlands, which only takes up 28% of the
mainland area of this country (Bisanda et al. 1998; Rowhani et al. 2011). The pioneering research in
developing sound N management in maize systems of the Tanzanian highlands would provide valuable

references for the sustainable intensification of croplands across SSA.

1.5 Study objectives and dissertation organization

The ultimate goal of this study was to define the appropriate N management strategies in maize
systems of the Tanzanian highlands that can enhance crop productivity while minimizing the potentially
adverse impacts on the environment. To reach this, a multiple site-year experiment was conducted to
evaluate the effects of N management practices on (1) the N partitioning within the soil-crop system
and accordingly the crop yield response; (2) the N losses through different pathways (include NH3
volatilization, NOs™ leaching, and N>O emission) from the maize systems of the Tanzanian highlands.

The dissertation is organized as follows. After this general introduction in Chapter 1, Chapter

2 describes the study sites and introduces the field set-up of an integrated soil-water-plant-air



monitoring system. Chapter 3 investigates the temporal fluctuation of soil inorganic N and its
availability to maize as affected by fertilizer application and soil type. Chapter 4 examines the pathways
of N loss through NHj; volatilization under six urea-N rates and the mitigation treatments of immediate
irrigation and deep placement concerning two different soil types. Chapter 5 quantifies the NO3~
leaching loss from the critical root zone of maize in response to increasing N rates and maize straw
incorporation in two croplands. Chapter 6 quantifies the effects of N fertilization and straw
incorporation on the soil-atmosphere exchange of N>O in two maize fields with year-round
measurements. Based on findings from Chapter 3-6, Chapter 7 provides a general discussion. Finally,
Chapter 8 presents the concluding remarks.



CHAPTER 2
Description of Study Sites and the Field Monitoring System

2.1 Study area

Iringa (TZi) and Mbeya (TZm), located in the southern highlands of Tanzania (Fig. 2.1), were
selected as study areas. These two areas were involved to represent the diversity in soil type (see below

2.2 Site characteristics).

Elevation (m)
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Fig. 2.1 Locations of the study areas in the southern highlands of Tanzania.

In total, four sites (two sites for each study area) were used for this study from November 2013
to November 2017. Two sites in Iringa region (TZi-1 and TZi-2) were just next to each other (within a
relatively large field; 55 m x 42 m) and located in Mangalali village (07°46' S, 35°34' E). The other
two sites in Mbeya region (TZm-1 and TZm-2; 08°55" S, 33°31' E) had a linear distance of
approximately 1.6 km in between (Fig. 2.2). Such distance was verified to hardly alter the climate and
soil conditions. TZm-1 and TZm-2 are used as experimental plots for Agriculture Research Institue-
Uyole and Mbeya Agricultural Training Institute-Uyole, respectively (Fig. 2.2).

TZi-1and TZm-1 were used for the experiment in Chapter 3 from November 2013 to September
2015, during which TZi-2 was under natural fallow, and TZm-2 was cropped to sunflower. TZi-2 and
TZm-2 were used for the experiments in Chapter 4-6 from November 2015 to November 2017. It is
therefore “TZi” and “TZm” in Chapter 3 refers to TZi-1 and TZm-1, whereas “ALF” in Chapter 4 and
“TZi” in Chapter 5-6 refer to TZi-2, and “AND” in Chapter 4 and “TZm” in Chapter 5-6 refer to TZm-
2 (see Chapter 3-6). The intensive soil sampling from two layers (0-0.15 and 0.15-0.3 m) was the main
reason to change site after the first two-year experiment (November 2013-September 2015); to avoid
the disturbance of such intensive sampling on the representativeness of soil inorganic N dynamics in
the subsoil (0.15-0.3 m), new sites (TZi-2 and TZm-2) were used. TZi-1 and TZi-2 shared the same



climate and soil properties during the experiment, and thereafter is abbreviated as TZi; the same is

applied to TZm.

Fig. 2.2 Relative locations of TZm-1 and TZm-2 in the Mbeya region of Tanzania (modified from Google
Maps).

2.2 Site characteristics

TZi has a lower elevation than that of TZm (1480 vs. 1780 m.a.s.l) and accordingly higher
mean annual air temperature (23.5 vs. 17.1 °C). Mean annual precipitation is higher at TZm (860 mm)
than that at TZi (560 mm), with a unimodal pattern of annual rainfall for both areas. The rainy season
generally starts in late November or early December at both sites and ends in mid-April and mid-May
at TZi and TZm, respectively. The soil at TZi is classified as coarse-loamy, isohyperthermic, Kanhaplic
Haplustalfs, and the soil at TZm is classified as clay-loam, isothermic, Dystric Vitric Haplustands, based
on the USDA system (Soil Survey Staff, 2010). Detailed descriptions of study sites and the soil
characteristics at the top layer of the soil profiles are presented in Table 2.1. Before the establishment
of the experimental trials in all of the four sites, maize was most commonly cropped, though in some
other years, tomato (mainly at TZi) or common beans (mainly at TZm) was cropped in rotation with

maize.

2.3 Field experimental set-up: an integrated soil-water-plant-air monitoring system

Figure 2.3 presents the schematic diagram and field set-up of an integrated soil-water-plant-air
monitoring system for the N dynamics in the maize systems of this study. Soil samples were taken from
two depths (0-0.15 m and 0.15-0.3 m) intensively to evaluate the temporal dynamics of soil inorganic
N and its availability to maize. Plant samplings were also conducted at critical growth stages to
investigate the crop N uptake characteristics. A semi-open static chamber method was used to measure
the NHjs volatilization, while a closed chamber method was used to quantify the flux rate of greenhouse

gases including N2O. Soil monolith lysimeters were used to collect leachate from the critical root zone



(0-0.3 m) of maize. Detailed descriptions on each compartment of this integrated system are provided

in corresponding chapters (see Chapter 3-6).

Table 2.1 Description of study sites and soil characteristics at the top layer of the soil profiles (0-0.15 m for
TZi and 0-0.25 m for TZm)

TZi TZm
Mean annual air temperature (°C) 235 171
Mean annual precipitation (mm) 560 860
Annual rainfall pattern Unimodal Unimodal
Elevation (m.a.s.l) 1480 1780
Soil classification Kanhaplic Haplustalfs Dystric Vitric Haplustands
pH (H:20) 6.45 6.85
Total C (gkg™) 35 17.5
Total N (gkg™) 0.3 1.3
C:N ratio 12.9 13.6
CEC (cmolc kg™ 11 175
Soil texture (%)
Clay 4.7 28.4
Silt 6.9 42
Sand 88.4 295
Bulk density (g cm™) 1.55 0.90

Field monitoring: an integrated soil-water-plant-air system
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Fig. 2.3 Schematic diagram and field set-up of an integrated soil-water-plant-air monitoring system for the

N dynamics in the maize systems of this dissertation.
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CHAPTER 3
Nitrogen Availability to Maize as Affected by Fertilizer Application
and Soil Type in the Tanzanian Highlands

Abstract

Enhancing crop production by maintaining a proper synchrony between soil nitrogen (N) and
crop N demand remains a challenge, especially in under-studied tropical soils of Sub-Saharan Africa
(SSA). For two consecutive cropping seasons (2013-2015), I monitored the fluctuation of soil inorganic
N and its availability to maize in the Tanzanian highlands. Different urea-N rates (0-150 kg N ha?;
split into two dressings) were applied to two soil types (TZi, sandy Alfisols; and TZm, clayey Andisols).
Temporal dynamics of soil inorganic N were presented with a high resolution and showed that in the
early growing season, soil mineralized N was exposed to the leaching risk due to small crop N demand.
In the second N application (major N supply accounting for two-thirds of the total N), applied urea was
more efficient in increasing soil inorganic N availability at TZm than at TZi. Such effect of soil type
could be the main contributor to the higher yield at TZm (up to 4.4 Mg ha?) than that at TZi (up to 2.6
Mg ha™*) under the same N rate. The best-fitted linear-plateau model indicated that the soil inorganic N
availability (0-0.3 m) at the tasseling stage largely accounted for the final yield. Further, yields at TZi
were still limited by N availability at the tasseling stage due to fast depletion of applied-N, whereas
yields plateaued at TZm once N availability was above 67 kg N ha™. These results contribute to a better
understanding of temporal patterns of soil N pools across soil types and how they affect the yield

response in SSA croplands.
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3.1 Introduction

Sub-Saharan Africa (SSA) struggles to be food self-sufficient (van Ittersum et al. 2016). By
2050, population growth on the African continent is projected to at least double (United Nations 2017).
To maintain even the current level of cereal self-sufficiency (approximately 80%) for the increasing
population, a nearly complete closure of the gap between current cropland yields and yield potential is
needed (van Ittersum et al. 2016). However, SSA croplands are historically unproductive (Hazell and
Wood 2008) due to continuous nutrient mining (especially nitrogen; N) from soil without proper
nutrient amendments (Vitousek et al. 2009).

Increased use of fertilizer (especially N) is unequivocally a critical step in offsetting soil
nutrient depletion and closing the yield gap in SSA (Dijk et al. 2012; Tamene et al. 2015). Vanlauwe et
al. (2014b) argued that the appropriate use of fertilizer should be included as a fourth principle to define
conservation agriculture in SSA. Indeed, regional and national efforts are underway to increase fertilizer
use (AGRA 2009; Mungai et al. 2016). Increasing the use of fertilizer is also encouraged by its benefits
on yield increment, doubled or even tripled together with improved seeds, as exemplified in recent
studies (Sanchez et al. 2007; Nziguheba et al. 2010).

Despite the importance of increasing fertilizer input, the fate of added nutrients is largely
unknown, especially N, the most yield-limiting nutrient in SSA croplands (Mafongoya et al. 2006;
Wortmann et al. 2017). Applied-N can be lost from the agroecosystem through several pathways,
including ammonia (NHs) volatilization, nitrate (NOs") leaching, and nitrous oxide (N2O) emission
(Lehmann and Schroth 2003; Ma et al. 2010; Butterbach-Bahl et al. 2013). Each of the pathways has
significant environmental consequences such as soil acidification, eutrophication, and global warming
(Galloway et al. 2003; Scudlark et al. 2005). The dominant pathways and magnitude of N loss are
largely influenced by soil type and land management practices (Mapanda et al. 2012a; Russo et al. 2017;
Zheng et al. 2018a), both of which vary widely across SSA croplands (Dewitte et al. 2013; Tully et al.
2016).

Various soil types—often differ greatly in soil texture, cation exchange capacity (CEC), and
pH buffering capacity—can strongly affect N storage and loss in soils. Soil texture is a primary factor
controlling water holding capacity (WHC) and permeability, both of which determine the movement
and retention of N. Fine-textured soils with higher WHC tend to retain soil N and allow for plant or
microbial uptake. Coarse-textured soils may have higher infiltration rates, leading to higher risks of
NO;™ leaching loss (Lehmann and Schroth 2003). When coupled with fertilizer type, soil pH buffering
capacity and CEC can affect the magnitude of fertilizer-N loss. Both field and incubation studies
(Sigunga et al. 2002; Haden et al. 2011; Zheng et al. 2018a) have shown that low pH buffering and low
CEC in tropical soils resulted in substantial N losses (up to >50% of applied N) through NHz emission

following the surface application of urea.
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Soil type is also an important factor that affects the response of crop yield to increased fertilizer-
N rate. Varying soil types are often associated with different agro-ecological zones in SSA. In high
potential agro-ecological zones, crop yields generally increase with fertilizer input (mainly N, P, and K)
to reduce the yield gap (Vanlauwe et al. 2015). However, yields may also respond poorly to NPK
fertilizer input due to micronutrient deficiencies (Njoroge et al. 2017). In nutrient-poor sandy soils,
much larger amounts of fertilizer-N input (e.g., organic and/or synthetic) is commonly required to attain
the yield level comparable with fertile soil (Mtambanengwe and Mapfumo 2006), yet such increased
yields mostly come at the cost of significantly decreased nutrient use efficiency. For example, in
depleted sandy soils in Zimbabwe, the significant maize yield response (~2 Mg ha* higher than the
control treatment) to chemical N input (100 kg N ha™*) was only observed in the third year after repeated
applications of manure at a relatively high rate (equivalent to 180 kg N hatyr*and 30 kg P hatyrY?;
Zingore et al. 2007). To achieve the sustainable intensification of African agriculture accompanied by
a dramatic increase in fertilizer-N input, proper N strategies targeting different agro-ecological zones
and soil resources to improve yield as well as N use efficiency are urgently needed.

Maize is the staple food for the people of SSA (Shiferaw et al. 2011; Epka et al., 2018). The
highlands in East Africa are generally densely populated and intensively cultivated for production,
known as the “bread basket.” For example, in Tanzania, approximately 46% of the maize is produced
in southern highlands, which comprises only 28% of the mainland area of this country (Bisanda et al.
1998; Rowhani et al. 2011).

The objective of this study was to investigate the fluctuation of soil inorganic N and its
availability to maize in the Tanzanian highlands in two soil types and under different N application
rates. Specifically, | investigated (1) the seasonal variations of soil inorganic N and how the inorganic
N availability was influenced by N rate and different soil types; (2) the response of maize yield to soil
inorganic N availability as affected by N rate and soil type. Finally, | provide appropriate soil-specific
N strategies to increase maize yield, while minimizing the potentially adverse losses of N to the

environment.

3.2 Materials and methods

3.2.1 Study sites

The study was conducted within two maize-based agro-ecological zones (Bisanda et al., 1998)
in the Tanzanian highlands. One site (TZi, 1480 m.a.s.l.) is located in Mangalali village (07°46' S, 35°34'
E) in the Iringa region. The soil is classified as coarse-loamy, isohyperthermic, Kanhaplic Haplustalfs
(Soil Survey Staff, 2010). The TZi site was converted from forest to agriculture between 1960 and 1970.
Since the late 1990s, maize and tomato were grown in rotation for around nine years and then followed
by a continuous maize cultivation till the establishment of the current experiment in November of 2013.

During the maize cultivation from 2009 to 2012, N was applied mainly as urea at a rate of ~100 kg N
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ha 1 yr. The other site (TZm, 1780 m.a.s.l.) is located in Uyole town (08°55’ S, 33°31’ E) in the Mbeya
region. The soil is classified as clay-loam, isothermic, Dystric Vitric Haplustands (Soil Survey Staff,
2010). The TZm site is owned by the Uyole Agricultural Research Institute and is used as experimental
fields since 1968. From 2005 onwards, the land was cropped with maize and N was applied mainly as
urea at a rate between 80 and 330 kg N ha™* yrt until the establishment of the current experiment in
November of 2013. | sampled the topsoil (0-0.15 m) from the field in July of 2013 to evaluate the initial
N concentrations, and found that the concentrations of residual N from the preceding experiment were
high with large variability (98 + 67 mg kg [mean + standard deviation], n = 36; range: 17-314 mg
kg™).

The precipitation at TZi is 560 mm per year on average, lower than that at TZm (860 mm). The
mean annual air temperature is higher at TZi (23.5 °C) than that at TZm (17.1 °C). The pattern of annual
rainfall is unimodal for both sites. The rainy season generally starts in late November at both sites and
ends in mid-April and mid-May at TZi and TZm, respectively. Selected soil properties for the study
sites are presented in Table 3.1. Despite the similar soil pH in the topsoil between two sites, soil organic
matter and CEC were substantially lower at TZi compared to those at TZm, because of lower clay
content. Soil pH buffering capacity and WHC were both higher at TZm than at TZi.

Table 3.1 Selected soil physico-chemical properties from the top two layers for TZi and TZm

Site  Depth pH TCT TNf CEC? PBCS WHC'  Soil texture (%)
m (H20) gkg!' gkg' cmolckg™! rkngrEOI OH" o Clay Silt Sand
TZi 0-0.15 6.45 3.5 0.3 11 9.5 27.2 4.7 6.9 88.4
0.15-0.3 5.96 1.9 0.2 0.9 NA+ NA 6.4 79 857
TZm 0-0.25 6.85 175 1.3 17.5 57.11 66.37 284 420 295
0.25-0.5 7.09 9.6 0.8 22.7 NA NA 346 329 325

TTotal carbon (TC) and N (TN) determined by dry combustion of finely ground soils using Vario Max CHN
elemental analyzer.

fCation exchange capacity (CEC) determined by the buffered (pH = 7) ammonium acetate saturation method.
$pH buffering capacity (PBC) determined by titratable acidity (at pH = 8.3) using a potentiometric automatic
titrator following Sakurai et al. (1989).

"WHC = maximum water holding capacity.

*NA = not analyzed.

TSamples analyzed for PBC and WHC at TZm were from 0-0.15 m depth.
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3.2.2 Experimental design

The experiment was conducted from November of 2013 to June of 2015, with maize cropped
consecutively for two seasons. Experimental plots were established in a randomized complete block
design receiving four levels of N rate: 0, 50, 100, and 150 kg N ha™, denoted as 0-150N, respectively.
Each N rate was replicated three times, and plots were 5 m x 5 m. A 1.5 m buffer strip separated each
plot and block. Within each experimental plot, three maize (Zea mays L.; variety TMV-1 at TZi and
UH6303 at TZm) seeds were planted per hole at a spacing of 0.7 m x 0.3 m, and were thinned to one
plant per hole 20 days after planting (DAP), giving a population of ~48000 plants ha™*. The maize
varieties were recommended by the local extension services, with 6.3 and 7.5 Mg ha™* being the yield
potential for variety TMV-1 and UH6303, respectively (Lyimo 2005; Lyimo et al. 2014). Maize was
planted in early- to mid-December at both sites and harvested in late March and mid-May at TZi and
TZm, respectively (Table 3.2).

Table 3.2 Agricultural activities carried out during the study period

Activity description TZi TZm

Date DAP Date DAP
The first season
Planting and P fertilizer application 14-Dec-13 0 8-Dec-13 0
Thinning, first plant sampling (V3-4)* 3-Jan-14 20 28-Dec-13 20
First N fertilizer application 4-Jan-14 21 29-Dec-13 21
Second plant sampling (VT) 8-Feb-14 56 3-Feb-14 57
Second N fertilizer application 9-Feb-14 57 4-Feb-14 58
Third plant sampling (PM) and harvest 1-Apr-14 108 19-May-14 162
The second season
Planting and P fertilizer application 6-Dec-14 0 18-Dec-14 0
Thinning, first plant sampling (V3-4) 26-Dec-14 20 7-Jan-15 19
First N fertilizer application 27-Dec-14 21 8-Jan-15 20
Second plant sampling (VT) 31-Jan-15 56 12-Feb-15 55
Second N fertilizer application 9-Feb-15 65 13-Feb-15 56
Third planting sampling (PM) and harvest 21-Mar-15 105 20-May-15 152

"V3-4 = maize growing stage of three-to-four leaves, VT = tasseling stage, PM = physiological maturity
stage.

The farming practice recommended by the local extension services was slightly modified. The
basal application of diammonium phosphate at the planting date was changed to triple super phosphate
to all plots at a rate of 50 kg P ha*. This is because | hypothesized that the crop N demand is small
before the first N application (see below) and indigenous N supply from mineralization of organic
matter accumulated during drying season is sufficient. Nitrogen was applied by broadcasting urea (46%

N, 0% P) twice during the growing season. One-third was applied 21 DAP (maize growth stage V3-4).
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The remaining two-thirds was added 57 DAP (around the time of maize tasseling, VT). Weeding was
carried out when necessary, and all weeded materials were removed from the plots. The schedule of
agricultural activities carried out during the experimental period is presented in Table 3.2. The

experiment was not irrigated.
3.2.3 Field environmental monitoring

At each site, soil moisture was monitored with CS616 sensors at 0.05, 0.2, and 0.4 m below the
ground surface with two replicates for each of the two blocks (2 blocks x 2 replicates x 3 depths = 12
sensors; Campbell Scientific, Inc., USA). Soil temperature was monitored with T108 sensors (Campbell
Scientific, Inc., USA) at 0.05 m depth with two of the block replicates. Air temperature was monitored
using one T108 sensor at each site and precipitation was recorded by a TE525MM rain gauge (Campbell
Scientific, Inc., USA). All the monitoring instruments were connected to a data logger (CR1000,
Campbell Scientific, Inc., USA), which recorded data every 10 min.

Soil moisture, expressed as volumetric water content, was separately calibrated with soils
sampled from each site (R? = 0.95 for the calibration function with n = 40 at TZi and R? = 0.91 with n
=77 atTZm).

3.2.4 Soil sampling and analysis

Soil sampling was carried out 21 and 29 times at TZi and TZm, respectively, during the
experimental period. The soils were sampled every 10 to 14 days during the cropping season. More
sampling times conducted at TZm was due to the longer rainy season at TZm than TZi. Soils were
sampled from two depths (0-0.15 m and 0.15-0.3 m) using an auger (~0.04 m diameter). Based on my
field observation, most of the mature maize roots (> 70%) were distributed in 0-0.2 m, which agreed
with the reports by Chikowo et al. (2003) and Sugihara et al. (2012a). Therefore, sampling from the top
0.3 m soils should be sufficient to cover the major soil N source for the plant uptake. Four subsamples
from the central area (4 m x 4 m) of each plot were taken and mixed as one replicate. Soil samples were
air-dried and sieved through 2-mm mesh before transporting to Japan for the analysis of inorganic N
(NH."-N and NOs™-N). Inorganic N was extracted from 10.0 g soil with 30.0 ml of 1M KCI for 30 min
on a reciprocating shaker, and the suspension was centrifuged (2000xg, 10 min) and filtered through
filter paper (No. 6, Adventec, Japan). Extracted NH."-N and NO3;™-N were determined colorimetrically
using the flow injection auto-analyzer (Flow Analysis Method, JIS K-0170, AQLA-700 Flow Injection
Analyzer, Aqualab Inc., Japan).

After the first season harvest, soil bulk density at each site was determined by taking additional
soil cores (100 cm®size; n = 9) for each depth at 0.07 m (representing 0-0.15 m) and 0.2 m (representing

0.15-0.3 m) from soils adjacent to the plots. With soil bulk density and soil thickness, soil inorganic N
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availability was determined by converting the concentration of total inorganic N (mg kg ™) to an area
basis (kg ha™).

3.2.5 Plant sampling and analysis

In each cropping season, aboveground plant materials were collected at three growing stages:
three-to-four leaves, V3-4; tasseling, VT; and physiological maturity, PM (Table 3.2). For each
sampling activity, five plants were collected randomly inside each plot (4 m x 4 m, avoiding the edge).
Plant materials were immediately divided into leaf, stem, cob, and grain after sampling. Field weights
of each separated plant materials were recorded before subsamples were taken for moisture correction.
All subsamples were oven dried at 60 °C and homogenized using a rotating-disk mill. Total N content
was determined by high-temperature combustion and subsequent gas analysis (Vario Max CHN,
Elementar, Germany). Plant N uptake in each plot was calculated by Y*(N; x DM;), where i =
categories of separated plant material (e.g., leaf, stem, cob, and grain); n = total number of category; N;
= total N content (%) determined for category i; DM; = dry matter (kg ha™®) of category i.

To estimate crop yields, maize ears remaining within the sampling area (4 m x 4 m) were
collected from each replicate plot on the harvesting date. Grains were shelled from the ears, and the dry
weight was estimated following the same way as other plant material (i.e., field weight x moisture

correction from subsamples).
3.2.6 Calculations

Shortly (10-12 days) after N application, the increase of soil inorganic N availability (ANavail)
resulting from N application was calculated using Eqg. (3.1):

ANavail = [Navail_; par—Navailio_12 parlrertitizea plots —

[Navail_y pap—Navailio_12 parlcontrot plots (3.1)

Where Navail_; p4r is the soil inorganic N availability one day before fertilization; and
Navailyy_15 par 1S the soil inorganic N availability 10-12 days after fertilization. The difference in the
soil inorganic N availability in the control plots is subtracted from that in the fertilized plots to account
for the inherent change in the soil inorganic N availability (e.g., mineralization, immobilization, etc.). |

assume no priming effect of N applications in this calculation.
3.2.7 Statistical analysis

Repeated-measures analysis of variance (ANOVA) was used to determine the effects of N rate
(as the between-subjects factor), sampling time (as the within-subjects factor), and their interactions on
the concentrations of NH4*-N and NOs;™-N. Repeated-measures ANOVA was separately run for each

combination of depth, site, and season. Repeated-measures ANOVA was also used to determine the
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effects of N rate (as the between-subjects factor), season (treated as a within-subject factor), and their
interactions on the plant N uptake at three growing stages (V3-4, VT, and PM) as well as yield at each
site. Following each F-value testing the simple effects of N rate within each level combination of the
other effects, multiple comparison of means with a least significant difference (LSD) test was conducted.
All statistically significant difference was identified as P < 0.05 unless stated otherwise. Statistical
analysis was conducted with IBM SPSS Statistics (version 24).

Both the response of plant N uptake at the VT stage and yield to soil inorganic N availability
were fitted with three models: quadratic, linear-plateau, and quadratic-plateau. Model comparison was
conducted using the Akaike Information Criterion (AIC) together with ‘pseudo R?’, which was
calculated as 1 — (residual sum of squares/total sum of squares). Model fitting and comparison were

performed using the R software (version 3.3.3; http://www.r-project.org).

3.3 Results

3.3.1 Environmental factors

Rainfall amount and distribution varied inter-seasonally and across the two sites (Fig. 3.1).
Higher rainfall amounts were recorded at TZm (883 mm in the first season and 707 mm in the second
season) than at TZi (638 mm in the first season and 385 mm in the second season). During the rainy
seasons, soil moisture contents were generally sufficient for maize growth (> —1 MPa at 0.05 m; Fig.
3.1), except for the second season at TZi, where lower precipitation (by 40% compared with the first
season) and the erratic distribution resulted in several distinct dry periods (e.g., 7-15 DAP, 57-63 DAP,
and 71-84 DAP in the second season; Fig. 3.1a).
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Fig. 3.1 Temporal variation in soil moisture and daily rainfall at TZi (a) and TZm (b) during the study period.
The breaks of horizontal axis separate the data into two seasons: the first season (2013-2014) on the left and
the second season (2014-2015) on the right. Horizontal dash lines indicate —1 MPa. Downward arrows
indicate the timing of fertilizer-N applications. Double line arrow represents the period when rain gauge
failed to function (25-36 DAP) in the second season at TZi.

3.3.2 Fluctuation of soil inorganic N concentrations

Soil NH4*-N and NOs™-N concentrations varied both intra-seasonally (Fig. 3.2, 3.3) and inter-
seasonally (Table S3.1) in the ON treatment, and the response to N application varied with site and depth
(Fig. 3.2, 3.3). Soil inorganic N concentrations were generally higher at TZm (up to 30 and 132 mg kg
for NH,*-N and NOs -N, respectively) than those at TZi (up to 12 and 9 mg kg* for NH,*-N and NO; -
N, respectively).

At TZi, the variability of soil NH4*-N and NOs -N concentrations differed between the two
seasons (Fig. 3.2). In the first season, both soil NH4*-N and NOs;™-N concentrations responded to N
application (Fig. 3.2a, c, e, g). The effect of N rate on soil NOs™-N concentrations at two depths
depended on sampling time (P < 0.05 for the interaction N rate x sampling time; Table S3.1), while soil
NH4*-N concentrations were significantly affected by seasonal variation (P < 0.001 for the sampling

time, Table S3.1). The increased soil inorganic N concentration resulting from applied N, indicated by
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the significant difference among N treatments after N application, was retained up to 25 days (Fig. 3.2a).
In the second season, no immediate response of either soil NH4*-N or NOs;™-N concentration to N
application was observed at either depth (Fig. 3.2b, d, f, h). Soil NO3;™-N concentrations at both depths
were low (< 4 mg kg ™) throughout the season (Fig. 3.2b, d), and they significantly (P < 0.05) differed
among N treatments and sampling times (Table S3.1). Soil NH4*-N concentrations were significantly
controlled by seasonal variation (P < 0.001, Table S3.1) as observed in the first season. During —1-10
DAP in the second season (Fig. 3.2f, h), the increase of soil NH4*-N concentrations across the whole
field was observed, likely due to the rapid mineralization of organic matter during the onset of rain.

At TZm, the soil NO3-N concentrations at the beginning of the first season (e.g., before N
application) were substantially greater (44132 mg kg * at 0-0.15 m and 13-45 mg kg* at 0.15-0.3 m)
than those in the second season (1-15 mg kg* at 0-0.15 m and 0-12 mg kg* at 0.15-0.3 m). In the
first season, the soil NOs™-N concentrations showed relatively large variation among treatments at the
second sampling (9 DAP in Fig. 3.3a), but not significantly different (P > 0.1). In both seasons, soil
NOs;™-N concentrations responded to N application (Fig. 3.3). Soil NH4™-N concentrations generally
maintained a similar level among treatments at each depth across each season (Fig. 3.3), as suggested
by the simple main effect of sampling time (P < 0.001, Table S3.1). The increased soil NOs;™-N
concentration resulting from N application was retained up to 63 days (Fig. 3.3c). At the beginning of
the second season, the increase of soil NH4*-N concentrations (—23—6 DAP in Fig. 3.3f, h) followed
by NOs;™-N flushes (—6-10 DAP in Fig. 3.3b, d) was observed across the field.
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represent the standard error of the means (n = 3). +, *, and ¥ above each sampling time indicate significant
difference in means of soil inorganic N concentrations among N treatments at P < 0.1, P < 0.05, and P <
0.01 level.
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represent the standard error of the means (n = 3). +, *, and ¥ above each sampling time indicate significant
difference in means of soil inorganic N concentrations among N treatments at P < 0.1, P < 0.05, and P <
0.01 level.
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3.3.3 Relationship between N rate and ANavail at each site

Shortly (10-12 days) after N application, ANavail (calculated using Eq. (3.1)) in 0-0.3 m
increased significantly with N rate for the second N application (P =0.017 at TZi and P = 0.003 at TZm)
but not for the first N application (P = 0.612 at TZi and P = 0.709 at TZm) across sites (Fig. 3.4). For
the second N application, the higher slope of the regression line at TZm (0.98) shows that applied urea
increased plant-available N in soils more efficiently compared to TZi (0.20), especially at higher urea-
N rates (Fig. 3.4). For example, a single application of urea with 100 kg N ha* increased ~79 kg N ha*
of inorganic N in the 0-0.3 m soils at TZm, but only increased ~18 kg N ha* at TZi (Fig. 3.4). In the
first season at TZm, vast ranges were observed for the ANavail (Eg. (3.1)) with the same N rate after

the first N application (showed by the large standard error in Fig. 3.4b).
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Fig. 3.4 Relationship between N application rate and ANavail (Eq. (1); N availability increment) after N
application in 0-0.3 m at TZi (a) and TZm (b). Error bars represent positive standard error of the means (n
=3).

3.3.4 Plant N uptake and yield

Plant N uptake of mature maize (i.e., PM stage) varied with site and season (Table 3.3). In the
plots treated with the same N rate, uptakes at TZm were 24-94 kg N ha* higher than those at TZi during
the two seasons. Similarly, uptakes in the first season were 2-60 kg N ha™* higher than those in the
second season across two sites (Table 3.3).

The effect of N rate and season on plant N uptake was different across plant growing stages at
each site. At the VV3-4 stage (i.e., before N application), plant N uptake was small (< 3.5 kg N ha™) and
similar across sites and seasons, though a difference (P < 0.05) was detected at TZm between the two

seasons (Table 3.3). At the VT stage, significant (P < 0.001) seasonal variation of plant N uptake at
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each site was observed, while the effects of N rate varied with season (i.e., only significant in the first
season at TZi and the second season at TZm; Table 3.3). At the PM stage, the effects of N rate were
significant (P < 0.01) in all cases (Table 3.3).

A significant effect between season x N rate (P < 0.05) on the yield was observed at TZi but
not TZm (Table 3.3). At TZi, yields in the first season (0.2-2.6 Mg ha™?*) were generally higher than
those in the second season (0.2-0.3 Mg ha™), with a significant effect of the N rate on the yield only
observed in the first season (Table 3.3). At TZm, higher yields in the first than the second season were
observed at lower (0-50N) but not higher N rates (100-150N) (Table 3.3). With similar rainfall amount
received in the first season at TZi (638 mm) and the second season at TZm (707 mm), yield at TZm
(1.5-4.4 Mg ha) was higher than that at TZi (0.2-2.6 Mg ha™*) with the same N rate applied (Table
3.3).

Table 3.3 Plant N uptake (kg N ha™?) at three growing stages (three-to-four leaves, V3-4; tasseling, VT; and
physiological maturity, PM) and yield (Mg ha!), and the F-values from the results of repeated-measures

ANOVA showing the effects of N application rate (N rate), seasonal variation, and their interactions on these

variables
TZi TZm
V34 VT PM Yield V34 VT PM Yield
— kgNhat!— Mg ha! — kgNhat— Mg ha!

The first season
ON 2.1a 8.1a 10.7a 0.18a 2.3a 21.5a 48.3a 2.9a
50N 2.0a 9.5ab 26.9b 1.2b 2.3a 25.1a  80.5a 3.9b
100N 2.0a 14.7bc  43.9c 2.0bc 2.1a 30.1a 122.1b  4.3b
150N 2.3a 17.2¢c 59.3¢c 2.6¢ 2.5a 25.6a 153.2b 4.3b
SEDf 0.3 2.8 6.8 0.41 0.37 3.18 17.1 0.4
The second season
ON 1.9a 2.7a 9.2a 0.18a 1.3a 5.3a 32.7a 1.5a
50N 3.0a 3.9a 15.6ab  0.34a 1.7a 85ab 523ab 2.9b
100N 3.4a 5.1a 18.5bc  0.33a 2.0a 10.5b  69.6bc  3.6bc
150N 2.7a 5.1a 24.9¢c 0.33a 2.0a 12.3b  93.0c 4.4c
SED 1.1 1.1 3.7 0.12 0.25 2.0 11.5 0.4
Source F-values
N rate 0.615m™ 8.14™ 15.6™ 10.5™ 2.85™ 372 2557 192"
Season (S)  2.60™ 50.8™* 115"  78.9™ 10.5" 249" 2747 20.4™
N rate x S 0.756" 2.03" 18.6™" 134" 0.919»  1.56™  1.93™ 3.43"

TSED = standard error of the difference.

Values followed by different letters within a column in each cropping season indicate significant difference
at P <0.05 (LSD test).

*=P <0.05, ** =P <0.01, *** = P <0.001, ns = non-significant.
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3.3.5 Plant N uptake at the VT stage and yield in response to soil inorganic N availability

The response of plant N uptake at the VT stage to soil inorganic N availability (0-0.15 m) at
31-33 DAP (i.e., after the first N application; Fig. 3.5a) and the response of yield to soil inorganic N
availability (0-0.3 m) at 68—71 DAP (i.e., after the second N application; Fig. 3.5b) were all best-fitted
by linear-plateau model (Table 3.4). The models suggest that 62 and 67 kg N ha™* was the minimum
soil inorganic N availability after N application to achieve maximum plant N uptake at the VT stage
and vyield, respectively (parameter c for linear-plateau models in Table 3.4). The maximum yield
calculated from the linear-plateau model was 4.1 Mg ha™*.
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Fig. 3.5 Response of plant N uptake at the VT stage (a) and yield (b) to soil inorganic N availability after
the first and second N applications (i.e., 31-33 DAP and 68-71 DAP), respectively. Error bars represent

standard error of the means (n = 3).

Table 3.4 Model parameters, Akaike information criterion (AIC) and R? for models describing the response

of plant N uptake at the VT stage and yield to soil N availability at the tasseling stage (i.e., 68—71 DAP)

Model N uptake at VT Yield
Parameter AIC R? Parameter AIC R?
estimate estimate
Quadratic a=-1.26 88.5 0.87 a=-2.15 25.6 0.93
a+bxN+cxN? b=0.477 b=0.124
¢ =-0.00207 ¢ =-0.000582
Linear-plateau a=-1.48 89.0 0.87 a=-165 223 0.94
a+tbxNforN<c; b = 0.438 b = 0.0867
atbxcforN>=c . _gg C=66.6
Quadratic-plateau a=-281 91.0 0.87 a=-1.58 279 0.93
fa +Nb XdN +CxN? b=0.561 b=0.0832
or N <d; _ - -5
arbrdroxg  ©2 00023 o= 25L x 10
forN>=d T R
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3.4 Discussion

3.4.1 Potential leaching loss of inorganic N in the early growing seasons

At the beginning of the rainy season, rainfall often triggers rapid mineralization of organic
matter accumulated during the drying season and therefore causes the flush of inorganic N in the topsoil,
known as “Birch Effect” (Birch 1964). However, the mineralized N is usually excessive and susceptible
to leaching at this timing as crop N demand is small (Chikowo et al. 2004). For example, during the
nitrification of soil mineralized NH.* at TZi (i.e., decreasing soil NH4*-N concentrations during 10-20
DAP in Fig. 3.2f, h), reduction in soil inorganic N availability in 0-0.3 m (12.7 kg N ha™*) was larger
than the plant N uptake at V3—4 stage (2.7 kg N ha?). Similarly, during the period of NO3;™-N pulse at
TZm (—6-10 DAP in Fig. 3.3b, d), N loss was estimated as 14 kg N ha™ by comparing the decrease in
N amount from the top 0.3 m (15.5 kg N ha?) with the plant N uptake at VV3-4 stage (1.7 kg N ha™?).
These estimated leaching losses of N were within the ranges reported by previous studies (4.3-39 kg N
ha™t) across sandy and clayey soils in SSA (Kamukondiwa and Bergstrom 1994; Mapanda et al. 2012a).
As the major driver of these potential leaching losses, the flush of inorganic N has been reported in both
sandy and clayey soils in SSA (Chikowo et al. 2004; Tully et al. 2016; Russo et al. 2017) as well as
other tropical regions (Wetselaar 1961). Current results support the findings of previous studies that
managing indigenous N resource in the early growing season was challenging regardless of soil type,
because crop roots were under-developed and N demands were too small to utilize the excessively
mineralized N. Consequently, the mobile N was largely exposed to the risk of leaching.

At TZm, the substantially higher soil NOs-N concentrations with large variation at the
beginning of the first season (Fig. 3.3a, ¢) compared to the second season (Fig. 3.3b, d) was attributed
to the residual N from the preceding study. Such high residual soil N from the previous season could
be prone to leaching loss upon sufficient rainfall in the current season (Rasouli et al. 2014; Masvaya et
al. 2017). For example, during 31-43 DAP in the first season, both soil NHs;*-N and NO;-N
concentrations substantially dropped across all the plots and depths (Fig. 3.34a, ¢, €, g; equivalent to 133
kg N ha™), while the plant N uptake between V34 and VT was small (23 kg N ha™?). Given the high
precipitation (116 mm) during this period and the high initial soil moisture (> 0.21 and > 0.32 m®* m™3
at 0.05 and 0.2 m, respectively, in Fig. 3.1b), leaching could be the main pathway of this N loss. Such
a substantial N loss (~110 kg N ha™?) largely eliminated the effect of residual N before the second N
application (Fig. 3.3a, c, e, g).

3.4.2 Effects of N application and soil type on soil inorganic N

The increased soil inorganic N concentration resulting from N application, indicated by the
significant difference among treatments after N application, was retained longer at TZm (up to 63 days

in Fig. 3.3c) than at TZi (up to 25 days in Fig. 3.2a). The longer N retention at TZm was likely a result
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of a higher WHC (Table 3.1). Better N retention may also be explained by the anion exchange capacity
developed by variable charge clay minerals (Ishiguro et al. 1992; Katou et al. 1996) at TZm, which can
lead to NO; adsorption.

For the first N application, N rate had no significant effect (P > 0.05) on ANavail (eq. (1))
across sites (Fig. 3.4). This could be attributed to the relatively high and variable concentrations of
initial soil N (Fig. 3.2, 3.3) and the low rates of N application (17-50 kg N ha™®). In the first season at
TZm, the variation of initial N concentrations was largely contributed by the high residual N from the
preceding experiment, which masked the effect of the first N applications (soil inorganic N availability
among treatments were not significantly different following the first N application; Fig. S3.1).

For the second N application, the effect of N rate on ANavail (Eq.(3.1)) clearly differed
between the two soils, with applied urea more efficiently increased plant-available N in soil at TZm
than at TZi (Fig. 3.4). This could be mainly attributed to the higher susceptibility of the soil to NH3
volatilization from surface-applied urea at TZi than that at TZm. Soils with coarse texture and low
organic matter (i.e., TZi) are generally low in CEC and pH buffering capacity (Table 3.1), and therefore
inherently weak to buffer the NH; loss (Ferguson et al. 1984; Corstanje et al. 2008). This is supported
by the result of another research from our team, where we quantified NH3 loss from surface-applied
urea on the current two sites: under the same urea-N rate (30-100 kg N ha%, as single application),
sandy Alfisols had a larger fraction of N loss as NH3-N (36%-50% of applied N) compared to clayey
Andisols (5%-20%) (Zheng et al. 2018a). Furthermore, accumulated rainfall during the 12 days after
N applications did not exceed 40 mm in either season at TZi, which excluded the possibility of dominant
contribution from leaching to N loss. Therefore, NH; volatilization should be the major pathway of N
loss from urea during the short period (10-12 days) after application at TZi, which led to the low

efficiency of applied urea in increasing plant-available N at TZi.
3.4.3 Plant N uptake at VT stage and yield in response to soil inorganic N availability

Plant N uptake at the VT stage did not consistently show significant difference among N
treatments (Table 3.3) due to the effects of inter-seasonal variations of soil or climatic condition. In the
first season at TZm, the residual N from the preceding study contributed to sufficient N supply for plant
until the VT stage, as well as the relatively high yield even at ON plots (2.9 Mg ha™?). A relatively high
yield (3.2 Mg ha™®) and final N uptake (115 kg N ha™?) resulting from sufficient indigenous soil N
supply was also observed in a clayey soil in Morogoro, Tanzania (Sugihara et al. 2012a). At TZi,
drought in the early crop growth period of the second season may have severely affected the yield (Table
3.3). Such climatic effects were common in sandy soils in SSA croplands. For example, both Tully et
al. (2016) and Masvaya et al. (2017) reported low maize yields (in sandy soils of Tanzania and

Zimbabwe) in dry season or due to drought experienced in the early growing period. Apart from these
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inter-seasonal variations, split N application could still be necessary as in the normal seasons a
significant difference in N uptake at the VT stage among N treatments was observed (Table 3.3).

As indicated by the linear-plateau model (Fig. 3.5a), the optimal soil inorganic N availability
(0-0.15 m) after the first N application (parameter ¢ = 61.8 kg N ha™* in Table 3.4) was much higher
than plant N uptake at the VT stage, which may promote N leaching (e.g., 31-43 DAP at TZm in the
first season; Fig. 3.3a, c, e, g). Further, high N fertilizer rates for the first application are not practical
in SSA croplands. Fortunately, soil inorganic N availability after the second N application seemed more
important for the final N uptake and yield (Fig. 3.5, S3.2). For example, the major N uptake (on average
~72% across sites and seasons) occurred between VT and PM. Furthermore, the second N application
frequently resulted in different (P < 0.05) levels of yields while plant N uptakes at the VT stage showed
insignificant differences (P > 0.05; Table 3.3).

Soil inorganic N availability in 0-0.3 m at the tasseling stage (after the second N application or
68—71 DAP) largely accounted for the final yield (Table 3.4; Fig. 3.5). This result is in line with the
study conducted on sandy soils in Zimbabwe by Mtambanengwe and Mapfumo (2006). More often,
relationships were set up between yield and N rate (Wang et al. 2017) or N rate plus soil available N
before N application (Hartmann et al. 2015), for facilitating the determination of optimal N rate. Yet in
the current study, | observed notable effects of inter-seasonal variations on the yields (i.e., residual N
from the preceding study at TZm and decreased rainfall with erratic distribution at TZi). Also, the
efficiency of applied urea in increasing plant-available N in soil could differ greatly between TZm and
TZi (Fig. 3.4). It is therefore soil inorganic N availability after N application could integrate all these
effects (direct and/or indirect) into one simple factor that significantly accounted for the final yield. The
success of including all yield data in one linear-plateau model indicated the dominant control of soil
inorganic N availability (0-0.3 m) at the tasseling stage over the final yield across sites and seasons.

A closer inspection on the yield—soil N response pattern (Fig. 3.5b) revealed that maize yield
at TZi could still be limited by soil inorganic N availability at the tasseling stage, whereas yield at TZm
may be co-limited by other nutrients (Njoroge et al. 2017) once the soil inorganic N availability was
above 67 kg N ha, considering the yield potential of the variety (Lyimo 2005). The yield plateau in
the model for TZi should be interpreted with caution, as the maximum yield observed at TZi in this
study was only 2.6 Mg ha*. Nevertheless, such a plateau of yields from the model fitting was supported
by another experiment at TZi with higher N supply (~4 Mg ha™%; see Chapter 5). Nutrient input through
chemical fertilizer and/or organic resources could be indispensable in the infertile, sandy soil to ensure
maize yield (Mtambanengwe and Mapfumo 2006; Masvaya et al. 2017). For example, yields at TZi
from the ON plots were below 0.2 Mg ha* due to limited soil inorganic N availability. However,
maintaining high soil inorganic N availability simply by increasing urea-N rate at sandy soils like TZi
could be challenging (Mtambanengwe and Mapfumo 2006) as a single N application of 100 kg ha™
only increased ~18 kg ha™* available N in soil (Fig. 3.4a). Such fast N depletion lowered the availability
of applied N to maize, leading to the low N use efficiency (e.g., 17-23 kg grain kg™ N applied at TZi
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vs. 29-57 kg grain kgt N applied at TZm) and insignificant (P > 0.05) difference in yields between the
100N and 150N treatments (the first season at TZi; Table 3.3).

3.4.4 Implications for N management in SSA croplands

Conserving the soil mineralized N in the early growing season has long been a challenge to
improve N synchrony. Many approaches focus on reduced tillage (Masvaya et al. 2017) to delay net
mineralization or application of low-quality organic resources (Sugihara et al. 2012a) to immobilize
leachable N by microbes. The effect of reduced tillage may be too short-lived to improve the N
synchrony (Chikowo et al. 2004) or even negative on maize yield (Masvaya et al. 2017). Although
Gentile et al. (2008) showed in a laboratory incubation that adding a low-quality organic resource (i.e.,
high C:N ratio) had immobilized soil-derived N for more than 90 days, actual benefit on increasing crop
yield in the field was seldom observed (Gentile et al. 2009; Chivenge et al. 2010; Sugihara et al. 2012a).
Mechanistic studies and field verifications are needed to provide practical recommendations to
immobilize the leachable N until mid-season for crop uptake. Nevertheless, fertilizer-N input can be
reduced if mobile N can be utilized efficiently. In the second season of the current study, captured net
nitrogen mineralization at the onset of rains provided ~33 and 47 kg N ha* in 0-0.3 m at TZi and TZm,
respectively.

Maintaining high levels of available N in sandy soils (i.e., at TZi) and simultaneously achieving
high recovery by crops is challenging (Mtambanengwe and Mapfumo 2006), as the sandy soil is more
susceptible to NH;3 volatilization (e.g., from surface-applied urea in the current study) and N leaching
loss. In the period of high crop N demand in sandy soils (e.g., at the tasseling stage in the current study),
dissolving the urea in a water container and applied through an affordable, easy-to-construct dripping
irrigation system (Postel et al. 2001; Kahimba et al. 2015) could be promising (schematic layout and
examples of in-situ implementation of this system are provided as Fig. S3.3, S3.4 in the supplementary
material). The main function of such dripping irrigation system is to increase N use efficiency (by
reducing potential NH3 loss without raising labor cost) rather than to supply water, yet in abnormally
drought years/periods (e.g., 7-15 DAP in the second season at TZi) it can also serve for water supply
to prevent yield failure.

At TZm, future research is required to identify the co-limiting nutrients to further improve the
yield. Co-limitation of secondary nutrients or micronutrients on the yield in SSA croplands (Kihara et
al. 2016) such as at TZm may be solved by applying animal manure (Zingore et al. 2007; Sileshi et al.
2016), which is unlikely to significantly increase the cost on smallholder farmers. Manure application
before or at the time of planting for slower release of nutrients and side-dressing with proper urea-N
rate (e.g., 75N based on Fig. 3.5) at the tasseling stage may achieve desirable yields in croplands with

similar soil type to TZm.
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3.5 Conclusions

In the current study, seasonal variations of soil inorganic N availability revealed the challenge
of N management in the early growing season in SSA croplands: excessive soil mineralized N was
susceptible to leaching loss due to limited crop N demand. Future researches should focus on how this
excessive soil mineralized N can be immobilized until mid-season when crop N demand is high, and
especially verification in the field that such immobilization benefits the crop yield. At higher urea-N
rates (i.e., during the second application), soil type (i.e., sandy Alfisols at TZi vs. clayey Andisols at
TZm) strongly affected the efficiency of applied urea in increasing plant-available N in soils. Fast
depletion of applied urea-N at TZi was likely due to substantial N loss through NH3; volatilization, as
supported by the poorly pH-buffered soil with low CEC. This largely contributed to the different yield
levels at two sites—lower at TZi (up to 2.6 Mg ha?) than TZm (up to 4.4 Mg ha™*) under the same N
rate. | also found that yield was strongly controlled by the soil inorganic N availability in 0-0.3 m at
the tasseling stage (i.e., after the second N application or 6871 DAP). Furthermore, maintaining high
levels of N availability at the tasseling stage and supplying secondary nutrients or micronutrients would
be the keys to further improve yields at TZi and TZm, respectively. These results contribute to a better
understanding of temporal patterns of soil N pools across soil types and how they affect the yield
response in SSA croplands, which is important for designing the best fertilizer-N management practices
to achieve higher yield and lower environmental impact as N application rates increase.
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Supplementary materials

<«— Times of continuous soil sampling ———————» g N application
S1 S2 83 S84 S5 S6 S7 S8 S9 S10 S11 812 S13 S14 815 ﬁ non-significant
NA | NA [ NA | NA | NA P<0.1
H NA P<0.05
NA | NA | NA | NA P<0.01
NA | No soil sampling

1% season TZi
1! season TZm
2"season TZi
2"season TZm

Fig. S 3.1 Results of mean comparison of soil inorganic N availability (0-0.3 m; kg N ha') among N
treatments at each sampling time.
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Fig. S3.2 Response of plant N uptake at the PM stage to the soil inorganic N availability (0-0.3 m) after the
first and second N applications, respectively. Better correlation for the second N application may indicate
that it contributed more to the total plant N uptake and consequently the yield compared with the first N
application.
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Fig. S3.4 Photographs showing examples of in-situ implementation of dripping irrigation in Kenya (a, b)

and Tanzania (c, d). Photo credit and access: (a) L. Heng/IAEA,

https://www.iaea.org/newscenter/news/more-bountiful-crops-every-drop-using-drip-irrigation-mauritius;

(b) Softkenya; https://softkenya.com/kenya/drip-irrigation-in-kenya/; (c) SolutionMUS;

http://www.solutionmus.org/solutionmus-in-action/locations/tanzania/; (d) Wisons.net;

https://blogs.worldbank.org/taxonomy/term/17048. Accessed on 10 December 2017.
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Table S3.1 Averaged values of soil NH4s*-N and NO3;-N concentrations (mg kg?) and the F-values from

the results of repeated-measures ANOVA showing the effects of N application rate (N rate), sampling time,

and their interactions on these variables

TZi TZm

0-15cm 15-30 cm 0-15cm 15-30 cm

NOs’-N NH4+-N NOs’-N NH4+-N NOg’-N NH4+-N NO3’-N NH4+-N
The first season
ON 3.2 25 2.3 2.2 21.6 8.6 11.6 8.7
50N 3.6 2.4 2.3 24 30.8 8.8 15.8 10.4
100N 4.2 3.0 2.9 2.7 32.9 9.6 16.9 9.1
150N 5.0 2.8 2.8 2.6 33.6 9.7 18.6 9.7
Source F-values
N rate 2.85" 2,99 3.82™  1.76™ 1.81™  1.31™ 1.50m  1.57m
Sampling time (T) 35.27" 7.88™ 835" 1357 448" 3927 453" 28.3™
Nrate x T 2.59" 1.21m 2.50" 1.62m 1.80™  0.44m 0.54™  0.90™
The second season
ON 1.1 3.7 1.0 35 7.4 79 45 8.2
50N 1.8 4.2 1.4 4.0 9.3 8.4 5.3 9.0
100N 2.1 4.9 1.7 3.9 11.3 8.6 6.8 9.1
150N 2.1 4.7 1.8 4.6 13.6 8.3 8.2 9.1
Source F-values
N rate 4.09" 6.58" 481" 3.07™ 7747 0.37™ 17.3"  2.65™
Sampling time (T) 4.29" 8.38™ 11.5™" 20.4™  64.8™ 57.87™ 5057 42.3™
Nrate x T 1.38™  0.46™ 1.89  0.61"™ 5307  0.44m 3.897  0.32m

*=P <0.05, ** =P <0.01, *** = P <0.001, ns = non-significant.
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CHAPTER 4
Ammonia Volatilization Following Urea Application at Maize Fields

in the East African Highlands with Different Soil Properties

Abstract

Use of nitrogen (N) fertilizer is underway to increase in Sub-Saharan Africa (SSA). The effect
of increasing N rates on ammonia (NHs) volatilization—a main pathway of applied-N loss in cropping
systems—nhas not been evaluated in this region. In two soils (Alfisols, ALF; and Andisols, AND) with
maize crop in the East African highlands, | measured NH; volatilization following urea broadcast at six
rates (0-150 kg N ha™*) for 17 days, using a semi-open static chamber method. Immediate irrigation
and urea deep placement were tested as mitigation treatments. The underlying mechanism was assessed
by monitoring soil pH and mineral N (NH4* and NO3") concentrations. More cumulative NH3-N was
volatilized in ALF than in AND at the same urea-N rate. Generally, higher urea-N rates increased
proportional NHs-N loss (% of applied N loss as NH3-N). Based on well-fitted sigmoid models, simple
surface urea application is not recommended for ALF, while up to 60 kg N ha™* could be adopted for
AND soils. The susceptibility of ALF to NH; loss mainly resulted from its low pH buffering capacity,
low cation exchange capacity, and high urease activity. Both mitigation treatments were effective. The
inhibited rise of soil pH but not NH4* concentration was the main reason for the mitigated NHs-N losses,
although nitrification in the irrigation treatment might also have contributed. These results showed that
in acidic soils common to SSA croplands, the proportional NHs-N loss can be substantial even at a low
urea-N rate; and that the design of mitigation treatments should consider the soil’s inherent capacity to

buffer NH;s loss.
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4.1 Introduction

Globally, ammonia (NHas) volatilization from the application of synthetic nitrogen (N)
fertilizers accounts for about 14% of annual NHs-N emissions (Bouwman et al. 2002a). This N loss as
emitted NH3 causes a no-win situation between resource utilization and eco-environmental conservation.
Ammonia loss from applied N results in low fertilizer-N use efficiency, posing a substantial financial
cost to farmers (Pan et al. 2016). Furthermore, this N resource loss from agricultural systems turns into
pollutants in the atmosphere and causes cascading effects (Galloway et al. 2003) including soil
acidification, eutrophication, and declining biodiversity (e.g., Scudlark et al. 2005).

Increased use of fertilizer (especially N) is unequivocally a critical step in offsetting soil
nutrient depletion and securing food production in Sub-Saharan Africa (SSA). Use of fertilizer-N in
SSA is extremely limited; typically less than 10 kg N ha™* yr* (Vitousek et al. 2009), which is the main
cause of stagnantly low yields of cereal production in past decades. Regional and national efforts are
underway to increase fertilizer use six-fold to reach an average of 50 kg mineral fertilizer ha™ yr?
(AGRA 2009). In trial sites of the Millennium Villages Project, the recommended application rate of N
for maize (Zea mays L.) cultivation varied regionally up to 129 kg N ha™* based on national research
and extension services (Nziguheba et al. 2010). Considering the low N input in current African
croplands, Hickman et al. (2015) pointed out that at least 6 Tg N yr~* would be required just to reach
an average application rate of 75 kg N ha™* yr* for cereal production on existing agricultural land. This
unprecedented amount of N input will be subject to a large amount of NH3-N loss if not properly
managed, provided that urea heavily dominates N fertilizer consumption (over 50%; IFA 2017) and
topdressing of urea is the most common N management practice across SSA croplands.

Surprisingly, field measurements of NHs volatilization from applied fertilizer in SSA croplands
are rare, and to my knowledge, the way that NHs loss responds to increasing rates of N application has
not yet been evaluated in this region. Understanding the relationship between NHj3 volatilization and
increasing N application rates is urgently needed to develop proper guidance on N management
practices for local farmers. Field measurements in SSA are also essential to reducing uncertainties in
the global synthetic analysis of NH3 emissions (Pan et al. 2016; Jiang et al. 2017).

Urea is the most extensively used N fertilizer in tropical agroecosystems (IFA 2017). Its
hydrolysis is known as a key process in inducing NH;z volatilization by producing highly concentrated
NH.* with sharply raised pH (Black et al. 1987b). In acidic soils common to SSA croplands, pH rises
during urea hydrolysis owing to proton consumption by hydrolyzed COs?>~ and HCO3~ (Ferguson et al.
1984). As the pH increases, NHs volatilization occurs owing to the reaction between OH™ and NH4".
Therefore, mitigation strategies have been developed based mainly on two goals: reducing NH4*
concentration and inhibiting pH rise. The former includes retarding urea hydrolysis with urease
inhibitors (Cantu et al. 2017) and physical absorption of NH4* by applied biochar (Subedi et al. 2015).
The latter includes amendments with acidifying effects, e.g. pyrite with copper sulphate (Reddy and
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Sharma 2000). Acceleration of the nitrification process by activating nitrifying bacteria can reduce both
soil NH4* concentration and pH (Fleisher and Hagin 1981).

The soil’s inherent capacity to buffer NHs loss after urea application, however, is rarely
involved in the design of mitigation strategy. Soils with high cation exchange capacity (CEC) and pH
buffering capacity (PBC) are likely to have low NH; emissions even when the added amount of urea is
considerable (Haden et al. 2011). Soil properties like CEC and PBC can vary extensively across soils
(Haden et al. 2011), resulting in variable inherent capacity of the soil to buffer NHz loss. Therefore,
soil-specific assessment is essential to developing a practical mitigation strategy. Some farming
practices like irrigation and deep placement of urea are also well-established strategies for mitigating
NH; volatilization (Holcomb et al. 2011; Rochette et al. 2013a); nevertheless, their performance should
be tested under practical situations.

Increasing the urea application rate can be expected to change the soil NH4* concentration and
pH range, which is expected to affect NH; volatilization. Interestingly, previous studies have reported
inconsistent results on the effect of urea-N rate on proportional NHs-N loss (% of applied N loss as
NHs-N; or simply the emission factor), even within the category of acidic soil. Black et al. (1987a)
reported a positive effect, Tian et al. (2001) and Rimski-Korsakov et al. (2012) indicated a negative
effect, and Watson and Kilpatrick (1991) showed no clear correlation between urea application rate and
proportional NHs-N loss. As pointed out by Bouwman et al. (2002a), different factors (e.g., soil and
environmental) and processes (e.g., urea hydrolysis and nitrification) interact. This is supported by a
seven-year site study by Ma et al. (2010), where tremendous variation in NH3 volatilization was
observed both across years within the same soil type and across soil types within the same year.

Maize is the staple food for SSA people. Highlands in East Africa are generally densely
populated and intensively cultivated for production, and are known as the “bread basket.” For example,
in Tanzania, about 46% of maize production is contributed by the southern highlands, which make up
only 28% of the mainland area of this country (Bisanda et al. 1998).

The aim of this study was therefore to evaluate the effect of urea application rate on NH3
volatilization in SSA croplands with different soil properties. The specific objectives were to (1)
quantify the amount of NHs volatilization and emission factors as affected by urea application rate and
soil properties; (2) determine the soil’s inherent capacity to buffer NH; loss, above which large NH;
losses occur; and (3) figure out effective strategies to mitigate NH3 losses and assess the underlying

mechanism in maize fields in the East African highlands.

4.2 Materials and methods

4.2.1 Site description

Field experiments were conducted at two maize fields with different soil properties in the East

African highlands. One site is located in the village of Mangalali in the Iringa region of Tanzania (07°46’
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S, 35°34" E), which has an elevation of 1480 m. Maize has been cultivated by local farmers for more
than five years. The soil is classified as coarse-loamy, isohyperthermic, Kanhaplic Haplustalfs (ALF).
The other site is located in the town of Uyole in the Mbeya region of Tanzania (08°55' S, 33°31" E),
which has an elevation of 1780 m. It is used as experimental maize plots inside the Mbeya Agricultural
Training Institute. The soil is classified as clay-loam, isothermic, Dystric Vitric Haplustands (AND).
Soil classification was performed based on the USDA system (Soil Survey Staff, 2010). Detailed
properties of ALF and AND are presented in Table 4.1.

Table 4.1 Physical and biochemical properties of soil from top10 cm

Property ALF AND P value
Sand / % 88.4 29.6 -

Silt/ % 6.9 42.0 -

Clay /% 4.7 28.4 -
TC/% 0.53 £0.02 2.02 +0.02 <0.001
TN/ % 0.04 + 0.002 0.16 + 0.001 <0.001
pH initial / 1:5 H,O 5.66 + 0.07 6.34 +0.02 <0.001
CEC / cmol¢ kg™! 1.3+£0.3 18.9+0.3 <0.001
Ca%*/ cmolc kg™! 1.3+0.05 6.1+0.3 <0.001
Mg?* / cmolc kg™! 0.15 +£0.02 1.71+0.15 0.008
Na* / cmolc kg™! 0.02 £ 0.003 0.13+0.015 0.002
K* / cmol kg™ 0.09 + 0.005 2.12+0.13 0.004
PBC / mmol OH™ kg™ 95+0.3 57.1+0.3 <0.001
WHC / % 27.3+0.1 66.3+0.9 <0.001
UA:2/ ug N g ! hour™! 8.0+0.8 49+0.2 0.019
UA2/ ug N gt hour? 11015 6.0+0.2 0.028
UAz*/ ug N gt hour™ 74.0+6.4 222+59 0.004

CEC cation exchange capacity, PBC pH buffering capacity, measured as consumption of OH™ at pH 8.3 (Fig.
S4.1), WHC maximum water holding capacity.
3 UA1, urease activity measured at 25 °C without pH buffer; UA;, urease activity measured at 37 °C without

pH buffer; UAs, urease activity measured at 37 °C with pH buffer.

4.2.2 Experimental design and treatments

At each site, maize (Zea mays L.) was grown in a field (~700 m?) with a spacing of 0.7 m x 0.3
m, giving a population of ~48000 plants ha™. To facilitate the experimental setup and sampling process,
I cleared a small area (6 m x 8 m) from the field before the start of the experiment. Ammonia
volatilization was measured on this area without maize cultivation. Maize removal was not expected to
affect the experiment because | focused on the NH3 volatilization from soils applied with urea. Further,
volatilized NHs; was measured with enclosures (see the semi-open static chamber system below), which

largely excluded the interaction between crop and the fertilizer inside the enclosure, leading to a
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negligible difference between field conditions of maize removal and maize under cultivation.
Enclosures are much used in the field experiments allowing many treatments to be evaluated in the
same field (Sommer et al. 2004).

For the measurement of NHs volatilization, a randomized complete block design was adopted
for eight treatments: six urea application rates with surface broadcast (0, 30, 50, 70, 100, and 150 kg N
ha™, denoted as ON, 30N, 50N, 70N, 100N, and 150N, respectively) and two mitigation treatments with
an application rate of 100 kg N ha™* (irrigation of 10 mm water immediately after urea application,
denoted as 100N+W,; and deep placement of urea at 5 cm depth, 100N+DP). Three replicates were
measured for each treatment, resulting in a total of 24 plots. Each plot was 0.5 m x 0.5 m in size. Plots
were separated by a 0.5 m buffer. The plot size was designed based on the size of the chamber for NHs;
volatilization measurement (12 cm diameter cylinder; see below). According to local practices, urea is
always applied after rainfall during the rainy season. | therefore applied irrigation equivalent to 5 mm
rainfall to the ALF plots one day before starting the experiment. In the AND plots, the experiment was
started one day after a rainfall event (22 mm).

Adjacent to the plots for NH3 volatilization measurement, nine plots (0.5 m x 0.5 m size;
separated by a 0.5 m buffer) receiving three treatments (100N, 100N+W, and 100N+DP; with three

replicates) in a randomized complete block design were set up for soil sampling.
4.2.3 NHs volatilization measurement

A semi-open static chamber system was used for NH; volatilization measurement. A polyvinyl
chloride cylinder of 12 cm diameter and 30 cm height was inserted about 10 cm into the soil at each
plot. Two foam disks with a density of 0.026 g cm™ and a thickness of 2 cm were placed horizontally
inside each chamber at 10 cm and 20 cm above the soil surface, respectively. The lower disk trapped
NHjs volatilized from the soil, while the higher one prevented contamination from atmospheric NHs.
The diameter of the foam disks was made slightly larger than that of the chamber so that they would
remain in place when the foam expanded against the sides of the chamber. These foam disks were
soaked with acid reagents (1 M H3PQO4 + 4% v/v glycerol) before use. A volume of 20 ml of acid reagent
was verified to be sufficient to saturate the foam disk evenly but not drip from the foam or leach down
the sides of the chamber. During the experimental period, the chamber was sheltered from the direct
effects of rainfall and sunshine with a round PVC plate (42.5 cm in diameter) supported by four wood
sticks driven into the soil. The plate was slightly inclined by adjusting the heights of the wood sticks
and placed about 10 cm above the top of the chamber to allow air flow.

The foam disks were collected and replaced with freshly soaked foams 1, 3, 5, 7, 9, 12, and 17
days after urea application. Foam disks were sealed in plastic bags during transport. The trapped NH4*
was extracted by three sequential extractions with 100, 100, and 50 ml of 1 M KCI. Each time after

adding KCI solution, the foam disk was squeezed 10 times by hand and the extract was then transferred
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to a 500 ml volumetric flask. The final volume of the KCI extract was then brought to 500 ml by adding
1 M KCI. To verify the reliability of this extraction method, several fourth extractions were conducted
for samples from the 150N treatment, and these confirmed that the amounts of NH4* remaining were
negligible. The KCI extract was filtered (No. 6 filter paper, Adventec, Japan) and determined
colorimetrically using a flow injection auto-analyzer (Flow Analysis Method, JIS K-0170, AQLA-700
Flow Injection Analyzer, Aqualab Inc., Japan).

4.2.4 Environmental monitoring

At each site, in the plots used for NH3 volatilization measurement, four soil moisture probes
(ECH,0 TE, Decagon Devices, Inc., USA) were connected to a digital data logger (Em50, Decagon
Devices, Inc., USA) to monitor soil moisture and temperature at a 5 cm depth, at a frequency of every
minute. One of these four sensors was inserted into the ambient field, while the other three were used
for soils inside the chambers receiving the 100N, 100N+W, and 100N+DP treatments, respectively.
Soil moisture expressed as volumetric water content was separately calibrated with soils sampled from
each field (R? = 0.96 for the calibration function with n = 8 in ALF and R? = 0.97 with n =5 in AND).
Rainfall at each site was recorded every 10 minutes by a TE525MM rain gauge connected to a CR1000
data logger (Campbell Scientific, Inc., USA).

4.2.5 Soil sampling and analysis

In the 24 plots used for NHs volatilization measurement, soils were sampled from the top layer
(0—10 cm) before urea application to evaluate the initial soil characteristics. Soils were air-dried and
sieved through 2-mm mesh before being transported to Japan for analysis of total C (TC), total N (TN),
pH (initial pH), major exchangeable cations (Ca?*, Mg?*, Na*, K*), CEC, PBC, and urease activity. Air-
drying was verified to have negligible influence on the soil urease activity in this study (see Fig. S4.2
in the supplementary material).

The contents of TC and TN were determined with a CN analyzer (Vario Max CN, Elementar,
Germany). Major exchangeable cations were extracted with 1 M ammonium acetate at pH 7.0.
Exchangeable Ca?* and Mg?* were determined by atomic absorption spectroscopy and Na* and K* by
flame emission spectroscopy (AA-660 instrument, Shimadzu, Japan). To determine CEC, | washed the
residual soil with ethanol after ammonium acetate extraction and then extracted the remaining NH,*
with 10% sodium chloride. Extracted NH4* was determined by steam distillation and titration. To
determine PBC, titratable acidity was measured following Sakurai et al. (1989) with a potentiometric
automatic titrator (COM-1600, Hiranuma Sangyo Co., Ltd., Japan). Consumption of OH™ at pH 8.3 was
used to represent PBC, which is thus expressed as mmol OH™ kg™ soil (Fig. S4.1). Soil urease activity

was determined as the release of NH4*-N after 2-hour incubation following the procedure by Kandeler
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and Gerber (1988). Urease activity was determined at 25 °C (without pH buffer) and 37 °C (with and
without pH buffer); and expressed as mg NH4*-N kg soil hour™.

In the nine plots specially set up for soil sampling, chambers were also installed to maintain a
similar condition to the plots for NH; measurement, but with a larger diameter (35 cm). The larger area
covered allowed two subsamples to be taken from the chamber during each sampling activity. Two
subsamples were mixed to reduce uncertainties caused by sampling error. Soil samplings were
conducted at 0, 1, 3,5, 7,9, 12, and 17 days after urea application, and were analyzed for soil moisture,
pH, and mineral N (NH4* and NO3") concentrations. To detect whether immediate irrigation can move
dissolved urea and NH4* down to deeper soil and thereby reduce the surface NH4* concentration, |
sampled only the upper 3—4 cm soil from the 100N and 100N+W treatments. This is because the vertical
diffusion of urea-N and NH4* are often limited to within 3 cm after surface urea application (Black et
al. 1987b). For the 100N+DP treatment, in order to capture the effect of deep placement of urea on pH
change, | sampled soil from the top 7 cm covering the placement depth.

Field moist soils (around 50 g for each sample) were immediately transported to the local
laboratory for oven drying at 60 °C after recording the total moist weight. The dry weight of each sample
was then recorded before sieving through 2-mm mesh for subsequent analysis at the laboratory in Japan.
The difference in soil weight before and after oven drying, together with bulk density, was used to
calculate the volumetric water content. The soil pH (1:5 soil: water ratio) was measured with a glass
electrode (pH/ion meter LUQUA F-74BW, Horiba Ltd., Japan). Mineral N was extracted from 10.0 g
soil (dry base) with 30.0 ml of 1 M KCI for 30 min on a reciprocating shaker, and the suspension was
centrifuged (2000xg, 10 min) and filtered through filter paper (No. 6, Advantec, Japan). Extracted NH4*
and NOs~ were determined colorimetrically using the same flow injection auto-analyzer (Flow Analysis
Method, JIS K-0170, AQLA-700 Flow Injection Analyzer, Aqualab Inc., Japan).

4.2.6 Statistical analysis

An independent two-sample t-test was used to examine whether initial soil characteristics
differed between the two sites. Two-way analysis of variance (ANOVA) was used to examine the
effects of site and urea-N rate on cumulative NHs-N loss, with the interaction site x block included as
a between-subjects factor to reduce experimental error from source of variation. Residuals were plotted
with fitted values to check the model assumptions of independence and common variance. Normality
of the residuals was checked by the Shapiro-Wilk test. Levene’s test was applied to statistically check
equal variance across treatments. The statistically significant differences were identified as P < 0.05
unless stated otherwise. For three treatments (100N, 100N+W, and 100N+DP), Pearson correlation was
conducted between NHs-N loss and the soil variables of mineral N concentration, pH, and moisture

content, respectively.
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A linear function was fitted to cumulative NH3-N loss with urea-N rate for ALF, while a
piecewise function was fitted for AND. The breakpoint in the piecewise function was statistically
estimated using the segmented package for the R software version 3.3.3 (http://www.r-project.org).
Sigmoid (three and four parameters), exponential (growth and rise to maximum), and quadratic curves
were fitted to proportional NHs-N loss with urea-N rate at each site using the non-linear least square
method (the nls function in R). Model comparison was conducted using the Bayesian Information
Criterion (BIC) together with ‘pseudo R?’, which was calculated as 1 — (residual sum of squares/total
sum of squares). All statistical analyses were carried out with R (version 3.3.3).

4.3 Results

4.3.1 Soil properties and environmental factors

Significant differences (P < 0.05) in initial soil characteristics were observed between ALF and
AND, as shown in Table 4.1. ALF was lower in TC, TN, initial pH, CEC, major cations, PBC, and
water holding capacity as compared with AND, but higher in urease activity measured under all
conditions (25 °C without pH buffer, 37 °C with and without pH buffer).

Rainfall distribution, temporal variation of soil moisture, and temperature at 5 cm depth in the
field and inside the chambers under three treatments (100N, 100N+W, and 100N+DP) are presented in
Fig. 4.1. After the experiment started, several rainfall events were recorded in ALF but not in AND
plots. Large difference of soil moisture between the 100N treatment and the field was observed in ALF
but not AND (Fig. 4.1). In ALF, lower soil moisture in the 100N treatment compared with that in the
field was attributed to the shelters above the chamber, which prevented direct water supply from rainfall.
In AND, no difference of soil moisture between the 100N treatment and the field was expected as no
rainfall events occurred after starting the experiment. At both ALF and AND, soil moisture was higher
in 100N+W, followed by 100N, and lower in 100N+DP. The practice of deep placement probably
reduced the soil bulk density and resulted in lower volumetric water content. Averaged daily soil
temperature inside the chamber was higher for ALF (22.3 °C) than for AND (17.3 °C) and was
negligibly affected by the treatments. Daily maximum soil temperature was lower inside the chambers
compared with that in fields in both ALF and AND.
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Fig. 4.1 Environmental factors including (a, b) soil moisture and (c, d) temperatures of three treatments

(100N, 100N+W, and 100N+DP) and the field as well as rainfall monitored during the study period in ALF

and AND, respectively. 100N surface application of urea with 100 kg N ha™, 100N+W irrigation of 10 mm

water immediately after urea application with 100 kg N ha™*, 100N+DP deep placement of urea (100 kg N

ha™) at 5 cm depth.

4.3.2 NHz volatilization under different urea-N rates at two croplands

NH;-N loss between sampling dates differed by urea-N rate and sampling time during the first
week after urea application at both ALF and AND (Fig. 4.2). NHs-N loss from the ON treatment
remained low and constant across the study period at both sites. In urea-applied plots, the peak of NHs-
N loss between sampling dates occurred on sampling day 3, with the peak in ALF much higher than
that in AND under the same urea-N rate (Fig. 4.2). On sampling day 3, NHs-N loss between sampling
dates contributed 73-82% and 42-55% of the cumulative NHs-N loss in ALF and AND, respectively.
NHa-N loss between sampling dates dropped progressively to a low level after sampling day 3 in ALF,

while it extended to sampling day 7 in AND.

43



| ALF | AND

&

T
¢ b

Eﬂ 60 @) ;t —oe—— 0N -

= / ‘\ ......... e 30N

g 8 I\ — & — 100N

2300 Iy \! ——o—— 150N

o oD | &\

i AR\

RN N Z4\\ o

%m 08 B i = || == . m—— .
1 3 5 7 9 11 13 15 17 1 3 5 7 9 11 13 15 17

Days after urea application Days after urea application

Fig. 4.2 Fluctuation of NHs-N loss between sampling dates under different urea-N rates at (a) ALF and (b)
AND. Error bars represent standard errors of the means (n = 3).

The cumulative NHs-N loss was significantly (P < 0.001) affected by urea-N rate, and the
significant interaction (P < 0.001) of urea-N rate x site resulted in consistently higher—more than
double—cumulative NHs-N loss from ALF than from AND at the same urea-N rate (Tables 4.2, S4.1).
In urea-applied plots, cumulative NHs-N loss ranged from 11.1 to 77.6 kg N ha* and from 1.9 to 32.7
kg N ha* for ALF and AND, respectively, corresponding to the range of proportional NHz-N loss from
36.4 t0 51.6% and from 5.2 to 21.6%, respectively (Table S4.1). In ALF, the first three days contributed
to more than 85% of cumulative NH3-N losses in all urea-applied plots, while it took seven days to

reach a similar contribution in AND.

Table 4.2 Two-way ANOVA showing the effects of urea-N rate and site on the cumulative NH3-N loss

Source DF MSq F P
Urea-N rate 5 2476.9 306.8 <0.001
Site 1 4381.5 542.7 <0.001
Block x Site 4 17.6 2.2 0.108
Urea-N rate x Site 5 387.1 47.9 <0.001
Residual 20 8.1

DF degrees of freedom, MSq mean square

The response of cumulative NH3-N loss to increasing urea-N rates varied across sites (Fig. 4.3a,
b). A linear pattern (R? = 0.996, P < 0.001) with a relatively high slope (0.527) was observed in ALF
(Fig. 4.3a). The intercept with urea-N rate showed that only about 5 kg N ha™ could be applied without
subjecting to NHs-N loss. In AND, a piecewise pattern (R?> = 0.96, P = 0.02) was found, with a breaking
point occurring at a urea-N rate of 59 kg N ha™* (Fig. 4.3b), indicating a threshold of cumulative NHs-

N loss at much higher urea-N rate.
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In describing the response of proportional NHs-N loss to urea-N rate, a sigmoid model with
three parameters (BIC = 14.8) was equally well fitted as an exponential rise to maximum model (BIC
= 12.7) for ALF (Table 4.3). A sigmoid model with four parameters (BIC = 2.2) provided a clearly
better fit than any other models for AND (Table 4.3). Both well-fitted models for ALF showed a sharp
increase in proportional N loss and reached a ceiling level (51%, as indicated by the parameter a in both
models) with increasing urea-N rate (Fig. 4.3c; Table 4.3). In the sigmoid curve for AND, a “lag phase”
of low proportional N loss was observed before the fast “growing phase” and the final “maximum phase”
(Fig. 4.3d). The “lag phase” representing the inherent capacity of the soil to buffer NHz-N loss was
missing in ALF, while a range of urea-N rate from 0 to 60 kg N ha™* could be safely adopted in AND.
As indicated by the parameter b in sigmoid models for ALF and AND (Table 4.3), the maximum
increasing rate of proportional NHs-N loss occurred at a much lower rate of urea-N in ALF (14 kg N
ha™) than in AND (84 kg N ha™?).
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Table 4.3 Model parameters, Bayesian information criterion (BIC), and R? for models describing the

proportional NHs-N loss in response to urea-N rate (u) at each site

ALF AND
Model Parameter BIC R? Parameter BIC R?
estimates estimates
Sigmoid with 3 parameters a=50.851 14.8 0.989 a=23.241 27.6 0.922
a/{1 + exp(—(u —b)/c)} b =13.993 b =75.380
c=17.043 €c=22454
Sigmoid with 4 parameters NC - - Yo = 5.397 2.2 0.999
yo + a/{1 + exp(—(u— b)/c)} a=16.185
b =84.490
€ =7.585
Exponential growth a=39.070 30.5 0.651 a=4.550 30.8 0.796
a x exp(b x u) b =0.00212 b =0.0109
Exponential rise to maximum a=51.318 12.7 0.994 NC - -
ax {l —exp(-bxu)} b =0.0421
Quadratic a=26.787 24.7 0.922 a=-3.027 30.2 0.868
a+(bxu)+(cxu?) b =0.424 b =0.224
c= c=
—0.00174 —3.56x10~*

NC not converged, R? was calculated as 1 — (residual sum of squares/total sum of squares).

4.3.3 Performance of NHs-N loss mitigation treatments

At the two sites, both mitigation treatments (100N+W and 100N+DP) effectively reduced the
cumulative NHz-N loss (Fig. 4.4) to near-background level (the ON treatment). At each site, cumulative
NHs-N loss from 100N+W (0.7 and 1.6 kg N ha™t in ALF and AND, respectively) was slightly higher
than that from 100N+DP (0.2 and 0.3 kg N ha™* in ALF and AND, respectively), but not significantly
different (P> 0.9 and P > 0.3 in ALF and AND, respectively).
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Fig. 4.4 Performance of mitigation treatments in reducing cumulative NHs-N loss after urea application at
(a) ALF and (b) AND. 100N surface application of urea with 100 kg N ha, 100N+W irrigation of 10 mm
water immediately after urea application with 100 kg N ha™*, 100N+DP deep placement of urea (100 kg N

hat) at 5 cm depth. Error bars represent standard errors of the means (n = 3).

4.3.4 Variation in soil mineral N, pH, and moisture

Soil NH4* concentrations varied in response to treatment (L0ON, 100N+W, and 100N+DP) and
sampling time at both ALF and AND (Fig. 4.53a, b). At each site, soil NH," concentrations in the 100N
treatment peaked after urea application and were consistently higher than those in the other two
treatments (LOON+W and 100N+DP; Fig. 4.5a, b; Table S4.2). Soil NH4* concentrations in the 100N
treatment ranged from 1.5 to 140 mg N kgt in ALF, and from 44 to 428 mg N kgt in AND. At each
site, the 100N+W and 100N+DP treatments resulted in similar soil NH4* concentrations, ranging from
1.5t0 79 mg N kg in ALF and from 44 to 200 mg N kg* in AND, respectively. At each site, soil NO3~
concentrations were generally higher in the 100N+W treatment after urea application, and the variations
in the other two treatments were similar (Fig. 4.5¢c, d). In ALF, soil NO3~ concentrations gradually
increased from 1.6 mg N kg to a similar level (ca. 72 mg N kg™) among the three treatments (Fig.
4.5¢). In AND, the range of soil NO3~ concentrations was much larger in the 100N+W treatment (5.8—
219 mg N kg™?) than in the other two treatments with a similar range (5.8-130 mg N kg*; Fig. 4.5d).
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Fig. 4.5 Soil factors including (a, b) NH4* concentration, (c, d) NOs™ concentration, (e, f) pH, and (g, h)
moisture content for three treatments (100N, 100N+W, and 100N+DP) monitored in ALF and AND,
respectively. 100N surface application of urea with 100 kg N ha™*, 100N+W irrigation of 10 mm water
immediately after urea application with 100 kg N ha™*, 100N+DP deep placement of urea (100 kg N ha™?)
at 5 cm depth. Note that in the 100N and 100N+W treatments, soils were sampled from 0-3 cm, whereas in
the 100N+DP treatment, soils were sampled from 0-7 cm. Error bars represent standard errors of the means
(n=3).
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Soil pH followed very similar variation patterns to soil NH4* concentrations in ALF and AND
(Fig. 4.5¢, f; Table S4.2). In ALF, pH in the 100N treatment peaked at 8.4, which was much higher than
the peak in the 100N+W treatment (7.1) or 100N+DP treatment (6.9). In AND, the highest pH peak was
also found in the 100N treatment (7.3), followed by those in the 100N+DP treatment (6.8) and 100N+W
treatment (6.7). Soil moisture at both sites was generally higher in the L00N+W treatment and lower in
the 100N+DP treatment, with soil moisture in the 100N treatment varying in between across sampling
times (Fig. 4.5g, h; Table S4.2).

Soil pH and NOs~ concentrations were most frequently correlated with NHs-N loss between
sampling dates (Table 4.4). Soil NO3™ concentrations were negatively correlated with NH3-N loss, with
the exception of the weak correlation found in the 100N+DP treatments at both sites. Soil pH was
significantly (P < 0.1) and positively correlated with NH3-N loss in all the treatments that showed
relatively high cumulative NHs-N loss (the 100N treatment in ALF and 100N and 100N+W treatments
in AND). Significant correlation between soil NH4" concentration and NHs-N loss was only found in
the 100N treatment in AND. Soil moisture was significantly (P < 0.05) correlated with NH3-N loss in
the 100N treatment in ALF and in the 100N+W treatment in AND.

Table 4.4 Correlation (n = 7) between NHs-N loss and soil variables of mineral N concentrations, pH, and
moisture content (VWC) for treatments of 100N, 100N+W, and 100N+DP (see footnotes for the

description of these treatments) during the study period

NH4* NO3~ pH VWC
(mg kg™) (mg kg™) (1:5 H0) (m3m™)
ALF 100N? 0.35 -0.77 0.71 0.86°
100N+W2 -0.29 -0.77 0.14 0.52
100N+DP 0.07 0.14 -0.06 -0.07
AND 100N? 0.81 -0.50 0.98 0.27
100N+W2 0.33 -0.76 0.91 0.81
100N+DP -0.51 -0.14 -0.21 0.16

Italics, bold, and both indicate the significance of the Pearson correlation at P < 0.1, < 0.05, and < 0.01,
respectively.

100N surface application of urea with 100 kg N ha™*, 100N+W irrigation of 10 mm water immediately after
urea application with 100 kg N ha*, 100N+DP deep placement of urea (100 kg N ha™?) at 5 cm depth.

@ Data on NH3-N loss between sampling dates were log transformed before correlation analysis.

b Spearman correlation (P = 0.006) was applied owing to violation of the normality assumption.
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4.4 Discussion

4.4.1 NHs volatilization in response to urea application across two croplands

ALF was much more susceptible than AND to NHs-N loss after urea application (Fig. 4.2, 4.3;
Table S4.1), as the lowest proportional NH3-N loss from the 30N treatment in ALF (36.4%) was about
15% higher than the highest loss from the 150N treatment in AND (21.6%). This could be attributed to
the different soil properties (PBC, CEC, and urease activity) and environmental factor (soil temperature)
(Table 4.1; Fig. 4.1). Enhancement of the native soil PBC (i.e., by adding hydroxyl-Al polymer or acid
cation exchange resin) has been shown to reduce soil surface pH and thus cumulative NHs-N loss after
urea application (Ferguson et al. 1984). A close and negative correlation between proportional NH3-N
loss and CEC (R = —0.846) was reported for eight arable soils applied with cattle urine (Whitehead and
Raistrick 1993). Higher soil urease activity stimulates urea hydrolysis rate, raising soil pH and NH4*
concentrations more sharply and leading to higher NH3-N loss (Soares et al. 2012). Furthermore, at the
same study site receiving surface urea application, lower proportional N loss was recorded in the winter
than in the summer (Elliot and Fox 2014), possibly because the low temperatures depressed urease
activity. All the findings mentioned above suggested that ALF would be more susceptible to NHs-N
loss, as it was lower in PBC and CEC, and higher in urease activity and soil temperature. Lower initial
soil pH is expected to contribute to the reduction of NHs-N loss (He et al. 1999), yet in ALF, the weak
PBC outweighed its low initial pH in reducing NH3-N loss (Table 4.1).

The sigmoid model was found to be helpful in describing the relationship between urea-N rate
and proportional NHz-N loss in the present study. Sigmoidal curves are commonly fitted to cumulative
NHs-N loss with time (e.g., Soares et al. 2012; Subedi et al. 2015), but are seldom considered for
proportional N loss with urea-N rate. This is partly due to the limited numbers of urea-N rates tested in
previous studies, most of which tested two or three rates in addition to the control, as summarised in a
study by Rochette et al. (2013b). Furthermore, the resolution of the lower range of urea-N rates was too
low (mostly one rate under 100 kg N ha™?) to be fitted with a sigmoidal curve to capture the inherent
capacity of the soil to buffer NHs-N loss. It is, however, very important for small farm holders in SSA
to adopt a relatively low urea-N rate and achieve high urea-N use efficiency. The full sigmoid curve
would also have been drawn for ALF provided that a lower urea-N rate (i.e., < 20 kg N ha™*) had been
included in the measurement.

Parameter Yo in the sigmoid model for AND (Fig. 4.3d; Table 4.3) could be explained by the
high local soil pH and NH4* concentration exceeding the buffering capacity of the limited soil in contact
with each urea granule (Black et al. 1987b). At lower urea-N rates, most urea diffusions from adjacent
granules did not overlap, which might explain the constant proportional NHs-N loss of the “lag phase”

in AND. Such a “lag phase” might also result from CEC with pH-dependent charges. Before being
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saturated, more NH4* would be retained by greater CEC at increasing urea-N rates, keeping the loss of
NH4* through NH; emissions proportional.

The proportional NH3-N loss generally increased with urea-N rate in the present study (Fig.
4.3b), yet patterns with various effects of urea-N rate have been reported for acidic soils receiving
surface application, including higher, similar, and lower proportional NHs-N losses at higher urea-N
rates (Black et al. 1987b; Watson and Kilpatrick 1991; Tian et al. 2001). With an increased urea-N rate,
more urea granules were hydrolyzed on the same area of soil, causing higher local soil pH and NH4*
concentrations (Black et al. 1987b). Urea hydrolysis rate could also be stimulated by an increased
substrate (urea) concentration within a certain range (Singh and Nye 1984). Both could contribute to a
greater proportional NHs-N loss at the higher urea-N rate. For studies reporting no effect of urea-N rate,
a maximum level to which soil pH could rise might prevent further increase in proportional NHs-N loss
at higher urea-N rate (Watson and Kilpatrick 1991). This seems to explain the “maximum phase” in
ALF (Fig. 4.3c), which started at a relatively low urea-N rate. Saturation of urease activity at higher
urea-N rate (Dalal 1975), however, might explain the “maximum phase” in AND (Fig. 4.3d), as much
lower urease activity (Table 4.1) and peak of pH were found in the 100N treatment (Fig. 4.5f). The
relationship between urea-N rate and proportional NHs-N loss in the present study can be described by
combining the above-mentioned two patterns—greater proportional N loss and levelling out with
further increasing urea-N rate—with AND exhibiting a considerable inherent capacity to buffer NH3-N
loss, which formed the “lag phase.”

The only study, to my knowledge, reporting lower proportional NHs-N loss at higher N rates
(acidic soil receiving surface urea application; Tian et al. 2001), was conducted on wheat crops in the
winter season. A corresponding explanation, however, was not provided. Temperature is a controlling
factor for microbial activity. At low temperatures (10 °C), nitrification activity can still be high
(Avrahami et al. 2003), while urease activity is likely to be depressed (Sahrawat 1984). Together, these
can lead to two consequences: easier saturated urease activity, meaning comparable hydrolysis rate
among different urea-N rates; and extended duration of NHs volatilization (Elliot and Fox 2014), which
allows the nitrification process to be activated to stimulate the reduction of NH3-N losses (Fleisher and
Hagin, 1981). However, the absence of in situ measurements of soil pH and mineral N concentrations

prevents a full explanation of the result.
4.4.2 Mitigation of NHs loss

Both the 100N+W and 100N+DP mitigation treatments performed well in the current study to
reduce NHs-N loss (Fig. 4.4). In order to assess the underlying mechanism of such reductions, soil
mineral N, pH, and moisture were monitored for three treatments (100N, 100N+W, and 100N+DP)
during the study period.
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The effective inhibition of soil pH increase following urea hydrolysis is likely the main reason
for the good performance of both mitigation treatments. The timing of depressed peaks in soil pH
coincided with dropped peaks of NH3-N loss in both mitigation treatments (Fig. 4.2, 4.5e, f), and
positive correlations (P < 0.1) were found for those treatments with relatively large cumulative NH3-N
losses (Table 4.4). Mitigation treatments did reduce soil NH4* concentrations after urea application (Fig.
4.5a, b; Table S4.2); nonetheless, NH3-N loss in the 100N treatments simply dropped with decreased
soil pH while NH4* concentrations remained relatively high (i.e., after day 3; Fig. 4.2, 4.5a, b). Reduced
correlations between soil NH," concentration and NHs-N loss by mitigation treatment were found in
AND but not in ALF (Table 4.4). Therefore, there may not be a response of NH3-N loss to high NH,*
concentrations in the absence of favorable soil pH (i.e., pH > 7.4 in ALF and >6.8 in AND). Rochette
et al. (2013b) also reported that soil pH raised above 7 was the main factor explaining the exponentially
increased NH3-N loss. The current result is further supported by the low NH3-N loss reported in studies
that NH.*-N fertilizer was added without inducing a rise in soil pH (Sommer et al. 2004; Zaman et al.
2008).

The nitrification process seemed to be affected by the 100N+W treatment (Fig. 4.5¢, d; Table
S4.2), and possibly contributed to NH3-N loss reduction in ALF but not in AND. Close inspection of
Fig. 4.5¢ reveals that in ALF, the 100N+W treatment resulted in a higher NO3~ concentration in the
early period of this study. During this period, substantial NHs-N losses occurred, and therefore active
nitrification might have contributed to NHs-N loss reduction. By contrast, a higher NO3~ concentration
in AND was observed in the later period of the study (Fig. 4.5d), during which soil pH had already
dropped because of NHj3 volatilization and nitrification could only further acidify the soil. Different
activation timing of the nitrification process in the 100+W treatment between the two sites may result
from the different initial soil moisture status. Nevertheless, activating the nitrification process before or
during urea hydrolysis could help reduce NHs-N loss (Fleisher and Hagin 1981), whereas inhibited or
delayed nitrification may increase NHs-N loss from soil after urea application (Soares et al. 2012).

Soil moisture is unlikely to explain the reduction of NHs-N loss in the current mitigation study,
although it responded to the different treatments (Table S4.2; Fig. 4.5g, h). As expected, soil moisture
was higher in the 100N+W treatment and generally lower in the 100N+DP treatment (Fig. 4.5g, h),
while the 100N treatment, which volatilized a substantial amount of NHs-N (Fig. 4.4), had intermediate
soil moisture content. A change in soil moisture may influence NHs-N loss in two ways: from initially
dry to adequately moist condition, it stimulates urea hydrolysis and thus increases NHs-N loss; and from
adequately moist to saturated condition, it induces downward movement of urea and NH.* solution and
thus reduces NHz-N loss (Black et al. 1987a; Kissel et al. 2004). Local farming practices in which urea
application is carried out when the soil is wet (after rainfall) actually increase the risk of NH3-N loss,
as Black et al. (1987a) and Sigunga et al. (2002) reported that NHs-N loss increased with wetter soil

(starting from the permanent wilting point) and reached a maximum with soil at field capacity.
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4.4.3 Implications for managing NHz loss in SSA croplands

Approaches to mitigating NHs-N loss have been extensively investigated (Sommer et al. 2004;
Holcomb et al. 2011), including utilization of urease inhibitor, slow-release urea, and neutral or acidic
N fertilizer produced at a higher cost. However, the availability of many approaches to small-farm
holders in rain-fed SSA agriculture is largely limited, owing to their limited accessibility to resources
and low-income levels. Knowing the soil’s inherent capacity to buffer NHs-N loss and involving it in
the design of mitigation strategy are therefore critical. For instance, soils with similar properties and
climatic conditions to AND in this study are likely to buffer NHs-N loss inherently when a considerable
amount of urea-N is applied. A single application of up to 60 kg N ha* urea is quite sufficient to improve
the yield. In contrast, soils with similar properties and climatic conditions to ALF in this study should
avoid surface application of urea, even at a low rate, such as 30 kg N ha™™.

The rain-fed cropping system is dominant in SSA agriculture, and irrigation is rare owing to
the lack of water resources and accessible facilities. In soils with a small inherent capacity to buffer
NHs-N loss, | recommend that local farmers determine the timing of urea application based on weather
forecast or personal experience, ensuring that rain falls soon after urea application or even applying the
urea during a rainfall event. To my knowledge, however, local farmers prefer to apply urea after rainfall,
which actually increases the risk of NH3-N loss, as previously discussed.

Deep placement of urea could require high labor costs in SSA croplands where only manpower
is usually available. Dripping pipes (drilled with equally distributed holes) can be buried at around 5
cm soil depth and connected to a bucket at a relatively higher elevation. Urea can then be dissolved in
the bucket before application. Such a simple drip system is easy to construct and is recommended to

achieve the same performance as deep placement.

4.5 Conclusions

To my knowledge, this is the first study to report the effect of urea-N rate on the proportional
NHs-N loss in SSA croplands. In two soils (ALF and AND) cropped to maize in the East African
highlands, ALF was found to be much more susceptible than AND to NHj3 loss after surface urea
application, mainly owing to the different soil properties (PBC, CEC, and urease activity) and
environmental factor (soil temperature). ALF had no inherent capacity to buffer NHs loss, so surface
urea application is not recommended, while up to 60 kg N ha* could be applied in AND without
inducing substantial proportional NH3-N loss. Mitigation of NHs loss through irrigation and urea deep
placement all performed well, mainly owing to their effective inhibition of soil pH rise following urea
hydrolysis; the contribution from the nitrification process in the irrigation treatment could also be a
factor. Suitable strategies (i.e., rain forecast-based urea application and simple drip system) are
recommended based on the results of the current mitigation treatments. These results highlight that in

acidic soils common to SSA croplands, the proportional NH3z-N loss can be substantial even at a low
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urea-N rate, and that soil’s inherent capacity to buffer NHs loss should be involved in forming N
management practices. Future research needs to better understand the underlying mechanisms of NH3
volatilization from applied N fertilizer for designing effective mitigation strategies targeting different

agro-ecological zones.
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Fig. S4.1 Titratable acidity to represent the pH buffering capacity of soils at ALF (n = 6) and AND (n = 3).

Shaded area indicates 1 standard deviation.

Experimental description for Fig. S4.1:

Titratable acidity was measured using a potentiometric automatic titrator (COM-1600, Hiranuma
Sangyo Co., Ltd., Japan) following Sakurai et al. (1989) with a slight modification. Briefly, weight 4.0 g of
air-dried soil < 2 mm into a 100 ml glass beaker and added 40 ml 0.01 mol L™ NaCl solution as supporting
electrolyte. After pre-equilibrium by magnetic stirring for 2 min, NaOH solution with a concentration of
0.01 mol L™ was added at a rate of 0.05 ml min~* with continuous magnetic stirring. Measurements for the

ALF soil include six replicates randomly sampled across the experimental field, while three replicates were

included for the AND soil.
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Fig. S4.2 Effect of air-drying on the soil urease activity of the field-moist soil samples from ALF and AND.

Error bar represents standard error of the means (n = 3). P values are from t-test.

Experimental description for Fig. S4.2:

The fresh soils were sampled at the beginning of the fourth maize cropping season (early December
of 2016; the season following the NHs volatilization study) from fields where the NH3 volatilization study
was conducted. The soils contained relatively low initial moisture content, with 2% for ALF and 5% for
AND. The fresh soils (sieved through 2 mm mesh) from each study site were divided into two groups
undergoing two treatments respectively: one group of samples remained in the fridge (4 °C) as fresh samples,
the other group of samples were air-dried at 25 °C for about two weeks till a constant weight. Two group
samples were then analyzed for soil urease activity at the same time. Soil urease activity was determined as
the release of NH4*-N after 2-hour incubation at 37 °C with a borate buffer at pH 10.0, following the
procedure by Kandeler and Gerber (1998). This result that no significant effect of air-drying of fresh soils

on the soil urease activity agreed with the findings by Zantua and Bremner (1975).
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Table S4.1 Mean values (+ standard error, n = 3) of cumulative NHs-N loss and corresponding proportional

NH3-N loss (EF, meaning emission factor)

ALF AND

Cumulative loss EF Cumulative loss EF

(kg N ha™) (%) (kg N ha™) (%)
ON 0.2+0.10a - 0.3+0.04a -
30N 11.1+09b 36.4+29a 19+0.1ab 5.2+0.3a
50N 23.1+36¢ 459+71a 3.2+03ab 58+06a
70N 34.1+06d 485+0.8a 56+19b 75+27a
100N 50.1+34¢e 499+34a 201+11c 19.7+11b
150N 776+07f 51.6+05a 32.7+28d 21.6+19b

Values followed by the different letter (column) indicate significant different (Tukey contrast, P < 0.05).

Table S4.2 Mean values (+ standard error, n = 24) of soil mineral N concentrations, pH, and moisture content
(VWC) for treatments of 100N, 100N+W, and 100N+DP (see footnotes for the description of these

treatments)
NH.* NOs~ pH vwe
(mg kg™) (mg kg™) (1:5 H0) (m*m™)
ALF 100N 775+8.1 254+48 6.904 + 0.167 0.109 + 0.005
100N+W 50.7 +5.8 32.6 +4.6 6.088 + 0.156 0.123 + 0.006
100N+DP 58.4 + 6.6 276+45 6.323+0.118 0.087 + 0.006
AND 100N 274.0+235 57.5+ 8.4 6.591 + 0.106 0.298 + 0.006
100N+W 138.2 + 16.0 89.4 +15.7 6.173 +0.083 0.329 + 0.008
100N+DP 153.4 +14.2 60.3+9.9 6.294 + 0.081 0.294 + 0.007

100N surface application of urea with 100 kg N ha™*, 100N+W irrigation of 10 mm water immediately after

urea application with 100 kg N ha™t, 100N+DP deep placement of urea (100 kg N ha™) at 5 cm depth.
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CHAPTER 5
Nitrate Leaching from Critical Root Zone of Maize in Two Tropical
Highlands of Tanzania: Effects of Fertilizer-Nitrogen Rate

and Straw Incorporation

Abstract

In addition to environmental and public health concerns, nitrate (NOs") leaching from
agriculture represents an additional economic cost to smallholder farmers in Sub-Saharan Africa. Little
field leachate data, however, are available for the cropping systems in this region, where efforts are
underway to increase fertilizer (especially nitrogen, N) use to secure food production. During 2015-
2017, I monitored NO3~ leaching from the critical root zone (0-0.3 m) of maize in the tropical highlands
of Tanzania, using repacked soil monolith lysimeters. Four urea-N rates (0, 50, 100, and 150 kg N ha™;
split into two dressings) and two combined applications (maize straw with 50 and 150 kg N ha™) were
evaluated in two soil types (sandy Alfisols and clayey Andisols). The soil rewetting process, particularly
at the onset of the rainy season and following N applications, was a critical driver of NO3~ loss. Nitrate
loss increased exponentially with increasing N rates, yet inter-annual variation was observed in response
to the inter-annual variation in rainfall and the preceding fallow management. Relating cumulative NO3~
loss to maize yield under increasing N rates revealed a tipping point—occurrence depending on
season—above which yield increments were accompanied by substantial NOs;~ loss. Straw
incorporation induced net N immobilization in the early growing season, and reduced NOs™ losses by
3.3-6.3 kg N ha™*, but no effect was observed on the cumulative NO3~ losses or maize yields. The NOz™
loss reductions (equivalent to 1.2-2.7 kg N Mg added C) were far below the potential of net N
immobilization by the decomposition of straw (18.0-38.1 kg N Mg added C). This was likely caused
by large pieces of straw (~0.15 m) used in the field, which could have induced N limitations and
biomass-N recycling in the decomposition microsites. These results showed the potential to enhance
maize yield without inducing substantial N leaching loss by adopting the proper N rate in the tropical
highlands of Tanzania, and highlighted that temporary immobilization of leachable N by using large
pieces of straw (~0.15 m) in the field was inefficient for the improvement of N synchrony and benefits

to yield.
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5.1 Introduction

Sub-Saharan Africa (SSA) struggles to be food self-sufficient (van Ittersum et al. 2016) as rapid
growth of the population is projected (United Nations 2017); however, the croplands have been
historically unproductive (Hazell and Wood 2008). The stagnantly low yields of cereal production (~1
Mg cereal ha™*) are mainly caused by the continuous mining of soil nutrients (especially nitrogen, N)
without proper return (Sanchez 2002), which is driving a growing recognition and efforts to increase
fertilizer use in this region (AGRA 2009; Vanlauwe et al. 2014b).

To offset soil N depletion and secure food production, the amount of N input to SSA croplands
would be substantial with the increase in fertilizer use. As pointed out by Hickman et al. (2015), at least
6 Tg N yr* would be required just to reach an average application rate of 75 kg N ha™* yr* for cereal
productions on existing agricultural lands in SSA. This unprecedented input of N to croplands would
increase N availability and cycling and subsequently nitrate (NO3”) leaching from agroecosystems
(Galloway et al. 2008), particularly in tropics of SSA that experience seasonal rainfall with high
intensity.

Nitrate leaching from agriculture can have environmental and public health consequences (Qin
et al. 2010; Han et al. 2016). Enrichment of NO3™ in the ground and surface waters can cause algae
blooms, induce hypoxia, and consequently kill fishes (Diaz and Rosenberg 2008). High-nitrate levels
in drinking water pose a serious health threat to children and pregnant women (Gatseva and Argirova
2008; Water Quality Association 2014). Such health risk can be particularly acute in developing regions
like SSA, where drinking water is generally obtained from shallow wells or streams. Further, NO3~
leaching could be of socioeconomic significance for the smallholder African farming systems given the
poor income of local farmers (Nyamangara et al. 2003).

The increase in fertilizer use can be expected to increase NOs~ leaching, yet the quantity and
pattern may change with varying environmental and soil factors (e.g., rainfall, soil type, etc.) and
management factors (e.g., cultivation-fallow sequence, organic residue input, etc.). Higher rainfall
amounts increase drainage volume and likely flush more NO3z~ from the plant root zone (Russo et al.
2017). By contrast, clayey soils tend to have a higher water-holding capacity and retain NO3™ available
to plant and microbes for a longer time; therefore, it may reduce the NOs™ leaching (Tully et al. 2016;
Zheng et al. 2018b). Fallow management preceding cultivation often increases N availability for both
crop uptake and leaching loss (Maroko et al. 1998; Hartemink et al. 2000). Compared with chemical
fertilizer, organic inputs in the field release N slower (Palm et al. 2001) or may temporarily immobilize
soil mineral N (Recous et al. 1995); depending on its quality, it may potentially contribute to reduced
leaching loss. Overall, factors influencing the drainage volume and the NOs™ concentrations in the
leachate can alter NOs™ leaching loss. However, little field data are available for NOs™ leaching from
SSA croplands. Based on a recent review by Russo et al. (2017), only six studies measured NO3z~

concentrations in the leachate water, even less than those conducted in individual research farms in
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central California. Field measurements are therefore urgently needed to predict the NOs™ leaching loss
from farms and guide farmers as N application rate increases across SSA.

Combined use of low-quality organic residues and chemical fertilizer, as the technical basis and
one of the major components in Integrated Soil Fertility Management, has been widely promoted across
SSA (Kimani et al. 2003). Vanlauwe et al. (2001) formulated an attractive direct hypothesis on the
combination of these two types of resources, stating that temporary immobilization of mineral N and
subsequent release because of microbial decomposition of residues (added as a source of carbon, C)
may reduce N leaching loss and improve N synchrony. Indeed, reduced N leaching loss through
immobilization has been proved through laboratory incubations (Sakala et al. 2000). However, such a
hypothesis has not been effectively verified by field leachate measurements, and it is still uncertain how
such improved N synchrony, if verified, can benefit the final yield. In tropical areas having distinct dry
and wet seasons, soil mineralized N at the beginning of the rainy season can be excessive (>40 kg N
ha™) and prone to leaching loss (Sugihara et al. 2012a; Zheng et al., 2018b). If low-quality residues can
be used to temporarily immobilized this potentially leachable N from soil for subsequent crop uptake,
both fertilizer-N input from farmers and N leaching loss can be reduced.

The use of lysimeters is an established method for measuring the downward movement of water
and nutrients through the soil profile (Goss and Ehlers 2009). Various types of lysimeters have been
extensively used and each has its advantages and disadvantages (Fares et al. 2009). For example, suction
cup lysimeters provide access to deeper soil layers and higher sampling frequency (Tully et al. 2013;
Russo et al. 2017). However, soil water flux cannot be directly measured, and the existence of
preferential flow may largely affect the representativeness of the sample concentrations (Wang et al.
2012). In contrast, soil monolith lysimeters (either intact or repacked) measure water and NO3™ fluxes
more directly (Fan et al. 2017), yet the installation process is quite labor-demanding. Soil monolith
lysimeters are simple to manage because no tension is applied for each sampling, and therefore have
been employed by some studies in Zimbabwe (Nyamangara et al. 2003; Mapanda et al. 2012a).

Clarifying the characteristics, rates, and driving factors of NO3™~ leaching is the pre-requisite for
proposing effective mitigation strategies. This study aimed to evaluate the effects of increasing
fertilizer-N rates and maize straw incorporation on NOs~ leaching from the critical root zone (0-0.3 m)
of maize in the tropical highlands of Tanzania, using repacked soil monolith lysimeters. The specific
objectives of this study were to (1) investigate the temporal dynamics of NO3™ losses; (2) quantify the
cumulative NOs~ loss amount; and (3) examine the relationship between yields and cumulative NO3~
losses, as affected by increasing N rates and straw incorporation. Finally, | verified the potential benefit
of improved N synchrony and maize yield because of modified mineralization-immobilization turnover
by straw incorporation and determined if a suitable N strategy could be identified to achieve high yield

and low leaching loss.
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5.2 Materials and methods

5.2.1 Study sites

The study was conducted at two maize-based systems with different soil types in the southern
highlands of Tanzania. One site, TZi, is located in Mangalali village (07°46' S, 35°34' E; 1480 m a.s.l.)
of the Iringa region. The soil is classified as coarse-loamy, isohyperthermic, Kanhaplic Haplustalfs (Soil
Survey Staff 2010). TZi had been under natural fallow for two years before the start of the experiment.
Before natural fallow, maize had been continuously cultivated by local farmers for more than five years.
The other site, TZm, is located in Uyole town (08°55’ S, 33°31" E; 1780 m a.s.l.) of the Mbeya region.
The soil is classified as clay-loam, isothermic, Dystric Vitric Haplustands (Soil Survey Staff 2010).
TZm was located within the Mbeya Agricultural Training Institute-Uyole for use as experimental plots,
and sunflowers were cultivated in the preceding season. TZi receives 560 mm of precipitation per year
on average, lower than that at TZm (860 mm). Annual daily average temperature was higher at TZi
(23.5 °C) than that at TZm (17.1 °C). The pattern of annual rainfall is unimodal for both sites. The rainy
season generally starts from late November for both sites, and ends in mid-April and mid-May at TZi
and TZm, respectively. Selected properties for the soil profiles of the study sites are presented in Table
S5.1. Despite the similar soil pH and C:N ratio in the topsoils between two sites, soil organic matter
and CEC were substantially lower at TZi compared to those at TZm, because of the low clay content.
Water-holding capacity was higher at TZm than at TZi at the 0-0.15 m and 0.15-0.3 m depths,

respectively.
5.2.2 Experimental design

From November 2015 to June 2017, maize was cultivated consecutively for two seasons.
Experimental plots were established in a completely randomized block design for six treatments: four
levels of N rate: 0, 50, 100, and 150 kg N ha™, denoted as 0-150N, respectively, and two more
treatments combining the N application and maize straw incorporation—50N+S (50 kg N ha™* plus ca.
2 Mg C ha?) and 150N+S (150 kg N ha™* plus ca. 2 Mg C ha™?). Each treatment was replicated three
times. A 1.5 m buffer was set up to separate each plot (plot size: 5 m x 5 m) and block. Within each
plot, three maize (Zea mays L.; variety: TMV-1 for TZi and UH6303 for TZm) seeds were sowed per
hole at a spacing of 0.7 m x 0.3 m, and were thinned to one plant per hole 20 days after sowing (DAS),
giving a population of ~ 48000 plants ha™. Maize was planted in early- to mid-December at both sites,
and harvested in late March and mid-May at TZi and TZm, respectively. Because of heavy rainfall,
seeding on Dec-14-2015 failed to germinate at TZi and re-sowing was conducted on January 1, 2016.

Maize straws were chopped into ~0.15-m pieces and incorporated into 0-0.15 m soil using a
hand hoe. The date of straw incorporation and its quality (i.e., C and N content and C:N ratio) are

presented in Table S5.2. Based on local farming practices, N application, by broadcasting urea, was
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split into two times (Zheng et al. 2018b). One-third of the total amount was applied 21 DAS (three- to
four-leaf stage of maize growth). The remaining two-thirds was added 57 DAS (around the time of
maize tasseling). Weeding was carried out when necessary, and all weeded materials were removed
from the plots. Phosphorus (P) was added to all plots as a basal application with 50 kg P ha™?, using
triple superphosphate.

5.2.3 Lysimeter installation and leachate collection

To avoid the effects of installation disturbance, | installed lysimeters more than three months
before the start of the experiment. Gravity-drained lysimeters (Fig. S5.1) made of plastic (0.4 m inner
diameter and 0.4 m height) were installed in the edge of the treatment plot. Four lysimeter replicates
were installed for the treatment plots covering two out of the three blocks, with two replicates in a plot
connecting to the same storage tank (Fig. S5.1) to reduce the heavy work load. A hole was excavated
without disturbing the surrounding soil for the installation of each lysimeter and the excavated soil was
carefully backfilled for each lysimeter with minimal changes to the original soil horizon and bulk
density. A 0.05-m gap between the soil surface and the top of the casing (Fig. S5.1) was left to prevent
the surface water exchange. Based on my field observations on maize root distribution (>70% in the
top 0.2 m soil, which was supported by Sugihara et al. (2012a) who reported 74-86% were distributed
in 0-0.15 m), 0-0.3 m was defined as the critical root zone in this study. Furthermore, results from
Mtambanengwe and Mapfumo (2006) and Zheng et al. (2018b) all indicated that 0-0.3 m soil dominated
the N supply for plant uptake, which also supported the current definition for the critical root zone. One
maize plant was grown at the center of each lysimeter (Fig. S5.1). Fertilizer applications and weeding
in the lysimeters were managed precisely the same as those in the plots, and an accurate rate of added
C and N from straw to each lysimeter is presented in Table S5.2. During land preparation for maize
planting in 2016/17, 0-0.15 m soil in the lysimeter was replaced with that from the corresponding
treatment plot.

Each sampling bottle (Fig. S5.1) was checked every week during the rainy season, whereas
during the dry season, no leaching occurred because of negligible rainfall. Sampling frequency was
increased if heavy rainfall occurred, to avoid the overflow of leachate in the sampling bottle (~6 L
volume). During each sampling, leachate volume was recorded before taking a 30 ml subsample. The
excess leachate in the sampling bottle was then removed to avoid disturbing the next sampling.
Microbiological evolution was inhibited by adding CuBr; solution (0.1-1 mg Cu L) to each sampling
bottle (Fujii et al., 2009; Shibata et al., 2017). The leachates collected in situ were filtered through 0.45
pm filters (Hydrophilic cellulose acetate membranes, Sartorius Stedim Biotec GmbH, Germany), and

preserved at 4 °C until analysis.
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5.2.4 Data collection and sample analysis

Rainfall was recorded every 10 min by a TE525MM rain gauge connected to a CR1000 data
logger (Campbell Scientific, Inc., USA). To estimate yield, maize ears inside the plots (4 m x 4 m,
avoiding the edge) were collected and grains were shelled from the ears. Weights of shelled grains were
recorded before subsamples were taken for moisture correction. Subsamples of the grains were oven-
dried at 60 °C to a constant weight. Nitrate concentration in the filtered leachate sample was determined
by high-performance liquid chromatography with a Shim-pack IC-Al column and a CDD-10A
conductivity detector (Shimadzu Inc., Japan). Though other N compositions (ammonium-N and
dissolved organic N) were also determined, NOs~ was the focus of this study because it greatly
dominated the contribution to the total N losses (Fig. S5.2). This is in agreement with most of the reports
for agricultural systems (van Kessel et al. 2009).

5.2.5 Calculations and statistical analysis

The mass loss of NO3~ for each individual lysimeter for each sampling interval was derived by
multiplying the manually recorded drainage volume with the measured NOs~ concentration in the
leachate of the respective lysimeter. Then, the arithmetic mean of NOs~ loss was calculated for each
sampling interval, as well as each season from the four lysimeter replicates.

The NO;3™ leaching ratio (NLR, %) for each cropping season was calculated as:

Ly —L
NLR = £ €

X 100%
applied

Where Ly and L represent cumulative NO3~ leaching loss (kg N ha™) in the N-applied and
control treatment (ON plots), respectively, and Ng,piieq iS the total amount of N applied (kg N ha™). In
the straw incorporated treatments, Ngp,piieq inCludes the N source from the maize straw (Table S5.2).

The effects of N rates on maize yield, NO3;~ concentration in the leachate, and cumulative NO3~
loss (refering to each season in this study) were determined by one-way ANOVA. Following each F-
value, multiple comparison of means with an LSD test (equal variance assumed) or a Dunnett’s T3 test
(equal variance not assumed) was conducted. The effects of straw incorporation on maize yield, NO3~
concentration in the leachate, and cumulative NO3~ loss were assessed by t-tests. All statistically
significant differences were identified as P < 0.05 unless stated otherwise. Statistical analysis was
conducted with IBM SPSS Statistics (version 24).

5.3 Results
5.3.1 Rainfall and water drainage

Cumulative rainfall and accordingly the water drainage in the 2015/16 season were higher than
those in the 2016/17 season at each site (Fig. 5.1). The rainfall in the 2015/16 season was ~200 mm higher
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than the mean annual rainfall at each site. At TZi, water drainage was, on average, 355 mm and 110 mm
in the 2015/16 and 2016/17 season, respectively, accounting for 46.9% of cumulative rainfall (based on
the 2015/16 data only because data from the 2016/17 season were not available). At TZm, water drainage
was, on average, 416 mm and 257 mm, accounting for 37.0% and 43.9% of cumulative rainfall in the
2015/16 and 2016/17 season, respectively. At TZm, the cumulative rainfall in the 2016/17 season may be
lower than the actual value because of missing data during 0-25 DAS (Fig. 5.1b), which could have
overestimated the ratio of drainage to rainfall. Prolonged dry periods were observed during the growing
season at each site (i.e., 53-88 DAS in the 2015/16 season at TZi, 53-74 DAS in the 2016/17 season at
TZm), during which no leaching occurred. Cumulative drainage among treatments was similar, except for
the 2015/16 season at TZm, where a difference (P < 0.05) was observed (Table S5.3).
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Fig. 5.1 Cumulative rainfall and water drainage at TZi (a) and TZm (b). The breaks in the horizontal axis
separate the data into two seasons: the first season (2015/16) on the left and the second season (2016/17) on
the right. The breaks in the lines representing cumulative rainfall indicate missing rainfall data because of

the malfunction of a rain gauge. Error bars represent standard deviation of the water drainage.

5.3.2 Nitrate concentrations in leachate

During the study period, the average NO3s™-N concentration increased with increasing N rates
(7-20 mg N Lt for 0-150N at TZi and 5-8 mg N L™ for 0-150N at TZm), though statistical
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significance (P < 0.05) was only found at TZi (Fig. 5.2). The range of the NO3~ concentration in the
third and fourth quantiles also increased at higher N rates at both sites (Fig. 5.2). Straw incorporation

did not alter the distribution or the averaged value of NOs~ concentrations (Fig. 5.2).
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Fig. 5.2 Box-whisker plots showing the distribution of NOs~ concentrations and their averages (crossed
diamonds) for different treatments during the study period from November 2015 to May 2017 at TZi (a) and
TZm (b). Only the 51" and 95" percentiles are plotted as outliers. Different letters above boxes indicate
significant differences among N rates at the P < 0.05 level by either the LSD test (equal variance assumed)

or Dunnett’s T3 test (equal variance not assumed). n.s. indicates non significance (P > 0.05) by t-test.

5.3.3 Temporal dynamics of NO3z™ loss between sampling dates

The NO;s™ loss between sampling dates in this study (Fig. 5. 3) nearly represents the weekly
flux of NOs™. As mentioned in Section 5.2.3, the leachate was sampled weekly, except in some cases
with heavy rainfall events, when additional samplings were conducted to avoid overflow of the
leachate in the sampling bottles. In the following sub-sections, temporal dynamics of NO3™ loss
between sampling dates were separately described under various N rates (Section 5.3.3.1) and with or

without straw incorporation (Section 5.3.3.2).

5.3.3.1 Under various N rates

The NO;3™ losses varied seasonally and in response to the application of N fertilizer at each site
(Fig. 5.3a, b). Throughout the study period, NO3 -N losses in the ON treatment ranged from <0.5 to 14.6
kg N haat TZi and from <0.1 to 9.6 kg N ha™* at TZm, with the highest NO3z~ losses always occurring
at the beginning of the cropping season. The response of NO3™ losses to N application showed a delayed
pattern; the increase in NO3™ losses was often observed at one or two samplings, rather than immediately
after the N applications (Fig. 5.3a, b). Coupled with the second N application, a prolonged dry period

followed by sufficient rainfall resulted in notable pulses of NOs™ losses at TZi for the 2015/16 season
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(up to 27.6 kg N ha* observed at 96 DAS; Fig. 5.3a), which explained 41.5-70.5% of the difference in
the treatments (Fig. S5.3). Similar phenomena were also observed at TZm for the 2016/17 season (up
to 14.8 and 5.2 kg N ha™* observed at 32 and 81 DAS, respectively; Fig. 5.3b). Among treatments with
various N rates, the highest peak of NOs™ loss at TZi (i.e., 27.6 kg N ha™® from the 150N treatment) was
nearly twice as large as that at TZm (i.e., 14.6 kg N ha™?).
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Fig. 5.3 Temporal dynamics of NO3~ loss between sampling dates under various N rates (a, b) and
with/without straw incorporation (c, d) at TZi and TZm, respectively. Panels (a and c; b and d) were separated
for better visualization of the effects of N rate and straw incorporation, respectively. The breaks in the
horizontal axis separate the data into two seasons: the first season (2015/16) on the left and the second season
(2016/17) on the right. Thin black downward arrows indicate the timing of N application across all panels
(a—d). Thick gray downward arrows indicate the timing of crop residue incorporation in ¢ and d panels. Error
bars represent standard error of the means.
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5.3.3.2 With and without straw incorporation

Across sites and seasons, the NO3~ losses in the straw applied plots (i.e., 50N+S and 150N+S)
were lower at the beginning yet higher at the later period of the cropping season compared to the non-
straw applied plots (i.e., 50N and 150N) (Fig. 5.3c, d). The lower NOs™ losses at the beginning of the
cropping season were caused by N immobilization during residue decomposition. The immaobilization
lasted for 28 and 38 d at TZi (for the 2015/16 and 2016/17 season, respectively), and 44 and 43 d at
TZm (for the 2015/16 and 2016/17 season, respectively). During these immobilization periods, the NO3~
losses were reduced by 6.3 and 5.6 kg N ha™®, on average, at TZi for the 2015/16 and 2016/17 season,
respectively, and 3.3 and 5.6 kg N ha™, on average, at TZm for the 2015/16 and 2016/17 season,
respectively, compared to that of the non-straw applied plots. These NO3™ loss reductions (3.3-6.3 kg
N ha™t) were equivalent to 30.5-50.2% of NOs~ losses during the same periods in the non-straw applied
plots.

5.3.4 Cumulative NOs™ loss and NLR

The cumulative NOs™ loss increased significantly (P < 0.05, except for the 2016/17 year at TZi)
at higher N rates, showing an exponential growth pattern (y = a - e?¥) across sites and seasons (Fig.
5.4). Cumulative NO3~ losses were higher in the 2015/16 season (28.2-74.0 kg N ha™* at TZi and 12.4—
26.5 kg N ha™ at TZm) than those in the 2016/17 season (6.3-24.1 kg N ha™ at TZi and 6.1-24.3 kg N
hat at TZm); the inter-annual variation of cumulative NO3™ loss was particularly substantial at TZi (Fig.
5.4a). Across sites and seasons, straw incorporation did not significantly alter the cumulative NO3~
losses (Fig. 5.5).

At both sites, inter-annual variations in NLR was substantial and even greater than the
variations among treatments (Table 5.1). At TZi, NLR was much higher in the 2015/16 season (20.7—
30.5%) than that in the 2016/17 season (5.1-13.6%). At TZm, NLR was higher in the 2016/17 season
(9.1-15.6%) than that in the 2015/16 season (2.7-9.4%).
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Table 5.1 Nitrate leaching ratio (NLR, %) at TZi and TZm

Treatment TZi TZm

2015/16 2016/17 2015/16  2016/17
50N 20.7 8.0 2.7 9.1
100N 23.4 5.1 8.5 14.3
150N 30.5 11.9 9.4 12.1
50N+S 22.3 13.6 55 12.6
150N+S 29.1 8.5 5.9 15.6
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5.3.5 Maize yield and its relationship with cumulative NO3™ loss

At each site, maize yields were interactively affected by N rate and cropping season (Table 5.2).
Maize yield was significantly (P < 0.05) enhanced with increasing N rate, and the yield in the 2016/17
season (2.0-3.9 Mg ha* at TZi and 1.8-4.1 Mg ha™* at TZm) was higher than that in the 2015/16 season
(0.8-3.1 Mg hat at TZi and 1.1-3.9 Mg ha* at TZm) under the same N rate. Maize yields were not
significantly (P > 0.05) affected by straw incorporation across sites and seasons (Table 5.2).

With only fertilizer-N applied, two distinct patterns—depending on season—were observed for
the relationship between maize yields and the cumulative NOs™ losses at each site (Fig. 5.6). In the
2015/16 season, yields tended to increase linearly with cumulative NOs™ losses (red hollow circles in
Fig. 5.6a, b), with the slope of the linear relationship greater at TZi than that at TZm (Fig. 5.6). In the
2016/17 season, the relationship at each site showed a non-linear pattern with a potential tipping point
(black hollow triangles in Fig. 5.6a, b), which could be determined at the N rate where the maximum
difference between scaled values of yields and NOs™ losses occurred (Fig. S5.4). Straw incorporation
did not show a clear benefit to higher yield with lower NO;™ loss (Fig. 5.6). In some cases (i.e., 150N
vs. 150N+S in the 2015/16 season and 50N vs. 50N+S in the 2016/17 season at TZi), straw
incorporation decreased the yield, though not significantly (Table 5.2).

Table 5.2 Maize grain yield (Mg ha™t) at two sites as affected by fertilizer-N rate and straw incorporation

for each study year

TZi TZm

2015/16 2016/17 2015/16 2016/17
Effect of N ratet
ON 0.8a 2.0a 1l.1a 1.8a
50N 1.3a 3.6b 1.7ab 3.6b
100N 1.8ab 3.9b 2.3b 4.0b
150N 3.1b 3.7b 3.9¢c 4.1b
SEDS 0.6 0.6 0.4 0.4
F-value 5.01" 401" 13.8™ 12.6™
Effect of straw incorporation?
50N 1.3a 3.6a 1.7a 3.6a
50N+S 1.9a 2.8a 1.9a 3.5a
SED 0.6 11 0.4 0.5
150N 3.1a 3.7a 3.9a 4.1a
150N+S 2.1a 3.7a 3.8a 4.3a
SED 0.7 0.6 1.0 0.8

tEffect of N rate on the grain yield assessed by one-way ANOVA. Mean values (n =3) followed by different
letters indicate a significant difference (P < 0.05) by LSD test following the F-value (* = P < 0.05, ** P < 0.01).
SSED = standard error of the difference.

tEffect of straw incorporation on the grain yield assessed by t-test. Mean values (n =3) followed by the same

letter indicate non-significant differences (P > 0.05).
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Fig. 5.6 Relationship between maize yields and cumulative NOz™ losses at TZi (a) and TZm (b). Error bars

represent standard error of the means.

5.4 Discussion

5.4.1 Drainage and lysimeter performance

Drainage was dependent on rainfall amount and soil type. The lower ratio of drainage to rainfall
at TZm (37%) than that at TZi (47%) was mainly due to the higher water-holding capacity of soils at
TZm (Table S5.1). These ratios were higher than those (13-30%) reported in a study in Zimbabwe
(Mapanda et al. 2012a), primarily because the leachates were collected from a much deeper depth of
soil (1.1 m) compared to the current study (0.3 m).

Repacked soil monolith lysimeters generally performed well in the current study; in most cases
the variation of NO3™ fluxes among the four replicates that received the same treatment was small (Fig.
5.3). In contrast, in a study using suction cup lysimeters, a large ranges of NOs~ concentrations across
replicate plots were observed, often exceeding by an order of magnitude (Russo et al. 2017). Compared
to suction cup lysimeters, monolith lysimeters can capture the total drainage and therefore provide a
more precise estimate of the average concentration of leachate. The small sampling area of suction cup
lysimeters may fail to intersect macrospores and misrepresent nutrient concentrations (Fares et al. 2009;
Wang et al. 2012).

5.4.2 Nitrate leaching

5.4.2.1 Features of temporal dynamics

The first peak of NO3™ loss between sampling dates always occurred at the beginning of the
cropping season when sufficient rainfall occurred (Fig. 5.3a, b), which was caused mainly by the rapid

mineralization and nitrification of organic matter accumulated during the drying season, often known
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as the “birch effect” (Birch, 1964). The pulse of soil NO3™ concentration at the beginning of the cropping
season in tropical croplands has been frequently reported (Chikowo et al. 2004; Tully et al. 2016; Zheng
et al. 2018b), yet few studies have documented the direct evidence of leaching loss. This result
confirmed the challenge in managing the indigenous N resource in the early season, when NOs™ leaching
(up to 18 kg N ha™*) occurred as mineralized N well exceeded the crop N demand (Chikowo et al. 2004;
Zheng et al. 2018b). Conserving this leachable N through temporary immobilization is beneficial to
improving N synchrony between soil supply and crop uptake.

The soil rewetting process following N applications could contribute to notable pulses of NO3~
losses (i.e., 96 DAS at TZi in the 2015/16 season and 84 DAS at TZm at the 2016/17 season,; Fig. 5.3a,
b), which increased the challenge of improving N management. Dry soil conditions shortly after N
addition possibly impeded plant N uptake (e.g., 75 DAS at TZi, soil water content dropped to 0.027 m?
m~3, equivalent to <—3 MPa) and resulted in high mineral N in the surface soil (0-0.3 m) that was prone
to the leaching once sufficient rain fell. Further, the rewetting of dry soil could stimulate the N
mineralization by the birch effect, as mentioned above.

5.4.2.2 Effect of N rate

The response of NOs™ leaching to increasing N rates exhibited an exponential growth pattern in
the current study (Fig. 5.4), similar to those observed in temperate and sub-tropical croplands (Svoboda
et al. 2013; Cui et al. 2018). Very few studies have evaluated the effect of various fertilizer-N rates on
NO;™ leaching from SSA croplands, most of which only included one or two N rates in addition to the
control treatments (Kamukondiwa and Bergstrém 1994; Nyamangara et al. 2003; Kimetu et al. 2006;
Mapanda et al. 2012a). The only study including four N rates to date, however, reported no correlation
between N application and NOs~ leaching (Russo et al. 2017), which could be partly caused by the use
of a different type of lysimeter (ceramic suction cup) compared with that in this study (monolith
lysimeter). Magnitudes of the cumulative NO3™ loss in the current study (6.3-74.0 and 6.1-26.5 kg N
ha* at TZi and TZm respectively) were comparable with previous reports (4.3-56.3 and 2.5-20.0 kg N
hatin sandy and clayey soils, respectively; Nyamangara et al. 2003; Mapanda et al. 2012a) considering

the N application rates.

5.4.2.3 Effect of straw incorporation

Decomposition of incorporated straw induced net N immobilization because of a high C:N ratio
(60-206) of the straw (Table S5.2) in the early cropping season, and reduced NOs~ leaching by 3.3-6.3
kg N hat during the immobilization period compared to non-straw applied plots (Fig. 5.3c, d). With a
similar amount of maize straw incorporated (2.5 Mg C ha?), Sugihara et al. (2012a) observed an
increase of microbial biomass N (MBN) by 11-21 kg N ha™* compared with that of control plots. This
increased MBN pool was higher than the reductions of NO3™ leaching (3.3-6.3 kg N ha™?) in the current

study, which likely occurred because of higher mineral N content in their soil making more N available
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in the decomposition sites for microbial assimilation compared with that of ours (Zheng et al. 2018b).
Further, the newly synthesized biomass may also have come from N already present in the straw (Ocio
et al. 1991), indicating that the increased MBN pool may not truly represent the potentially leachable
N derived from soil.

The reductions of NO3~ leaching in the current study were far below the potential of net N
immobilization by the decomposition of straw considering its amount and quality. To make the current
results more comparable with other field and laboratory incubation studies, I calculated the maximum
net N immobilization per unit C added, equivalent to 1.2-2.7 kg N Mg added C. This is comparable
with a field lysimeter study in Nigeria (~3 kg N Mg added C; calculated from Vanlauwe et al. 2002),
but much lower than those from the laboratory incubations (represent the net N immobilization potential
under non-limiting N conditions) (Fig. 5.7). According to the regression line in Fig. 5.7, the net N
immobilization potential for the various C:N ratios of straws used in the current study should be 18.0—
38.1 kg N Mg added C. The large gap between field and incubation studies could be primarily
attributed to the different particle size of straw and mixture ratio of straw to soil (~0.15 m chopped
straw incorporated into only the top 0.15 m vs. finely ground straw fully mixed with soil) (Angers and
Recous 1997). The large size of straw pieces reduced the surface area exposed to soil and therefore
microbes for decomposition (Kumar and Goh 1999). A small contact area could have stimulated the N-
limitation and re-cycling of microbial biomass N in the decomposition sites (Igbal et al. 2013), leading
to a small proportion of N derived from soil being assimilated by microbes. Such N-limitation and
recycling of biomass-N during decomposition dwarfed the effects of varying C:N ratios of straw, soil
type, and climatic conditions (i.e., rainfall and soil temperature), and resulted in small and similar values
of maximum net N immobilization between two seasons and across sites in the current study (Fig. 5.7).
Further, the environmental conditions in the field (e.g., soil moisture) was changing all the time,
whereas they were mostly controlled and maximized for the microbial activity in the laboratory
incubation. This could also contribute to the different results obtained under field and laboratory
conditions (Fig. 5.7).

Straw incorporation likely failed to improve N synchrony. Re-mineralization of immobilized
N induced higher NOs~ leaching in the later growing season compared with non-straw applied plots
(Fig. 5.3c, d), and largely offset the reduced NO3™ leaching in the early growing season (Fig. 5.5). Such
an offset could be expected in the 150N+S vs. 150N treatments because the N supply could have
exceeded the crop N demand. However, it was unexpected and different from my hypothesis that
cumulative NOs™ loss in the 50N+S treatment was not lower than that in the 50N treatment. This might
indicate that higher crop N uptake in the later growing season did not occur to improve N synchrony.
Some of the re-mineralized N could be out of reach by the maize roots due to a homogeneous
distribution of straws to the lysimeter with a radius of 0.2 m, while the horizontal extension of root
rarely exceeded a radius of 0.1 m. In short, these results supported the direct hypothesis by Vanlauwe

et al. (2001) regarding the aspect of reduced N leaching, but not improved N synchrony.
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et al (2000); Trinsoutrot et al (2000); Muhammad et al (2011).

5.4.2.4 Inter-annual variation

In the ON treatment, cumulative NOs™ loss in the 2015/16 season was approximately four and
two times as large as those in the 2016/17 season at TZi and TZm, respectively (Fig. 5.4). Such inter-
annual variations was primarily due to the variations in precipitation, and consequently, in drainage
(Fig. 5.1). The preceding 2 yr natural fallow might also have had a significant contribution at TZi. Water
percolation is the driving force of NO3s~ movement within soils. Heavy rainfall can increase the flushing
of NO3™ and result in higher leaching (Russo et al. 2017). It is, therefore, inter-annual variations of water
input (i.e., precipitation, irrigation) commonly resulted in different cumulative N losses between years
(Mapanda et al. 2012a; Outram et al. 2016; Fan et al. 2017; Fu et al. 2017). Fallow management can
alter N availability for the post-fallow crop, and thus, leachable N pool size (Hartemink et al. 2000;
Chikowo et al. 2004), which could be one of the main reasons for the considerably high cumulative
NOs loss in the ON treatment at TZi during the 2015/16 season. For example, a sandy clay loam soil in
the Kenyan highland following 17 months of natural fallow was reported to increase the amount of N
in light and intermediate fractions (< 1.37 g cm™3) by 41 kg N ha™* (0-0.15 m) compared to continuous
maize monoculture cultivation (Maroko et al. 1998). The higher water-holding capacity (Table S5.1)
could contribute to the lower inter-annual variation of cumulative NOs™ loss at TZm than at TZi (Fig.

5.4), likely because of the buffered effect of variation in precipitation.
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Nitrate leaching ratios were less responsive to treatments but depended more on seasons (Table
5.1). At TZi, the high NLR in the 2015/16 season (21-31%) is consistent with the study on a sandy soil
in Zimbabwe (24-40%) by Nyamangara et al. (2003), possibly contributed by sufficient rainfall coupled
with preceding fallow. Such high N leaching loss from applied fertilizer-N could be of socioeconomic
significance to low-income smallholder African farmers (Nyamangara et al. 2003). Furthermore, it may
suggest that soil fertility recovery by natural fallow should be adopted with caution in tropical regions
experiencing distinct dry and wet seasons. At TZm, the lower NLR together with lower yield in the
2015/16 season (Tables 5.1, 5.2) compared with the 2016/17 season may suggest that applied N was
also lost through other pathways, such as ammonia volatilization. Ammonia loss may have accounted
for >5% of applied N at TZm (Zheng et al. 2018a) because the N applications were not immediately
followed by sufficient rainfall (<3 mm within approximately 2 d after fertilization).

The NLR measured in the current study (3-31%) were well within the ranges reported by
previous research across SSA croplands (5-35% as summarized by Russo et al., 2017). However, they
were generally higher than most of the recently reported ranges in Chinese croplands (<5%; e.g., Xing
and Zhu 2000; Gao et al. 2016; Yang et al. 2017), where much higher N rates (commonly 165-495 kg
N ha?) were applied. More field experiments across agro-ecological zones and involvement of
smallholder farmers are needed to develop an integrated soil-crop system management for higher yield
with lower environmental costs (Chen et al. 2014; Cui et al. 2018), which still has a long way to go in
SSA.

5.4.3 Relationship between maize yield and cumulative NO3™ loss

Sustainable intensification of agriculture requires high productivity with low environmental
costs. With increasing N rates, the linear relationship (in the 2015/16 season) between yields and
cumulative NO3~ losses indicated that greater yield was achieved at the expense of more NOs™ loss,
with higher expense observed at TZi as suggested by the greater slope compared with that at TZm
(slopes of red hollow circles in Fig. 5.6a, b; not fitted). However, the non-linear pattern with a potential
tipping point for the relationship in the 2016/17 season indicated that yield could be increased without
inducing substantial NO3~ loss by adopting a proper N rate (Fig. S5.4). Different relationships were
likely attributed to the inter-annual variation of climatic (i.e., rainfall amount and pattern) and land
management (i.e., preceding fallow at TZi) factors (Yang et al. 2017). Nevertheless, to confirm the
potential of achieving higher yield with lower NOs™ loss, long-term field experiments are needed to
better characterize the relationship between yields and NOs~ leaching losses with the input of various
N rates.

Straw incorporation did not contribute to higher yield with lower N loss (Fig. 5.6). The large
pieces of crop residue used under the field conditions could largely reduce its capacity of N

immobilization and leaching mitigation. The temporarily immobilized N pool was therefore too small
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(3.3-6.3 kg N ha'®) to improve the N synchrony and benefit the maize yield. This may explain why the
positive interactive effects of combined application of low-quality residue and fertilizer-N on the yields
seldom occurred (Chivenge et al. 2010; Sugihara et al. 2012a). Nonetheless, to evaluate the applicability
of crop residues in SSA croplands, C loss mitigation by crop residues (Sugihara et al. 2012b), and the
effect on greenhouse gases emission (i.e., CO; and N2O; Zhou et al. 2017) should be thoroughly
considered.

5.5 Conclusions

During a two-year study, | examined the effect of increasing N rates and straw incorporation
on NO;™ leaching from the critical root zone (0-0.3 m) of maize in two tropical highlands of Tanzania,
using repacked monolith lysimeters. The soil rewetting process, particularly at the onset of the rainy
season and following N applications, was a critical driver of NOs~ loss. Higher N rates increased
cumulative NO3z~ loss exponentially, with considerable inter-annual variation observed that
corresponded with the variation in rainfall amounts and preceding fallow management. Depending on
season, a tipping point was observed in the relationship between cumulative NOs™ loss and maize yield,
above which yield increment was accompanied by substantial NOs™ loss. Straw incorporation induced
net N immobilization in the early growing season, and reduced NOs~ loss by 3.3-6.3 kg N ha™?, but no
effect was observed on the cumulative NOs;™ losses or maize yields. The reduction in NOs~ loss
(equivalent to 1.2-2.7 kg N Mg * added C) were far below the potential of net N immobilization by the
decomposition of straw (18.0-38.1 kg N Mg added C), which was likely due to the large pieces of
straw (~0.15 m) used in the field. These results showed the potential to enhance maize yield without
inducing substantial N leaching loss by adopting the proper N rate in the tropical highlands of Tanzania,
although future research, including long-term monitoring are required to better characterize the
relationship between yield and NOs™ loss by accounting for the inter-annual variation (e.g., climate,
crop growing condition, etc.). Also, these results showed that temporary immobilization of leachable N
by using large pieces of straw (~0.15 m) in the field was inefficient in improving N synchrony and

benefiting yield.
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to maize yield or cumulative NO3™ loss.
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Table S5.1 Selected soil physico-chemical properties of profiles for TZi and TZm

Site  Depth pH TCY TNT C:N CEC! WHC'  Soil texture (%)
(H:0) gkg' gkg! ratio cmolckg?!' % Clay Silt Sand
TZi 0-15 6.45 3.5 0.3 129 11 27.2 4.7 6.9 88.4
15-30 5.96 19 0.2 9.6 0.9 27.6 6.4 7.9 85.7
30-42 5.66 2.1 0.2 8.3 1.7 ND’ 132 88 78.0
42-60 5.29 1.8 0.3 6.9 3.3 ND 169 8.8 74.3
6075+ 5.07 15 0.2 6.7 3.7 ND 167 7.3 76.0
TZm 0-25 6.85 17.5 1.3 136 175 66.3" 284 42,0 295
25-50 7.09 9.6 0.8 125 227 62.0' 346 329 325
50-70 6.90 7.6 0.6 122 16.2 ND 235 381 383

70-115+  Pumice layer
TTotal carbon (TC) and N (TN) determined by dry combustion of finely ground soils using Vario Max CHN

elemental analyzer.

Cation exchange capacity (CEC) determined by the ammonium acetate saturation method.

*WHC = maximum water holding capacity. For TZm, WHC determined for 0-0.15 m and 0.15-0.3 m layers.
*ND = not determined.

Table S5.2 Application date, DAS (days after sowing), averaged content (n = 2) of total carbon (TC), total

N (TN), and C:N ratio of applied straws and the equivalent amount of added C and N to each lysimeter

Season Date DAS TCF TNf C:N Added C Added N

% % ratio Mg Cha! kg N ha™!
TZi 2015/16 Nov-24-2015 —385 45 036 191 23 18.9
2016/17  Nov-24-2016 -15 43 0.73 60 2.2 38.2
TZm  2015/16 Nov-28-2015 -12 46 022 206 27 13.1
2016/17  Dec-3-2016 -11 43 046 93 2.2 23.3

$Due to heavy rainfall, seeding on Dec-14-2015 failed to germinate at TZi and re-sowing was conducted on
Jan-1-2016, leading to much earlier date of straw incorporation.

TTC and TN determined by dry combustion of finely ground soils using Vario Max CHN elemental analyzer.
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Table S5.3 Averaged (n = 4) cumulative drainage (mm) for each treatment

TZi TZm
Treatment

2015/16 2016/17 2015/16 2016/17
ON 348a 114a 412bc 207a
50N 365a 113a 369ab 254a
100N 312a 96a 481d 271a
150N 344a 96a 357a 260a
50N+S 36la 115a 432cd 295a
150N+S 403a 123a 447cd 254a
SEDt 25.4 24.2 24.2 39.9
F-value 2.76" 0.43m 7.45" 1.18m

TSED = standard error of mean difference
Mean values followed by different letter indicate significant different at P < 0.05 level (LSD test).
* = P <0.05, ns = not significant.
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CHAPTER 6
Soil-Atmosphere Exchange of Nitrous Oxide in Two Tanzanian

Croplands: Effects of Nitrogen and Straw management

Abstract

Cropland intensification is needed to meet the demand for food in Sub-Saharan Africa (SSA).
This process requires a dramatic increase in resource inputs, including nitrogen (N) fertilizer and
organic residues (e.g., straw), which alter the soil-atmosphere exchange of nitrous oxide (N2O). The
dearth of N2O emission data for SSA croplands, however, has largely constrained our ability to define
regional N2O flux and mitigation opportunities. In two soils cropped to maize in Tanzania (TZi, sandy
Alfisols; TZm, clayey Andisols), year-round measurements were conducted consecutively for 2 years
to quantify N.O emissions in response to increasing N rates and in combination with maize straw
incorporation. Rainfall and the resulting soil moisture, rather than soil temperature, were important
environmental drivers of N,O emissions in these fields. Applied N stimulated N.O fluxes across soil
types but with different magnitudes—Ilower at TZi because of the dominance of nitrification in N2O
production and higher at TZm likely from promoted denitrification when the water-filled pore space
was >47%. N,O emission increased exponentially or linearly with N rate, depending on the year. The
direct N>O emission factors were well below the 1% of the IPCC Tier 1 method, ranging from 0.13—
0.26% at TZi and 0.24-0.42% at TZm, for a N rate of 50-150 kg N ha™* during the study. Compared
with N application alone, straw plus N did not significantly alter maize yield, but did raise N.O
emissions with a synergistic effect. Consequently, straw incorporation markedly increased the emission
factor (up to 0.46% at TZi and 1.29% at TZm) as well as yield-scaled N>O emissions. These results
suggest that linear and exponential emission responses can occur in SSA croplands, and challenge the

suitability of combining straw with fertilizer-N as a “climate-smart” practice in this region.
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6.1 Introduction

As a potent greenhouse gas and the leading cause of stratospheric ozone depletion (Forster et
al. 2007; Ravishankara et al. 2009), nitrous oxide (N20) has received increasing attention in recent years
(Butterbach-Bahl et al. 2013). Agricultural soils account for ~41% of global anthropogenic emissions
of N2O (~4.3 Tg N2O-N yr?, as estimated for 2010; Reay et al. 2012) and thus have a crucial role in
achieving climate stabilization targets (Frank et al. 2018). Accelerated use of synthetic nitrogen (N)
fertilizers has been identified as the primary contributor to the rapid increase in atmospheric N.O since
1960 (Davidson 2009). Apparently, agricultural intensification with increased fertilizer-N input,
particularly for crop production, holds one of the keys to mitigation opportunities (Adviento-Borbe et
al. 2007; Burney, et al. 2010; Reay et al. 2012).

To meet the demand for cereal crops among the growing population (van Ittersum et al. 2016),
Sub-Saharan Africa (SSA) must undertake cropland intensification with dramatic increases in resource
input, particularly fertilizer-N. The low level of fertilizer-N use, together with the nutrient-depleted
soils common to SSA croplands, contributes to the stagnantly low yield of cereal production in the past
decades (Vitousek et al. 2009). Regional and national efforts are therefore underway to increase
fertilizer use (AGRA 2009; Vanlauwe et al. 2014b) to offset soil nutrient depletion and secure crop
production. However, fertilizer-N addition to the croplands will inevitably increase soil emissions of
NO.

Unfortunately, there is an absence of knowledge on soil emissions of N2O from SSA croplands
(Kim et al. 2016; Rosenstock et al. 2016). The paucity of field measurements of N.O fluxes presents
uncertainties in estimating the current and future agricultural N.O emissions (Reay et al. 2012), This
largely constrains our ability to understand the impact of regional agricultural intensification on the
climate system as well as to design effective and targeted mitigation strategies. For most countries in
SSA, the estimates of national greenhouse gas inventories are left with using Tier 1 emission factors
(EFs) from the IPCC (2006), which were developed based on measurements conducted for the most
part in temperate ecosystems (Bouwman et al. 2002).

Soil N2O is produced mainly through the microbiological process of nitrification and
denitrification (Braker and Conrad 2011), both of which are regulated by factors at the “distal” level
including climate (e.g., rainfall, temperature) and soil type and at the “proximal” level including
availability of carbon (C), N, and O, (Firestone and Davidson 1989). With O, N-O can be produced as
a byproduct during the oxidation of ammonium (NH,") to nitrate (NOs") via nitrite (NO,") (Braker and
Conrad 2011), although an alternative pathway, nitrifier denitrification, may also be a significant source
of N.O (Wrage-Moénnig et al. 2018). By contrast, denitrification produces N,O as an obligatory
intermediate during the stepwise reduction of NOs™ or NO2™ to N, which is an anaerobic respiration
process requiring C as the energy source (Braker and Conrad 2011). Fertilizer-N additions can therefore

provide N substrate for microbial production of N,O. Rainfall and accordingly soil moisture, coupled
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with soil texture, can control the gas diffusion—including O>—among soil pores (Firestone and
Davidson 1989), and subsequently the dominance of the different microbial processes in producing N.O
(Bateman and Baggs 2005). The response pattern of N2O to increasing N rates, although not common
in SSA croplands (very few exceptions such as Hickman et al. 2015), could be of great help to better
predict regional and site-specific N,O emissions under cropland intensification.

Combined application of low-quality organic residues (e.g., straw with a high C:N ratio) and
fertilizer-N has been widely promoted across SSA as the technical basis of Integrated Soil Fertility
Management (Kimani et al. 2003), yet how such practices affect the soil NoO emissions remains to be
evaluated in this region. Straw may play multiple roles in mediating soil N2O emissions (Chen et al.
2013). For example, straw with a low C:N ratio can mineralize N for microbial N,O production (Baggs
et al. 2006; Millar et al. 2004). By contrast, straw with a high C:N ratio may stimulate microbial N
assimilation and reduce N>O production (Wu et al. 2012). In addition, straw may serve as an energy
provider for denitrifiers, and enhance N>O production through denitrification (Abalos et al. 2012).
These may partly explain the inconsistent results on the effects of the combined input of straw and
fertilizer-N on soil N2O emissions in temperate croplands (e.g., Abalos et al. 2012; Wu et al. 2012).
Returning straw to the soil is a common practice to sequester C and improve soil quality worldwide
(Kumar and Goh 1999); its combination with fertilizer-N may also have the potential to reduce NO3~
leaching and improve N synchrony (Gentile et al. 2009; Sugihara et al. 2012a). However, these potential
benefits could be compromised if soil N.O emissions are enhanced as a result of straw incorporation.

A better understanding of the effects of N and straw management on N-O emissions is needed
to identify mitigation strategies for SSA croplands. To evaluate the response of N,O emissions to N
application rate and the effect of a combined application of straw and fertilizer-N on soil N2O emissions
in maize-based systems of the Tanzanian highlands, a field experiment was conducted in two Tanzanian
croplands with different soil type. The specific objectives of this study were to (i) investigate the
seasonal variability of N2O fluxes; (ii) quantify the annual N,O emissions and the EFs; and (iii) examine
the relationship between N,O emissions and maize yield, as affected by increasing N rates and the

combined input of fertilizer-N and maize straw.

6.2 Materials and methods

6.2.1 Characteristics of study sites

The study was conducted at two maize fields with different soil types in the southern highlands
of Tanzania. One site, TZi, is located in Mangalali village (07°46’ S, 35°34' E; 1480 m a.s.l.) of the
Iringa region. The soil is classified as coarse-loamy, isohyperthermic, Kanhaplic Haplustalfs (Soil
Survey Staff, 2010). TZi had been under natural fallow for 2 years before the start of the experiment.
Before natural fallow, maize had been continuously cultivated by local farmers for more than 5 years

with annual N input at a rate of ~100 kg N ha™ mainly as urea. The other site, TZm, is located in Uyole
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town (08°55" S, 33°31' E; 1780 m a.s.l.) of the Mbeya region. The soil is classified as clay-loam,
isothermic, Dystric Vitric Haplustands (Soil Survey Staff, 2010). TZm is located within the Mbeya
Agricultural Training Institute-Uyole and is used as experimental plots. Maize and common beans were
grown in rotation from 2003 to 2011, followed by sunflower for 2 years until the establishment of this
trial in November 2015. Nitrogen was applied mainly as urea at a rate between 80 and 100 kg N ha™
yr* for maize and sunflower cultivation. TZi receives 560 mm of precipitation per year on average,
lower than that at TZm (860 mm). The annual daily average temperature was higher at TZi (23.5 °C)
relative to that at TZm (17.1 °C). The pattern of annual rainfall is unimodal for both sites. The rainy
season (and accordingly the growing season) generally begins in late November for both sites, and ends
in mid-April and mid-May at TZi and TZm, respectively. Selected properties for the soil profiles of
study sites are presented in Table S6.1. Despite the similar soil pH and C:N ratio in topsoil between the
two sites, soil organic matter and CEC were substantially lower at TZi as compared with those
characteristics at TZm, because of the low clay content in the former soil. Water-holding capacity was
higher at TZm than at TZi at depths of 0-0.15 m and 0.15-0.3 m.

6.2.2 Experimental design

From November 2015 to June 2017, maize was cultivated consecutively for two seasons at both
sites. Experimental plots were established in a fully randomized block design for six treatments
consisting of four levels of N rate—0, 50, 100, and 150 kg N ha™, denoted as 0, 50, 100, and150N,
respectively—and two more treatments combining the N application and maize straw incorporation,
denoted as 50N+S (50 kg N ha™* plus ~2 Mg C ha™*) and 150N+S (150 kg N ha? plus ~2 Mg C ha?).
Each treatment was replicated three times. A 1.5-m buffer separated each plot (plot size: 5 m x 5 m)
and block. Within each plot, three maize (Zea mays L.; variety: TMV-1 for TZi and UH6303 for TZm)
seeds were sown per hole at a spacing of 0.7 m x 0.3 m and were thinned to one plant per hole 20 days
after sowing (DAS), giving a population of ~48000 plants ha™*. Maize was planted in early- to mid-
December at both sites, and harvested in early April and mid-May at TZi and TZm, respectively.
Because of heavy rainfall, seeding on Dec-14-2015 failed to germinate at TZi and re-sowing was
conducted on Jan-1-2016.

Maize straw was chopped into ~0.15-m pieces and incorporated into the soil at a depth of 0—
0.15 m using a hand hoe. Date of straw incorporation and its quality (i.e., C and N content and the C:N
ratio) are presented in Table S6.2. Fertilizer-N application, by broadcasting urea, was split into two
times following the local extension advice (Zheng et al. 2018b). One-third of the total amount was
applied 21 DAS (three- to four-leaf stage of maize growth). The remaining two-thirds was applied 57
DAS (around the time of maize tasseling). Weeding was carried out when necessary, and all weeded
materials were removed from the plots. Phosphorus (P) was added to all plots as basal application with

50 kg P ha%, using triple superphosphate.
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6.2.3 N2O flux measurements

Soil-atmosphere N2O fluxes were measured using a static chamber method over a 2-year period
from December 2015 to November of 2017. Gas samples were collected every 10-14 days during the
rainy season and approximately monthly during the dry season, with intensified samplings conducted
during the two weeks following each N application (e.g., 1, 2, 4, 6, 8, and 11 days after fertilization).
Throughout the experimental period, 53 and 55 measurements were made at TZi and TZm, respectively.
Four opaque PVC chambers (diameter, 25.5 cm; height, 30 cm) were inserted into the soil to a depth of
15 cm in each replicate plot and remained in the same location during each year. The average of four
measurements was used per treatment plot. Chambers were placed between maize rows where no plants
were growing. Chambers were inserted ~2 weeks before the first measurement to avoid the potential
influence of installation disturbance. Chambers were re-installed in the second year during land
preparation and straw incorporation. Possible effects of root mortality and activity on N,O fluxes (Keller
et al. 2000; Sey et al. 2009; Smith and Tiedje 1979) were excluded by removing living root biomass
during the installation process as well as by applying the trenching method (Shinjo et al. 2006). Briefly,
the bottom of each chamber was covered by a fine plastic mesh to support the soil inside and to maintain
the same soil moisture condition as outside the chamber. A plastic sheet then can be used to block the
root respiration during each measurement (see the procedure in detail below). Fertilizer applications for
the chambers were managed identically to those in the plots, and the accurate rate of added C and N
from straw to chambers is shown in Table S6.2.

For each measurement, | first removed the PVC chamber, covered its bottom with a plastic
sheet, and returned it to the hole. After that, the chamber was closed with a lid fitted with a sampling
port (butyl rubber septum) and made airtight. Using a polypropylene syringe adapted with a three-way
stopcock, I took 20-ml gas samples at 0 min and 40 min and transferred the samples to pre-evacuated
10 ml screw top glass vials (SVG-10 Gas-Chro Vials, Nichiden-rika Glass Co., Ltd., Japan). Before
removing the plastic sheet and returning the chamber to the original condition, each chamber height
above the soil surface was measured by a ruler at three different positions along the inner edge of the
PVC pipe for the estimation of headspace volume. The air temperature inside the chamber was
measured by a CS215 probe (Campbell Scientific, Inc., USA) connected to a CR1000 data logger
(Campbell Scientific, Inc.). To minimize the effects of diurnal variation in gas emission, samples were
taken at the same time of day (8:00-11:00 AM) at each site.

The gas samples were analyzed with a gas chromatograph (GC-2014, Shimadzu Inc., Kyoto,
Japan) equipped with a Ni electron capture detector operated at 349 °C. The carrier gas was argon
containing 5% CH. (Kindgas, Japan) at a flow rate of 30 ml min™*. A reference gas containing 990 ppbv
N2O in N. (Kindgas) was injected after every fourth sample of chamber air to guarantee a precise
calibration. A volume of 0.5 ml from each sample was manually injected into the gas chromatograph

with a Pressure-Lok gas syringe (Series A-2, VICI Precision Sampling, Inc., USA). Before the
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separation of the N,O peak on a packed Porapak Q column (80-100 mesh; length, 4 m; 3-mm i.d.) at
75 °C, CO2 and water vapor from the sample were removed by pre-columns filled with Ascarite (Sigma-
Aldrich, USA) and Mg(ClO4). (Wako Pure Chemical Industries, Ltd., Japan), respectively, to avoid the
interference with NO analysis. Pre-columns were replaced approximately every month. Flux rates were
calculated according to Equation 6.1:
Fn,0 = (Ac X Vg X P X MWy oy X 1072) /(R X T X Acp), (6.1)

where Fy,o = N2O flux (ug N2O-N m2ht), Ac = average rate of change in the mixing ratio of N-O in
the chamber air (ppbv h™), V., = chamber volume (cm®), P = pressure (atm); MWy, o.y = molecular

weight of N,O-N (28.0134 g mol™), R = gas constant (0.08206 L atm K mol™), T = temperature (K),
and A.;, = chamber base area (cm?).

6.2.4 Auxiliary measurements

Soil temperature at a depth of 5 cm was monitored with T108 sensors (Campbell Scientific,
Inc.) with two replicates for plots with and without straw incorporation. Air temperature was monitored
using one T108 sensor at each site, and precipitation was recorded with a TE525MM rain gauge
(Campbell Scientific, Inc.). All monitoring instruments were connected to the same data logger
(CR1000, Campbell Scientific, Inc.), which recorded data every 10 min. For almost every gas sampling
event, soil samples from 0-15 cm were collected using an auger (~4-cm diameter) at four different
positions in the vicinity of chambers to determine the gravimetric water content. To indicate O;
availability, water-filled pore space (WFPS) was calculated using the measured bulk density, soil

particle density (Table S6.1), and gravimetric water content at each site according to Equation 6.2:

volumetric water content __ gravimetric water contentxbulk density 6.2
- __ bulkdensity ' ( . )
soil particle density

WFPS =

soil total porosity

6.2.5 Yield estimation

To estimate yield, maize ears inside the plots (4 m x 4 m, avoiding the edge) were collected
and grains were shelled from the ears. Weights of the shelled grains were recorded before subsamples
were taken for moisture correction. Subsamples of the grains were oven-dried at 60 °C to a constant

weight. Grain yield in the current study was expressed on a dry weight basis.
6.2.6 Data analysis and statistics

Daily fluxes (g N2O-N ha day*) were estimated based on chamber measurements, assuming
no diurnal variation in emissions. Cumulative emissions for each treatment plot were estimated by linear
interpolation of daily fluxes between sampling events over the measurement period. For 2015/16 and
2016/17, the measurement period covered 347 and 341 days at TZi, and 303 and 329 days at TZm,
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respectively. Average daily flux (g N2O-N ha™ day ') was calculated by dividing the cumulative
emission by the measurement period (number of days). To estimate the annual emission covering 365
days, I summed the N-O emissions from growing and non-growing seasons. The non-growing seasons

were not fully covered by the measurements, and the emissions were therefore estimated as follow:

Cumulative emissionNon-growing

Emission estimate ing = X Total period ings (6.3
Non-growing Measurement periodNon_ngmg p Non-growing: ( )

To calculate the EF, the difference between annual emissions from the ON treatment and those from
treatment was divided by the amount of fertilizer-N added in the latter treatment.

Chamber measurements of N,O flux (ug N m~2 h™) were related to soil and environmental
variables using Spearman correlation. One-way analysis of variance (ANOVA) was used to assess the
effects of N rate on average daily flux and maize yield. After determination of an F-value, multiple
comparisons of the means with an LSD test were conducted. An independent t-test was used to evaluate
the effect of straw incorporation on average daily flux and maize yield. Statistically significant
differences were identified as P < 0.05 unless stated otherwise. Statistical analysis was conducted with
IBM SPSS Statistics (version 24).

The average daily fluxes at different N rates were fitted to an exponential or linear curve. The
relation of delta annual N.O emission to delta yield (where delta refers to the difference between
treatment and control plots) was fitted with three models: exponential, linear, and quadrative. Model
comparison was conducted using corrected Akaike’s information criterion (AlC;) together with ‘pseudo
R?, which was calculated as 1 — (residual sum of squares / total sum of squares). Model fitting and

comparisons were performed using R software (version 3.3.3; http://www.r-project.org).

6.3 Results

6.3.1 Environmental factors

Temporal variations in rainfall, air temperature, soil temperature at a depth of 5 cm at two sites
are presented in Fig. 6.1a and Fig. 6.2a. The rainfall in 2015/16 was 758 and 1123 mm at TZi and TZm,
respectively, about 200 mm higher than the mean annual rainfall at each site. By contrast, 2016/17 was
a drier year according to local farmers at TZi (the data logger was out of function for most of the time
in 2016/17; Fig. 6.1a) and a much lower rainfall amount (664 mm) recorded at TZm. Daily average air
temperatures showed narrow ranges during the rainy seasons (19-25 °C at TZi and 16-21°C at TZm).
Similarly, soil temperature at a 5-cm depth did not vary substantially (21-32 °C at TZi and 17-27°C at

TZm), with negligible effect of straw incorporation observed during the rainy season (Figs. 6.1a, 6.2a).
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Fig. 6.1 Temporal variations in rainfall and soil and air temperature (a), in WFPS at 0-15 cm (b), and in N2O
flux under different treatments (c, d) at TZi. Gray arrows indicate the timing of straw incorporations, and

black arrows indicate the timing of N applications. Error bars in (b—d) represent standard errors.
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The soil WFPS at a depth of 0-15 cm varied intra-seasonally as a result of rainfall fluctuation
(Figs. 6.1b, 6.2b) but was not significantly affected by straw incorporation during the study period (P
=0.349 and 0.613 for TZi and TZm, respectively, by Mann-Whitney rank sum test). The WFPS ranged
from 1.8 to 38.1% at TZi, and from 5.1 to 63.3% at TZm throughout the study period. At both sites, the
maximum WFPS was higher in 2015/16 (38.1% at TZi and 63.3% at TZm) than 2016/17 (28.8% at TZi
and 58.9% at TZm). At TZm, a rapid and substantial drop in WFPS coincided with each timing of N
application (except the second N application in 2015/16; Fig. 6.2b).

6.3.2 Seasonal variability of N2O fluxes

NO fluxes varied temporally and in response to N applications (Figs. 6.1c, 6.2c). N,O fluxes
from the ON treatment were generally low (<13 pg NO-N m2 h™?), with peaks observed at the
beginning of the rainy seasons (at TZi only, up to 7.2 ug N2O-N m2 h™?) and after the re-wetting of the
soils (up to 12.7 and 46.1 pg N,O-N m~2 h™* at TZi and TZm, respectively). In N-fertilized plots, peaks
of N2O fluxes were observed after each N application (Figs. 6.1c, 6.2c) and were generally larger at
higher N rates (13.8-36.7 ug N2O-N m~2 h™! in the 50-150N treatments at TZi and 69.2-154.0 pg N>O-
N m2h!in the 50-150N treatments at TZm; Table S6.3). The response of N,O fluxes to fertilizer-N
occurred within 1-3 days of the application at TZi, whereas it took >6 days at TZm (except for the
second N application in 2015/16; Fig. 6.3). The duration of increased N.O fluxes was not affected by
N rate, and varied substantially at each site (14-38 days for TZi and 5-21 days for TZm; Fig. 6.3). In
addition, N>O uptake was observed in the dry, non-growing seasons, with values down to —1.7 and —7.7
ug N,O-N m2 h™! at TZi and TZm, respectively (Figs. 6.1c, 6.2c).

Straw incorporation in combination with N application generally increased the N,O fluxes as
compared with N application alone during the crop growing seasons (Figs. 6.1d, 6.2d). Particularly
during the periods following N applications, the N-O peaks varied up to 31.8 and 56.4 pg N,O-N m~2
h™! in the 50N+S and 150N+S treatments, respectively, at TZi; and varied up to 339.7 and 609.5 ug
N2O-N m=2 h™! in the 50N+S and 150N+S treatments, respectively, at TZm. Consequently, the
arithmetic mean of N>O fluxes in the 50N+S treatment for each cropping year was higher than that in
the 100N treatment, and comparable to that in the 150N treatment at each site (Table S6.3).

Across all treatments and sites, the N»O flux significantly correlated with WFPS and CO- flux
but not soil temperature (Table 6.1). The N,O flux at TZi tended to correlate more closely with the daily
rainfall amount on the measurement date rather than with the previous day’s rainfall, whereas the
opposite trend was observed at TZm. Relatively high N,O fluxes (>15 ug N,O-N m~ h™!) were observed
across a wide range of WFPS at TZi (8-39%) but were observed only when WFPS was >47% at TZm
(Fig. S6.1).
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Table 6.1 Spearman correlation between N>O flux and measured soil and environmental variables for each

treatment at TZi and TZm, respectively, over the study period (December 2015 to November 2017).

Treatment ~ WFPS  Soil temperature Rainfall Previous day rain CO; fluxS
(%) (5 cm; °C) (mmday!) (mmday!) (mgCm2h)
TZi
ON 0477  -0.18"™ 0.31m 0.46" 0.39™
50N 0.49™  —0.26™ 0.44" 0.39™ 0.55™
100N 0.54™  —0.06™ 0.53™ 0.49" 0.51™
150N 053"  —0.06™ 0.56™ 0.48" 0.50™"
50N+S 0.46™  0.12™ 0.45" 0.30m™ 0.44™
150N+S 0.56™  —0.06™ 0.58" 0.48" 0.45™
TZm
ON 0.30 0.08™ 0.33" 0.40™ 0.372™
50N 0.48™"  0.14™ 0.38™ 0.44™ 0.48™"
100N 0.49™"  0.20™ 0.30° 0.41™ 0.40™
150N 0.57"" 0.18™ 0.43™ 0.45™" 0.61™
50N+S 0.49™"  0.18™ 0.37" 0.49™ 0.58™"
150N+S 0.53""  0.14"™ 0.38™ 0.52"" 0.64™

Values followed by *, **, *** indicate significant at P < 0.05, < 0.01, and < 0.001 level, respectively. ns
means non-significant
$CO; flux was measured with the thermal conductivity detector of a gas chromatograph (GC-2014, Shimadzu

Inc., Kyoto, Japan) using the same gas sample for N,O measurement (data not shown)
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6.3.3 Average daily fluxes, annual emissions and emission factors

Curve fitting for the average daily flux vs. N rate was performed separately for each cropping
year at TZi and TZm (Fig. 6.4). The average daily flux increased significantly at higher N rates, and
was well described by either an exponential or a linear model at each site (R? = 0.65-0.88, P < 0.0002).
With the same N rate applied, straw incorporation significantly (P < 0.06) increased the average daily
flux (Fig. 6.5). When combined with straw incorporation, the average daily flux from plots with the
addition of 50 kg N ha™* was comparable or even higher than that from plots with 150 kg N ha™ alone
(Fig. 6.5).

Annual emissions were estimated by summing the emissions from the growing and non-
growing seasons. Across sites and cropping years, NoO emissions were generally higher during the
growing than during the non-growing season (except the ON treatment in 2015/16 at TZi, and the ON
and 50N treatments in 2016/17 at TZm; Fig. 6.6). Across two cropping years, annual emissions from
the 0-150N treatments ranged from 0.14 to 0.44 kg N2O-N ha* at TZi, and from 0.18 to 0.72 kg N,O-
N ha at TZm (Table 6.2). With straw incorporation, annual emissions ranged from 0.37 to 0.79 kg
N2O-N hat at TZi, and from 0.62 to 2.24 kg N>O-N ha* at TZm (Table 6.2). The EFs for the 50-150N
treatments ranged from 0.13 to 0.26% (average, 0.16%) at TZi and from 0.24 to 0.42% (average, 0.32%)
at TZm (Table 6.2). Straw incorporation increased the EFs by 0.14-0.33% (average, 0.23%) at TZi and
0.25-1.01% (average, 0.62%) at TZm (Table 6.2).
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Fig. 6.6 Cumulative N2O emissions during the growing seasons (~130 days from December to April at TZi

and ~140 days from December to May at TZm) and non-growing seasons from each treatment at TZi (left
side) and TZm (right side) for 2015/16 (a) and 2016/17 (b). *, **, *** indicate significant differences at P <

0.1, 0.05, 0.01, respectively, based on the t-test. n.s. indicates non-significant difference (P > 0.1).

Table 6.2 Estimates of annual N>O emissions and emission factors (EFs).

Treatment  TZi TZm
Annual emission (kg N ha™') EF (%) Annual emission (kg N ha™) EF (%)

2015/16

ON 0.191 £ 0.012 0.184 +0.011

50N 0.255 +0.014 0.13 0.376 £ 0.019 0.39

100N 0.327 £0.014 0.14 0.428 £ 0.016 0.24

150N 0.437 £0.044 0.16 0.626 + 0.093 0.29

50N+S8 0.419 £ 0.019 0.46 0.622 £ 0.030 0.88

150N+S8 0.792 £0.124 0.40 1.000 £ 0.073 0.54
2016/17

ON 0.138 £ 0.028 0.297 £ 0.023

50N 0.266 = 0.024 0.26 0.505 +0.017 0.42

100N 0.305 £ 0.033 0.17 0.579 £ 0.048 0.28

150N 0.341 £ 0.027 0.14 0.719 £ 0.015 0.28

50N+S¢ 0.368 + 0.029 0.46 0.868 + 0.089 1.14

150N+S8 0.545 + 0.045 0.27 2.237 £0.644 1.29

8For the calculation of EFs for the combined fertilizer-N and straw treatments, straw-N was not considered

as the source for N2O emission because of the high C:N ratios (60-206; Table S6.2) of the straw used in this

study.
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6.3.4 Maize yield and its relationship with annual N2O emission

At each site, maize yields tended to be affected by an interaction between the N rate and
cropping year (Fig. 6.7). Maize yields were significantly enhanced (P < 0.05) with increasing N rate,
with the yield in 2016/17 (2.0-3.9 Mg ha* at TZi and 1.8-4.1 Mg ha™* at TZm) being higher than that
in 2015/16 (0.8-3.1 Mg ha* at TZi and 1.1-3.9 Mg ha™* at TZm) under the same N rate. Maize yields
were not significantly (P > 0.05) affected by straw incorporation across sites and cropping years (Fig.
6.7).
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Fig. 6.7 Grain yield at TZi (a, b) and TZm (c, d). Different lowercase letters above the bars indicate a
significant difference (P < 0.05) in grain yield for different N rates based on the LSD test after a one-way
ANOVA. n.s. indicates a non-significant effect (P > 0.05) of straw incorporation on grain yield based on the
t-test. Error bars represent standard errors.

The relationship between maize yield and annual N>O emission was described by comparing
the delta yield with delta annual N>O emission (Fig. 6.8a, b) and by the yield-scaled N,O emission (Fig.
6.8c¢, d). For plots without straw incorporation, an exponential model (AIC. = —9.3 for TZi and AIC, =
—1.3 for TZm; Table S6.4) was marginally superior to a linear model (AIC. =—8.8 for TZi and AIC. =
0.3 for TZm; Table S6.4) for describing the relationship between delta annual emission and delta yield
at each site (Fig. 6.8a, b). Data points for the plots with straw incorporation are all located above the

fitted curve in Fig. 6.8a and b, showing that straw incorporation resulted in additional emission of N2O
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for the same level of yield increment at both sites. Across cropping years and soil types, yield-scaled
N2O emissions were consistently higher for plots that incorporated straw than those that did not (Fig.
6.8c, d). Despite the inter-annual variation observed for the effect of N rate on the yield-scaled N2O
emission at each site, data combining results from 2 years showed negligible differences in yield-scaled
N.O emissions among the plots receiving fertilizer-N only (0.11-0.12 and 0.16-0.17 kg N.O-N Mg
grain at TZi and TZm, respectively). These levels were markedly lower than those with combined input
(N+S treatment; 0.17-0.23 and 0.28-0.40 kg N2O-N Mg grain at TZi and TZm, respectively) (Fig.
6.8c, d).
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Fig. 6.8 The relation between yield and annual N.O emission described by comparing the delta yield with
delta annual N2O emission (a, b) and the yield-scaled N>O emission (c, d). Error bars represent standard

errors.
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6.4 Discussion

6.4.1 N2O emissions from SSA croplands

Few studies have examined the soil-atmospheric flux of N>O from SSA croplands (Rosenstock
etal. 2016), despite their areal extent and the inevitable trend of future intensification. The few previous
measurements have primarily been confined to natural ecosystems, such as forests and savannahs (e.g.,
Rees et al. 2006; Werner et al. 2007; also see a recent synthesis by Kim et al. 2016). From 2004 to 2018,
I found only 18 studies with in situ measurements for various crops in this region (Table S6.5). By
contrast, in China a total of 6089 site-years of field trials were conducted for maize alone during 2005—
2015 (Cui et al. 2018). Furthermore, among these 18 studies, few included measurements across an
entire year (e.g., Ortiz-Gonzalo et al. 2018) or adopted a proper sampling design to capture the critical
temporal variations induced by land management (e.qg., fertilizer-N input; Hickman et al. 2015). Non-
growing or dry seasons were mostly neglected in the measurements (e.g., Mapanda et al. 2011), yet
their contributions to annual emissions may vary up to 61% (Fig. 6.6). Following the fertilizer-N
application, the N,O fluxes can be highly variable (Figs. 6.1, 6.2), and therefore a low temporal
resolution of measurements would translate to high uncertainty in the estimate of annual emissions. The
current study provides some of the first reliable in situ NoO measurements in SSA croplands with
multiple N rates and the combined application of fertilizer-N and straw.

The annual emissions from unfertilized plots (or the background emissions; Kim et al. 2013a)
in the current maize fields (0.14-0.30 kg N>O-N ha™ yrt) were comparable to those (0.10-0.22 kg
N2O-N ha* yr!) in Western and Central Kenya (Hickman et al. 2015; Ortiz-Gonzalo et al. 2018).
However, Hickman et al. (2014) and Rosenstock et al. (2016) reported higher background emissions
from maize fields in Kenya (0.71 kg N2O-N ha* for 99 days) and Eastern Tanzania (0.90 kg N.O-N
hat yr1), respectively. The higher background emissions in Kenya could be explained by the presence
of more fertile soil with a history of manure deposition (Hickman et al. 2014), whereas that in Eastern
Tanzania was likely due to higher nutrient availability (particularly C and N) under slash-and-burn
management (Rosenstock et al. 2016). These variations suggest that heterogeneity in soil fertility and
diversity in farm management practices should be considered when estimating N.O emissions from
SSA croplands. Based on Table S6.5 (only those studies that reported annual emissions) and current
results, the calculated mean background emissions from SSA croplands (0.48 kg N,O-N ha* yr%; SD
= 0.35; n = 28) was lower than the global average of 1.08-1.40 kg NoO-N ha* yr! (cultivated mineral
soils; Gu et al. 2007; Gu et al. 2009; Kim et al. 2013a) (Fig. 6.9). The general depletion of N (Vitousek
et al. 2009) and lower organic C content (Zomer et al. 2017) in the soil could be the main reasons for

lower background N.O emissions from SSA croplands.
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Precipitation and accordingly the soil moisture could be an important driver of N>O emissions
from SSA croplands. Compared with temperate zones, less variation in air and soil temperature in
tropical highlands (e.g., Figs. 6.1, 6.2) would accentuate the influence of soil moisture on the activity
of microbes (Sugihara et al. 2012b), including nitrifiers and denitrifiers (Bateman and Baggs 2005).
Unlike similar studies in temperate regions (Adviento-Borbe et al. 2007; Liu et al. 2014; Ma et al. 2010),
this study found no correlation between N,O flux and soil temperature (Table 6.1). Also, the pulses of
NO fluxes from the ON treatment always occurred at the onset of rains or after the rewetting of the
soils (Figs. 6.1, 6.2). These N2O pulses from unfertilized plots were sometimes of a similar magnitude
to those from fertilized treatments (e.g., the N>O peak on Apr-6-2016 at TZi following a prolonged dry
period), which is consistent with observations from other studies (Barton et al. 2007; Hickman et al.
2014). Such N2O pulses could be contributed by the release of readily available C and N during the
rewetting process (Davidson 1992).

Rainfall events and, accordingly, WFPS also influenced the response of N,O fluxes to N
applications. At TZi, the N>O peaks following the second application (higher N rates) were lower than
those following the first application (lower N rates) in 2015/16 (Fig. 6.1c), which coincided with the
lower WFPS after the second application (Fig. 6.1b). At TZm, with a high WFPS, the N.O fluxes
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responded immediately to the N application (the second application in 2015/16; Figs. 6.2b, 6.39),
whereas with a dropping WFPS, no response was observed until the soils were rewetted by rainfall
(Figs. 6.2b, 6.3¢, f, h). These results confirmed that there was an interaction between the timing of N
addition and rainfall events with respect to effects on the N,O emission (Hayakawa et al. 2009) and that

there may be no response to N addition under dry conditions (Ma et al. 2010).
6.4.2 Effect of N application on N2O emissions

It is within expectation that the application of fertilizer-N stimulated N.O fluxes (Figs. 6.1c,
6.2c; Table S6.3), as available N from fertilizer provided the substrate for microbial nitrification and
denitrification (Firestone and Davidson 1989). The weaker stimulating effect of fertilizer-N at TZi as
compared with TZm (with fluxes up to 37 vs. 154 ug NoO-N m2 h!; Table S6.3) was likely due to the
dominance of nitrification in producing N,O at TZi, as suggested by the soil aerobiosis (WFPS < 40%;
Figs. 6.1b, S6.1a) largely resulting from the coarse texture (88% sand, Table S6.1). Further evidence
includes the relatively high N,O flux (>15 pg N.O-N m™2 h™!) observed at low WFPS (<20%) at TZi
(Fig. S6.1a). NO production in soils during nitrification is generally considered to be minor compared
with denitrification (Bateman and Baggs 2005; Khalil et al. 2004), the latter of which likely contributed
to the higher N2O fluxes from fertilized plots at TZm (Table S6.3). Denitrification may have been
stimulated at the TZm plots because of the anaerobic conditions when WFPS was > 47% (Fig. S6.1b),
though this threshold value may vary (Bateman and Baggs 2005; Gagnon et al. 2011; Ma et al. 2010).

Similar to background emissions, N,O fluxes from the fertilized plots in the current study (up
to 37 and 154 ug No,O-N m™2 h™! at TZi and TZm, respectively; Table S6.3) were generally of similar
magnitudes relative to other N-fertilized maize fields in SSA (up to 32-123 ug N,O-N m2 h™!; Chapuis-
Lardy et al. 2009; Hickman et al. 2014; Hickman et al. 2015; Mapanda et al. 2011; Ortiz-Gonzalo et al.
2018), but much lower than those comparably fertilized maize fields in other parts of the world with
similar water input—precipitation or plus irrigation (maximum peaks generally >300 pug N>O-N m
h™!; up to >1000 pg N.O-N m~2 h™!; Gagnon et al. 2011; Hoben et al. 2011; Liu et al. 2012; Ma et al.
2010; McSwiney and Robertson 2005). One exception reported high fluxes (up to 733 ug N.O-N m™
h™') in Kenya (Millar et al. 2004) was possibly due to high N input (>200 kg N ha') using high-quality
crop residue (C:N ratio < 20).

There are simply too few field studies across SSA that have measured EFs based on year-round
measurements. | here report the EFs to be 0.13-0.26% and 0.24-0.42% at TZi and TZm, respectively,
for the application rates of 50-150 kg N hat. These values are well below the 1% of the Tier 1 method
by IPCC (2006), which is used widely for national inventories across SSA. Current results are consistent
with previous estimates of EFs based on seasonal measurements in SSA croplands, most of which are
<0.7% (Fig. S6.2). The exceptionally high estimate of EF (4.1%; Fig. S6.2) by Dick et al. (2008) was

likely due to field heterogeneity or to interference from management during the preceding season. A
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close inspection of the data from that study revealed that higher N2O flux in the fertilized plots relative
to unfertilized plots mostly occurred before fertilizer-N application. Therefore, this high EF does not
represent fertilizer-induced emission.

With increasing N rates, the average daily N2O flux increased either linearly or exponentially,
depending on the cropping year (Fig. 6.4). It is of interest that in 2016/17, linear patterns were observed
at both sites (Fig. 6.4b, d), coinciding with the quadratic-plateau pattern of the yields (Fig. 6.7b, d). This
seems to contradict the widespread notion that with increasing N rates, a nonlinear exponential increase
in N>O emissions occurs when the N rate exceeded that required for maximum yields (Kim et al. 2013b;
Ma et al. 2010; McSwiney and Robertson 2005). However, previous studies have noted poor
correlations between soil mineral N concentration and N2O flux (e.g., Adviento-Borbe et al. 2007,
Chapuis-Lardy et al. 2009), indicating the importance of considering the interaction between N
availability and environmental factors (Gagnon et al. 2011), such as rainfall. The linear patterns (Fig.
6.4b, d) were mainly attributed to the lower precipitation in 2016/17 as compared with 2015/16 (e.g.,
nearly half the amount of rainfall occurred at TZm). With lower precipitation, urea-N loss through NH3
volatilization in the current fields might increase (Zheng et al. 2018a), which could have offset the
increased N available for N2O production at a higher rate. A similar 2-year study in Kenya (Hickman
et al. 2015) also showed that a linear pattern might describe the response of N-O emissions to N input
in a drier year, provided that N rates and yields be the same across years. These results confirm that
N.O emission may increase linearly with the N rate (Hoben et al. 2011; Kim et al. 2013b), even when
the N addition exceeded the demand for the optimal agronomic yield (e.g., Gagnon et al. 2011; Liu et
al. 2012).

6.4.3 Effect of straw incorporation on N2O emissions

To date, this is the first in situ study examining the effect of combined application of fertilizer-
N and straw on N,O emissions in SSA croplands. The other two related studies in this region (Baggs et
al. 2006; Millar et al. 2004) tested the effects of only a single input of plant residue on N>O emissions,
leaving the potential interaction between inorganic fertilizer and plant residue unevaluated.

Combined input of fertilizer-N and straw further increased the N>O emissions with a synergistic
effect as compared with fertilizer-N input alone (Fig. 6.5). The synergistic effect was evidenced by the
similar or even higher average daily flux from the 50N+S treatment as compared with the 150N
treatment (Fig. 6.5). Straw is therefore playing roles beyond N supply for N.O production (Chen et al.
2013). The result thus questions the simple additive estimation of N2O emission by the Tier 1 method
of the IPCC (2006) when these two resources are used. This result also suggests that the potential benefit
of using straw to sequester C and improve soil quality (Kumar and Goh 1999; Sugihara et al. 2012b)

may be compromised by enhanced N,O emissions.
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Mechanisms underlying the synergistic effect of combined inputs on N,O emissions may vary
with soil type. Such a synergistic effect has generally been attributed to the supply of C with high N
availability as well as the anaerobic microsites formed in bulk soils that favor denitrification; the
anaerobic microsites are due to enhanced O, consumption that exceeds diffusion, as a result of residue
decomposition (Chen et al. 2013; Loecke and Robertson 2009; Millar et al. 2004). This likely occurred
at TZm with a high WFPS (>47%), but not at TZi, where the clay content (<7%) and WFPS (<40%)
may have been too low to form anaerobic microsites in such a way. Instead, at TZi, by absorbing the
water from surrounding soil, the wet straw fragments themselves may have served as local anaerobic
hotspots for denitrification (Kravchenko et al. 2017). The increased N>O emission at TZi was further
supported by a laboratory °*N-tracer study (Li et al. 2016) with a similar sandy soil (79.4% sand), in
which denitrification became the dominant source (>50%) of N.O emission after soil treatment with
crop residue, even at low WFPS (40%).

The stimulating effects of the combined application of low-quality straw (particularly those
with C:N ratio > 190 in 2015/16; Table S6.2) and fertilizer-N on N>O emissions in the current study
contradicted to the findings of some previous researches in other continents (e.g., Chen et al., 2013;
Congreves etal. 2017; Wu et al. 2012). The general bases for the negative effect of residue incorporation
on N2O emission are (i) N immobilization that lowers the N availability for N,O production (Chen et
al. 2013; Wu et al. 2012); and (ii) a more complete stepwise denitrification to N, which consumes
produced N2O (Congreves et al. 2017; Wang et al. 2011; Zhou et al. 2017). However, the large pieces
of straw (~0.15 m) used in the current study were inefficient to immobilize soil N (1.2-2.7 kg N Mg
added C; Chapter 5) due to the limited surface area exposed to microbes for decomposition (Kumar and
Goh 1999). In addition, the recorded WFPS at each site (up to 63.3%) was far from forming an
environment conducive to complete denitrification (Bateman and Baggs 2005). Instead, higher
dissolved organic C flux was observed from straw incorporated plots (Zheng et al., unpublished), which
could provide a C source for denitrification. Other studies also indicate that straw with C:N ratio > 100

can have a positive effect on N2O emissions (Abalos et al. 2012; Li et al. 2013).
6.4.4 Annual N2O emission as related to maize yield

With the single N input, the non-significant difference between exponential and linear fitting
for delta yield vs. delta N2O emission (Fig. 6.8a, b) indicated the absence of an evident tipping point,
which is consistent with the similar yield-scaled emissions among N rates of 0-150 kg N ha™* for the 2-
yr study period (Fig. 6.8c, d). The yield-scaled emissions (<0.18 kg N,O-N Mg grain) for maize plots
receiving only fertilizer-N were within the lower ranges of some reported values (Kim et al. 2017; Zhao
et al. 2017). All of the above may suggest that N application rates up to 150 kg N ha™ are acceptable
for increasing yield relative to N,O emissions in the studied regions. This is in line with a meta-analysis

of Van Groenigen et al. (2010) that no significant difference in yield-scaled emissions was found for N
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inputs below 200 kg N ha. Considering the yield potential, efforts to further increase the yield (e.g.,
management of water and other nutrients, etc.) within this range of N rates will make this region a
climate-friendly area for crop production.

Straw incorporation markedly increased the yield-scaled N.O emissions (Fig. 6.8). The
potential benefit of combining low-quality straw and fertilizer-N to mitigate N leaching loss and to
improve N synchrony proposed for SSA croplands (Gentile et al. 2009; Sugihara et al. 2012a) should
therefore be reconsidered in the context of N.O emissions.

6.5 Conclusions

The current study provides some of the first reliable in situ measurements in SSA croplands
(TZi, sandy Alfisols; TZm, Andosols) to quantify N,O emissions in response to increasing N rates and
in combination with maize straw incorporation. | found that in SSA croplands both exponential and
linear patterns are present for describing the response of N>O emissions to increasing N rates, regardless
of soil type. Mechanisms underlying the stimulating effects of treatments (N applied alone or N plus
straw) on N,O fluxes seemed to vary with soil type, and were associated with soil mositure. When N
was applied alone (50-150 kg N ha™?), the direct N.O EFs were well below the 1% of the IPCC Tier 1
method, ranging from 0.13 to 0.26% at TZi and from 0.24 to 0.42% at TZm across 2 years. However,
combining N with straw markedly increased the EFs (up to 0.46% at TZi and 1.29% at TZm) because
of a synergistic effect on N.O emissions. The combined application also increased the yield-scaled N2O
emissions. These results contribute to the rigorous documentation of soil- and country-specific EFs of
N.O in understudied SSA croplands, and suggest that IPCC should consider the synergistic effect to
refine the N,O EFs when two resources (fertilizer-N and straw) are combined. Further, current results
challenge the promotion of combining straw with fertilizer-N for the potential benefit of a better N
synchrony in this region. More in situ N,O emission data with good quality are needed to cover a
broader range of agro-ecological zones, soil types, and land management practices in SSA if we are to

better define the regional N2O flux and mitigation opportunities.
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Fig. S6.1 Relationship between N2O flux and water-filled pore space (WFPS) across the experimental period
(from December 2015 to November 2017).
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Fig. S6.2 Emission factors from this study and published field measurements of direct N,O emission from
SSA croplands. Emission factors were calculated based on the total N,O emissions from fertilized and
unfertilized plots during the measurement periods. All of the previous studies, except Dick et al. (2008), did
not include measurement throughout a year. Therefore, emission factors were mostly calculated based on
seasons that covered by the measurements. The study by Hickman et al. (2015) extrapolated data for non-
growing seasons (not measured) and calculated the emission factor based on annual emissions. Only studies
for croplands and applied with chemical fertilizer were included; studies using crop residues as N source
(Baggs et al. 2006; Millar et al. 2004) and urban vegetable gardens (Lompo et al. 2012; Predotova et al. 2010)
are excluded; studies without background correction (unfertilized treatment) are excluded (e.g., Chapuis-
Lardy et al. 2009).

List of the studies: Baggs et al. (2006); Dick et al. (2008); Hickman et al. (2014); Hickman et al. (2015);
Mapanda et al. (2011); Mapanda et al. (2012b); Masaka et al. (2014).
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Table S6.1 Selected soil physico-chemical properties of profiles for TZi and TZm.

Site Depth  pH TCt* TNf CECt BDS PD! Soil texturer (%)
cm (H20) gkg! cmolc kg™ gcm3 Clay Silt Sand
TZi 0-15 6.45 35 0.3 1.1 1.55 2.56 4.7 6.9 88.4
15-30 5.96 19 0.2 0.9 154 ND? 6.4 7.9 85.7
TZm  0-25 6.85 175 13 175 0.908 242t 284 420 295
25-50 7.09 9.6 0.8 22.7 0.94% ND 34.6 329 325

"Total carbon (TC) and N (TN) determined by dry combustion of finely ground soils using Vario Max CHN
elemental analyzer.

ICation exchange capacity (CEC) determined by the ammonium acetate saturation method.

$Bulk density (BD) determined by the core method. For TZm, BD determined for 0-15 cm and 15-30 cm
layers.

*Soil particle density (PD) = soil mass/volume of soil particles. Volume of soil particles determined by filling
deionized water to a 100 ml glass flask containing 25 g oven-dried soil after removing the air between
particles by boiling the soil/water mixture (volume of soil particle [ml] = 100 — volume of filled water [ml];
given that the density of water is 1 g cm3). For TZm, PD determined for 0-15 cm.

*ND = not determined.

’Soil texture determined by wet sieving (sand fraction) and sedimentation (silt and clay fractions).

Table S6.2 Application date, DAS (days after sowing), averaged content (n = 2) of total carbon (TC), total
N (TN), and C:N ratio of applied crop residues and the equivalent amount of added C and N to the

corresponding PVC chambers.

Season Date DAS TCf TNf C:N Added C Added N

% % ratio MgCha'! kg N ha!
TZi 2015/16  Nov-24-2015 -385 45 036 191 23 18.9
2016/17 Nov-24-2016 -15 43 0.73 60 2.2 38.2
TZm  2015/16 Nov-28-2015 -12 46 0.22 206 2.7 13.1
2016/17  Dec-3-2016 -11 43 046 93 2.2 23.3

$Due to heavy rainfall, seeding on Dec-14-2015 failed to germinate at TZi and re-sowing was conducted on
Jan-1-2016, leading to much earlier date of straw incorporation.

TTC and TN determined by dry combustion of finely ground soils using Vario Max CHN elemental analyzer.
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Table S6.3 Minimum (Min), maximum (Max), arithmetic mean (Mean), and coefficient of variation (CV)

of chamber measurements of N2O fluxes (ug N2O-N m~2 hr!) for each cropping year at TZi and TZm,

respectively.

Treatment TZi TZm
Min Max Mean Cv Min Max Mean Ccv
—ug N2O-Nm2h'— (%) —ug N2O-Nm2h'— (%)
2015/16
ON 1.0 9.1 25 67.6 -1.7 11.7 3.7 123.0
50N 0.2 13.8 4.5 80.0 -1.4 69.2 8.8 161.7
100N -0.3 25.2 6.4 96.4 -5.7 112.7 12.7 186.8
150N -0.5 36.7 8.8 101.8 -3.6 154.0 23.3 169.2
50N+S -0.2 31.8 9.0 102.0 -0.5 121.8 17.6 155.9
150N+S -0.1 56.4 16.9 110.4 -6.5 181.5 30.7 151.2
2016/17
ON -0.5 12.7 3.0 108.4 -4.5 46.1 4.3 203.0
50N -1.7 16.4 6.2 72.3 -1.3 89.1 8.7 195.6
100N -0.8 24.5 75 92.3 -4.9 121.4 10.9 216.3
150N 0.2 30.4 8.4 99.9 -0.7 109.5 14.2 180.5
50N+S -0.9 27.9 8.1 85.5 -1.6 339.7 20.5 314.7
150N+S -1.3 58.9 15.6 108.8 2.7 609.5 47.7 266.0

Table S6.4 Model parameters, corrected Akaike’s information criterion (AICc), and R? for models describing

the delta N2O emission (AN20) in response to delta yield (Ayield) in plots without straw incorporation.

Model TZi TZm

parameters AIC. R? parameters AIC. R?
Exponential a=0.0608 -9.3 0.82 a=0.125 -1.3  0.76
AN20 = a x exp(b x Ayield) b =0.601 b = 0.446
Linear a=0.0350 -88 0.80 a=0.0968 0.3 0.69
AN20 =a+ (b x Ayield) b = 0.0830 b=0.111
Quadratic a=0.0605 209 0381 a=0.280 26.8 0.83
AN;O = a + (b x Ayield) + (¢ x Ayield?) b= 0.0313 b = -0.169

¢ =0.0198 c=0.0843
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Table S6.5. List of in situ empirical studies of N2O fluxes from croplands (annual and seasonal fluxes) in sub-Saharan Africa. Short duration studies (i.e., <2 months) were

not included.
Ref. Country Crop type Soil type Rainfall N type® N rate Measurement period Sampling Flux rate
(mm yr) (kg N ha™!) frequency
Annual flux (kg N2O-N ha™ yr™7)
il Burkina Faso  Sorghum; Cotton; Loamy sand, Loam 926 No input 0 Jun—Sept 2005; 1-3 times 0.19-0.20
Peanut Apr—Sept 2006 per week
28 Kenya Coffee; Clay 1200- NPK; 0-542 Feb 2015-Feb 2016 Twice 0.18-1.89
Maize & beans; 2000 Manure; weekly
Niaper DAP; to weekly
CAN
3@ Kenya Tea Clay 1988 NPK 0-250 Aug 2015-Jul 2016 Every two 0.67-2.34
days to
weekly
4P Kenya Annual crops; Various 1127- DAP; <25 Aug 2013-Aug 2014 Weekly —0.13-1.83
Grazing land; 1417 Urea
Woodlots;
Fodder grass
5 Kenya Maize Sandy clay 1750 DAP; 0-200 Mar—Jul 2011; Daily to 0.13-0.33
Urea Apr 2012—-Jan 2013 weekly
or monthly
6° Mali Pearl millet Sandy 1100 Ureg; 0-113 Jan 2004-Jan 2005 Monthly 0.60-1.54
with/without legume Manure
7 Tanzania; Forages; Sandy clay loam; 2708; DAP; 0-114 Jan-Dec 2013 Twice per 0.4-0.9
Kenya Tea; Maize Sandy loam; 1115 Manure; week to
Vegetable; Loamy sand NPK weekly
Cassava
8¢ Tanzania Maize Sandy clay loam N.A. Urea; 100 Oct 2012-Jun 2014 N.A. 0.4-0.7
92 Tanzania Coffee; Loam; Silt clay 1485; N.A. N.A. Feb 2011-Jul 2013 Weekly to 0.35-0.36
Homegarden 2616 monthly (mean annual)
10¢  Zimbabwe Tomato; Loamy sand 808 Manure;  0-1208 Sept 2007—Oct 2008 Biweekly 1.52-5.03
Rape AN
11¢  Zimbabwe Tomato;Rape Loamy sand 808 Manure  0-408 Sept 2007—Oct 2008 Biweekly 0.91-2.30

Table S6.5 to be continued
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Table S6.5 continued

Seasonal flux (kg N20-N ha™! season™)

12>  Kenya Maize Silty clay loam 1800 Urea; 0-266 Mar—Jun 2002 (99 days) Weekly to 0.13-0.57
Residues monthly
13>  Kenya Maize Clay 1750 DAP; 0-200 Mar—Jun 2010 Daily to 0.62-0.81
Urea weekly
14> Kenya Maize Silty clay loam 1800 Residues  115-360 Sept—Nov 1999; Daily to 0.20-4.13
Apr-Jun 2000 Monthly
15  Madagascar ~ Maize with soybean ~ Clayey 1500 NPK; 55-57 Nov 2006—Apr 2007 Weekly 0.259-0.263
Urea;
Manure;
Rice
straw
16  Zimbabwe Maize Sandy loam; Clay  596-1154 AN; 0-120 Nov 2007—Apr 2008; ~Monthly 0.06-0.52
Manure Nov 2008-Apr 2009
17¢  Zimbabwe Maize; Clay; 564-997 AN 0-120 Nov 2007—Apr 2008; ~Monthly 0.11-2.50
Woodland Loamy sand Nov 2008—-Apr 2009
18¢  Zimbabwe Maize Sandy loam 1218 Fallow 0 Dec 2000-Jan 2001 (56  Weekly 0.06-0.29
manage. days)

a = good quality data (measurements covered at least a year with proper temporal resolution); ® = medium quality data (measurements included a good temporal resolution
but did not cover an entire year, or measurements covered at least a year with acceptable temporal resolution); ¢ = poor quality data (data with very low temporal resolution
or measurements only covered a short period, or both)

SNPK = NPK fertilizer; DAP = Diammonium phosphate; CAN = Calcium ammonium nitrate; AN = Ammonium nitrate; N.A. = not available

Ref.: ‘Brummer et al. (2008); 2Ortiz-Gonzalo et al. (2018); *Wanyama et al. (2018); “Pelster et al. (2017); Hickman et al. (2015); ®Dick et al. (2008); "Rosenstock et al.
(2016); 8Kimaro et al. (2016); °Gutlein et al. (2018); *°Masaka et al. (2014); **Masaka et al. (2016); ?Baggs et al. (2006); **Hickman et al. (2014); “Millar et al. (2004);
15Chapuis-Lardy et al. (2009); éMapanda et al. (2011); 1’"Mapanda et al. (2012b); 8Chikowo et al. (2004)
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CHAPTER 7

General Discussion

7.1 Integrated assessment on the response of maize yield and N losses to external N
supply

The integration of data shows a holistic view to examine the relationships between crop yield
and N losses under an N input gradient (Fig. 7.1). Also, the data from multiple years provides a better
insight into the general pattern of these relationships, which could be masked or biased if the research
were conducted in a short-term interval (e.g., one year, as subject to large inter-annual variations).

Two categories of fitting are presented in Fig. 7.1. The solid lines were fitted for the plots
receiving only fertilizer-N input (four N rates); the response of mean annual maize yield, NO3z™ leaching
loss, and N2O emission to fertilizer-N rate were generally well described by quadratic, exponential, and
linear patterns, respectively (Fig. 7.1; R? = 0.999-0.998 with P = 0.006-0.046 at TZi and R? = 0.963—
0.990 with P = 0.017-0.098 at TZm; Table 7.1a). The dash lines were fitted for the plots receiving
fertilizer-N or fertilizer-N plus straw input (six N rates); well fittings were also obtained (Fig. 7.1; R? =
0.828-0.973 with P = 0.000-0.012 at TZi and R? = 0.684-0.972 with P = 0.000-0.042 at TZm; Table
7.1b). At TZi, maize yield and NOs~ leaching loss showed large inter-annual variations (large standard
errors, Fig. 7.1a), despite the general well fittings; the inter-annual variations of corresponding variables
at TZm were much smaller (Fig. 7.1b).

Simply based on the relationships between yield and N losses under only fertilizer-N input
(solid lines in Fig. 7.1), the optimum N range balancing the crop yield and environmental consequences
likely occurred at around 90 kg N ha™* of fertilizer-N input at TZi, whereas it seemed to occur at lower
rates of fertilizer-N at TZm (e.g., around 70 kg N ha™?). Such determined optimum N ranges at two sites
are further supported by the analysis of N use efficiency (see detailed discussion below in Section 7.2).
However, it is noteworthy that the optimum N range at TZi (~90 kg N ha™?) provide the averaged maize
yield of no more than 2 Mg ha%; this may indicate that the simple N application with such optimum
rate (~90 kg N ha™?) could not be a practical recommendation for TZi soils.

When straw was also considered as the N source (dash lines in Fig. 7.1), maize yields seemed
to be slightly reduced, NOs™ loss was negligibly affected, and N>O emission was markedly increased
(Fig. 7.1). Particularly at TZm, the combined input of straw and fertilizer-N at a lower rate (50 kg N
ha™t) lowered the maize yield and increased the N losses through NO;~ leaching and N2O emission
compared to fertilizer-N only treatment; as a result, a slower increase of the yield for the quadratic
fitting was observed (Fig. 7.1b) as well as a lower proportion of applied-N uptake by crop (Fig. 7.2).

The pathway of NHs-N loss was not included in the analysis of Fig. 7.1, because the results in

Chapter 4 of this dissertation provided the upper bound estimate under the field condition. The semi-
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open static chambers prevent the influence of rainfall and therefore may not represent the “true” field
NHs-N loss, unless no rainfall events occurred following the urea application (Chapter 4). Therefore,
the actual field N loss through NHs volatilization could be highly variable (Fig. 7.2) and strongly
depended on the timing of the rainfall events relative to N applications (Kissel et al. 2004).
Unfortunately, capturing such actual NH3s-N loss in the field requires micrometeorological approach
and technique, such as eddy correlation (Sommer et al. 2004), which does not allow the simultaneous
assessment of multiple treatments and has higher costs compared to the semi-open static chamber
method.
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Fig. 7.1 Average maize yield (Mg ha), NOs™ flux (kg N ha* yr1), and N.O flux (kg N ha* yrt) in response
to external N input (i.e., fertilizer-N or fertilizer-N plus straw) at TZi (a) and TZm (b). Data were synthesized
from the four-year study where available (e.g., the trial of combined input of fertilizer-N plus N was not
conducted in the first year of this study and therefore had only three-year data for the yield). Solid lines
represent the fittings for the plots receiving only fertilizer-N input (four N rates), whereas dash lines represent

the fittings for all external N input (six N rates). Error bars represent standard errors of means.
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Table 7.1a Fitted model parameters, R?, and P value for models describing the response of mean annual

yield (Mg hat), NOs™ flux (kg N ha™t yr1), and N2O flux (kg N ha™* yrt) in response to only fertilizer-N
input at TZi and TZm in Figure 7.1 (solid line fitting).

Variable Model TZi TZm
Fitted parameter  R? P Fitted parameter ~ R? P
Yield Quadratic a=0.811 0.998 0.046 a=1.86 0.990 0.098
at+thxN+ b =0.0167 b =0.0236
¢ x N2 c=-4.00x 107 c=-5.70x 107
NO3~ Exponential a=184 0.988 0.006 a=129 0.963 0.019
axexp(bxN) p=0.0066 b = 0.0054
N.O Linear a=0.173 0.989 0.006 a=0.260 0.966 0.017
a+bxN b =0.0015 b = 0.0027

Table 7.2b Fitted model parameters, R?, and P value for models describing the response of mean annual

yield (Mg ha™t), NOs™ flux (kg N ha* yr1), and N2O flux (kg N ha™* yr1) in response to external N input

(fertilizer-N and fertilizer-N plus straw) at TZi and TZm in Figure 7.1 (dash line fitting).

Variable Model TZi TZm
Fitted parameter  R? P Fitted parameter ~ R? P
Yield Quadratic a=0.783 0.962 0.007 a=1.85 0.927 0.020
a+thxN+ b=0.0177 b =0.0178
c x N2 c=-5.23x%x107 c=-2.01x%x107
NO3~ Exponential a=20.1 0.973 0.000 a=134 0.972 0.000
axexp(bxN) p=0.0057 b = 0.0051
N2O Exponential a=0.179 0.828 0.012 a=0.238 0.684 0.042
axexp(bxN) p=00068 b =0.0101
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Fig. 7.2 Apportionment of the added-N pathways, including crop N uptake, NO3~ leaching, N>O emission,
NH3 volatilization, and potentially unaccounted-for N (e.g., denitrification to N2, priming effects of added
fertilizer-N and straw, etc.). The apportionment of each added-N pathways was calculated based on the
comparison between the treatment and control plots; for example, crop N uptake (%) = (Nyptake at treatment
plot — Nyptake at control plot) (kg N ha™?) / amount of added N (kg N ha™!) x 100%. Data were synthesized
from the four-year study where available (e.g., the trial of combined input of fertilizer-N plus N was not
conducted in the first year of this study and therefore had only three-year data for the crop N uptake). The N
flux of each pathway was in an annual basis; the maximum and minimum value were obtained from the
multiple year experiment and were used to represent the inter-annual variation. For the pathway of N loss
through NHs volatilization, the minimum value was assumed with the condition of sufficient rainfall
immediately following the N (urea) application (effective reduction of NH3 volatilization; see Fig. 4.4),
whereas the maximum value was assumed with the condition of no rainfall following the N application until
the NHjs volatilization dropped back to the background level (the potential of applied-N loss as NHs3; see Fig.
4.3c, d). It should be noted that the maximum crop N uptake does not necessarily correspond to the minimum

NOs3™ leaching loss.

7.2 Use efficiency of added N

Recovery N efficiency (RNE)—the fraction of added N taken up by crops, is one of the most

commonly used indices to evaluate N use efficiency, which holds the key to approaching the higher
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grain yield with lower environmental costs (Zhang et al. 2015). The RNE showed high variability across
years (Fig. 7.2), ranging from 9.3% to 57.4% at TZi, and from 7.4% to 73.8% at TZm, across the
treatments. No specific pattern was observed for the RNE across treatments at each site. These
variations were likely induced by the inter-annual variations of climate and soil conditions, including
drought, residual N from preceding seasons (Chapter 3), and a wetter year (Chapter 5) that directly or
indirectly affected the crop N uptake. Such high annual variability may necessitate the long-term
research to better define the effect of treatments on the RNE.

In addition to RNE, agronomic N efficiency (ANE) and N partial factor productivity (PFPy)
are the other two most commonly used indices (Chen et al. 2014; Cui et al. 2018), which are of more
economic significance to farmers (Wang et al. 2017). ANE is the yield increase per unit of N applied
(kg grain kg™* N applied), and PFPy is calculated by dividing the yield by the amount of N applied (kg
grain kg~* N applied). The difference between the two indices is that the latter one integrates the use
efficiency of both indigenous and applied N resource.

Both ANE and PFPy decreased with increasing N rate (Fig. 7.3), as expected (Cassman et al.
2007); the 100N treatment (100 kg N ha™) provided the second highest ANE and PFPy values at TZi,
and there was a substantial drop of ANE and PFPy from the 50N to 100N treatment at TZm (Fig. 7.3).
These agree with the result from Fig. 7.1 that fertilizer-N rates of around 90 and 70 kg N ha™?, for TZi
and TZm, respectively, could be defined as the optimum N ranges. Straw incorporation tended to
decrease both the ANE and PFPy values, particularly at TZi; values of both indices for the 50N+S
treatment was dropped to the similar level to that of the 100N treatment (Fig. 7.3). This may be
explained by the non-significant effect of straw application on the yield, yet straw itself also provided
N input to the soils (e.g., 14-38 and 13-23 kg N ha™* at TZi and TZm, respectively). These straw-N
might largely be unavailable to maize if the mineralization (and the re-mineralization of microbial
assimilated N) did not occur at the vicinity of the maize roots (Chapter 5). Nevertheless, the straw
incorporation, at least when combined with fertilizer-N at a lower rate (i.e., 50 kg N ha™?), did not seem
to be a preferable practice from a short-term perspective (Figs. 7.1, 7.3). Yet the trade-offs between
short-term profit (maize yield) and long-term benefit (soil fertility, such as soil organic matter
stabilization) (Gentile et al. 2011; Sugihara et al. 2012b) should be considered with further evaluations.
Both the ANE and PFPy values were higher at TZm (15.5-23.8 and 25.0-60.3 kg grain kg™* N for ANE
and PFPy, respectively) than those at TZi (6.7-15.7 and 12.4-31.6 kg grain kg~ N for ANE and PFPy,
respectively). This suggests that soil type with higher fertility like TZm should be given with a priority
in the agricultural intensification.

The ANE at both TZi and TZm (up to 15.7 and 23.8 kg grain kg™* N, respectively) were much
lower than those in the maize fields of China under farmers’ practice (FP; 40 kg grain kg * N) and the
Integrated Soil-Crop System Management (ISSM) practice (53.4 kg grain kg™ N). The 50N treatment
at TZm seemed to have a high PFPy value of a similar magnitude to that of ISSM. This high PFPy was

likely contributed in part by substantial residual N from the preceding season in an abnormal year at
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TZm (Chapter 3). Also, it should be noted that the N application averages to 305 kg N ha™* in Chinese
agricultural systems (Zhang et al. 2015). By contrast, the PFPy in the150N treatment at TZm was only
approximately half of that of ISSM.

Increasing N use efficiency in developing region like SSA, including Tanzania, is particularly
challenging. It took 20 years for the USA to increase ANE from 42 to 57 kg grain kg™t N applied
(Cassman et al. 2002). Also, China spent more than 10 years to develop the ISSM (Cui et al. 2018),
which achieved to increase PFPy from 43 to 56 kg grain kg* N. The understudied tropical regions of
SSA would likely require much more time to understand the biophysical and socioeconomic
characteristics of the agroecosystems (Cassman et al. 2003) before appropriate N management and other
associated management factors (e.g., water, crop) can be developed in a large scale in this region.
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Fig. 7.3 Agronomic N efficiency (ANE) and N partial factor productivity (PFPy) for each treatment at TZi
and TZm as compared to the farmers’ practice (FP) and the Integrated Soil-Crop System Management
(ISSM) practice in maize fields of China; note that the N application averages to 305 kg N ha* in Chinese
agricultural systems (Chen et al. 2014; Cui et al. 2018). Data were synthesized from the four-year study
where available (e.g., the trial of combined input of fertilizer-N plus N was not conducted in the first year of
this study and therefore had only three-year data for the crop N uptake). Error bars represent standard errors
of means.
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7.3 Towards a higher yield with lower environmental costs in SSA croplands

To achieve a higher yield with lower environmental costs in SSA croplands and finally move
toward sustainable intensification, a growth understanding of the biophysical characteristics of the
agroecosystems as well as a series of additive interventions including N management are needed (Fig.
7.4). The scenario discussed in Fig. 7.4 is particularly for the maize-based agriculture and mainly from
the perspective of the management interventions. The detailed interpretation of Fig. 7.4 is provided

below.
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Fig. 7.4 A conceptual pathway to reaching higher N use efficiency and productivity with additive stages of
interventions in SSA croplands (adapted from Vanlauwe et al.2014a). Two general classes of the maize
systems were considered: “resilient & fertile” and “fragile & leaky.” The additive stages of interventions
include: @ N management and use of suitable seed variety; @ other management (e.g., crop, water, etc.);
and 3 local adaptation. The increase in knowledge and a better understanding of biophysical characteristics
of the agroecosystems are critical in moving these stages forward. Technological advances like genetic

engineering to improve plant N uptake may boost up the N use efficiency and productivity.

Two general initial status were distinguished for the maize systems (Fig. 7.4), which largely
depended on the biophysical characteristics of the agroecosystems (e.g., soil properties, climate, etc.).
Soils in SSA commonly exhibit high spatial heterogeneity (e.g., Funakawa et al. 2012; Tittonell et al.
2013), partly due to the inherent soil-landscape variability. As exemplified in this dissertation, soil at
TZi was much more susceptible to NHz volatilization (Chapter 4), and showed high inter-annual
variation in NOs~ leaching loss in response to the varying soil and climatic conditions (Chapter 5)
compared to that at TZm. These largely contributed the different responses of the yield to the same N
management at two sites (Fig. 7.1). Accordingly, the maize system at TZi may be described as “fragile
& leaky” relative to the more “resilient & fertile” one at TZm.

The first stage of the intervention (N management and the use of suitable seed variety; Fig. 7.4)
exhibited much better yield response in the “resilient & fertile” (TZm) than the “fragile & leaky” (TZi)

maize system (Fig. 7.1). As supported by the analysis in Section 7.2, targeting intensification to
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“resilient & fertile” areas will reduce N loss and achieve higher yields (also see Palm et al. 2017),
particularly when the available nutrient resource is limited. The “fragile & leaky” systems like TZi
would require much more efforts to improve and maintain the productivity; restoring the soil health
could be the pre-requisite to obtaining a better yield response to the N management (Zingore et al. 2007),
which is likely to be a long-term investment with a large amount of organic resource inputs (e.g.,
manure).

In the second stage of the intervention, other management factors (e.g., crop, water, etc.) should
be involved (Fig. 7.4), which contribute to the secondary constraint on the cropland productivity. The
maize yield levels with only N management (Fig. 7.1) did not seem to be satisfactory when compared
to the world average level (5.6 Mg ha™* for the year 2016; FAO 2018). Indeed, main results from this
dissertation revealed the potential to further improve the yield level when coupled with other
management factors. For example, plateaued yield at TZm in Chapter 3 (Fig. 3.5) indicated some
secondary or micronutrients could be needed for a balanced supply. Also, water management like
dripping irrigation could be multifunctional, such as depressing NH3 volatilization (Chapter 4) and
supplying water for mitigating unexpected drought periods (Chapter 3). Though the cost of initial
investment for a complicated dripping irrigation system may be high, an affordable and easy-to-
construct design could be adapted for smallholder farmers in SSA (Figs. S3.3, S3.4). Further, plant
density may be increased to expand the root covering area and improve the capability of crops to capture
more N in the soil. As showed in Chapter 5, combined fertilizer-N and straw input failed to improve the
N synchrony; the higher NO3™ loss in the latter period of the cropping season was mainly attributed to
the inaccessibility of roots to the re-mineralized N.

In the third stage, local adaptation of the management interventions is proposed to further
improve the farm productivity (Fig. 7.4). Despite that the experiments in this dissertation were
conducted in the plot (5 m x 5 m) scale, soil fertility gradients at the scale of farm or larger field have
been well recognized (e.g., Tittonell et al. 2007; 2013). Targeted management practices as well as the
allocation of nutrient resources were reported to result in higher productivity and better fertilizer-N use
efficiency compared with the blanket recommendations (Vanlauwe et al. 2015), particularly for farms
and fields where soil fertility gradients are strong. In addition, resource diversity and the level of
resource endowment are also involved in the perspectives of local adaption. Although maize straw as
an organic residue is easily accessible, its direct return to the soil did not seem to have an evident benefit
on the yield (Fig. 7.1). If the low-quality maize straw can be transformed to high-quality animal manure
by involving livestock keeping in the nutrient cycling of the maize systems, the return of the latter (i.e.,
manure) to the soil may have a higher potential to benefiting the yield, even within a short-term
perspective. The level of resource endowment may largely be decided based on the farmer’s capacity
as well as the physical conditions of farms (e.g., the distance for the transportation of resources), which

could be highly variable across households and farms.
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As discussed above, the increase in knowledge and a better understanding of the biophysical
characteristics of the agroecosystems are critical in moving these stages forward; the stage of the
intervention is developed based on the identification of constraints on the fertilizer-N use efficiency and
cropland productivity. These management interventions are developed mainly from the perspective of
soil nutrient management to better meet the crop demand, yet the technological advances such as genetic
engineering in the crop breeding may boost up the process (Fig. 7.4). Manipulation of the key genes
involved in the N transport, assimilation, and signaling was reported to be feasible to improving the
fertilizer-N use efficiency (Xu et al. 2012; Wang et al. 2018).

Developing such an integrated soil-crop management system requires long-term research
investment, but is essential to approach sustainable intensifications.
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CHAPTER 8

Concluding Remarks

8.1 Summary and conclusions

With a multiple site-year experiment, this study examined the effects of N management
practices on the fertilizer-N partitioning within the soil-crop system, and accordingly the crop yield
response, as well as on the N losses through different pathways from maize-based systems of the
Tanzania highlands. The study included two different sites (TZi, sandy Alfisols; TZm, clayey Andisols)
to represent the diversity in soil type.

High temporal resolution of soil inorganic N fluctuation revealed the leaching risk of excessive
soil mineralized N in the early growing season due to small crop N demand. Soil type was identified as
a key factor controlling the efficiency of applied urea-N in increasing soil inorganic availability, which
largely contributed to the different yield levels across sites. The best-fitted linear-plateau model
indicated that the soil inorganic N availability (0-0.3 m) at the tasseling stage significantly accounted
for the yield. Furthermore, yield at TZi was still limited by N availability at the tasseling stage due to
fast depletion of applied-N, whereas it no longer limited the yield at TZm once above 67 kg N ha™.
These results contribute to a better understanding of the temporal patterns of soil N pools across soil
types and how they affect the yield response in SSA croplands.

The TZi soil was found to be much more susceptible to NHs-N loss from surface-applied urea-
N (36%-52%) compared to that at TZm (5%—-25%). Sigmoid models could be useful in identifying the
soil’s inherent capacity to buffer NHs loss; simple surface urea application is not recommended at TZi,
whereas TZm is inherently capable of buffering NHs-N loss for a single application of up to 60 kg N
ha™t. Mitigation of NHs loss through irrigation and urea deep placement all performed well, mainly
owing to their effective inhibition of soil pH rise following urea hydrolysis. These results suggest that
in acidic soils common to SSA croplands, the proportional NHs-N loss can be substantial even at a low
urea-N rate; and that the design of mitigation treatments should consider the soil’s inherent capacity to
buffer NHs loss.

The soil rewetting process, particularly at the onset of the rainy season and following N
applications, was an important driver of NOs™ loss. Nitrate loss increased exponentially with N rates,
and varied inter-annually. Relating cumulative NOs™ loss to maize yield under increasing N rates
revealed a tipping point—occurrence depending on season—above which yield increment was
accompanied by substantial NO3™ loss. Straw incorporation induced net N immobilization in the early
growing season, and reduced NOs~ losses by 3.3-6.3 kg N ha™®, but no effect was observed on the
cumulative NO3~ losses or maize yields. The NOs~ loss reductions (equivalent to 1.2-2.7 kg N Mg

added C) were far below the potential of net N immobilization by the decomposition of the straw (18.0—
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38.1 kg N Mgt added C), which was likely due to the large pieces of straw (~0.15 m) used in the field,
which could have induced N limitation and biomass-N recycling in the decomposition microsites. These
results highlight that temporary immobilization of leachable N by using large pieces of straw (~0.15 m)
in the field was inefficient in improving N synchrony and benefiting yield.

Both exponential and linear pattern are present in SSA croplands for describing the response of
N2O emissions to increasing N rates, regardless of soil type. Mechanisms underlying the stimulating
effects of treatments (N applied alone or N plus straw) on N.O fluxes seemed to vary with soil type,
and were associated with soil moiture. When N was applied alone, the direct N.O EFs were well below
the 1% of the IPCC Tier 1 method, ranging from 0.13 to 0.26% at TZi and from 0.24 to 0.42% at TZm
across 2 years. However, combining N with straw markedly increased the EFs (up to 0.46% at TZi and
1.29% at TZm) because of a synergistic effect on N,O emission, which also contributed to the higher
yield-scaled N.O emissions. These results contribute to rigorous documentation of soil- and country-
specific EFs of N,O in understudied SSA croplands, and suggest that IPCC should consider the
synergistic effect to refine the NoO EFs when two resources (fertilizer-N and straw) are combined. In
addition, these results challenge the promotion of combining straw with fertilizer-N for the potential
benefit of a bettern N synchrony in this region.

Increasing crop production remains a first-order priority in SSA, and an improved
understanding of the potential environmental impacts of increased fertilizer-N use accompanying the
agricultural intensification will be of great help to inform efforts toward the sustainable development in
this region. This dissertation provides some of the first in situ evaluations, including the NHs;, NOs™,
and N2O losses in response to N practices, and the applicability of straw to mitigate NOs™ loss in two
maize systems of the Tanzanian highlands. The results are valuable references for designing the N
strategies targeting higher yields with lower environmental costs for the cropland intensification across
SSA.

8.2 Unanswered questions and future research perspective

Sandy soils that are poor in fertility like TZi contributed to a more “fragile & leaky”
agroecosystem (e.g., high variability of yield and N losses; Fig. 7.1); the long-term investment for soil
rehabilitation could be challenging as the immediate return (e.g., yield increment and thus profit) is
expected by the farmers—sustainability may not necessarily be their prior concern (Vanlauwe et al.
2014a). For relatively fertile soils like TZm, yield plateaued at around 4 Mg ha™* and no longer respond
to the further increased N input, indicating the existence of other yield-limiting factors, which should
be identified in the near future.

Field trials using low-quality straw likely failed to mitigate NO3~ leaching loss and improve N

synchrony in this study, though laboratory incubations have proved the potential of using low-quality
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residues to alter the N immobilization-mineralization turnover. Mechanistic insight into the different
performance of residues under field and laboratory conditions is needed.

The mechanisms underlying the synergistic effect of the combined fertilizer-N and straw on the
soil emissions of N,O should be better understood to define the targeted mitigation strategy. Organic
amendments may be utilized in combination with other management (e.g., water) to stimulate a more
complete microbial reduction of N>O to environmental benign N (Kramer et al. 2006; Sanchez-Martin
et al. 2010). The finely ground straw with uniform distribution in the soil may also help to reduce N.O
(Loecke and Robertson, 2009). Nevertheless, field verifications are needed before they can be
applicable. Also, an integrated evaluation on the greenhouse gas emissions (N.O, CO,, and CH.) and
dynamics of soil C pool following N management practices (particularly those involved organic
resource input) is recommended to better understand the global warming potential in maize systems
experiencing intensification.

Further, more agro-ecological zones across SSA associated with different soil resources and
climate conditions should be involved to develop field-specific N managements. Also, long-term
monitoring is required to better characterize and understand the cycle of N in the cropping systems,

which is the prerequisite to further improve the N use efficiency.
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