Received: 10 July 2019 Accepted: 24 October 2019

Published online: 16 February 2020

DOI: 10.1002/agj2.20006

ARTICLE

Agronomy Journal

Soil Tillage, Conservation, & Management

Lowland rice yield and profit response to fertilizer application

in Rwanda
Nsharwasi Léon Nabahungu' | Athanase R. Cyamweshi’ | John Kayumba? |
Kintché Kokou' | Athanase Mukuralinda® | Jackson M. Cirhuza! |

Charles S. Wortmann*

!nternational Institute of Tropical
Agriculture, Bukavu, South Kivu, Democratic
Republic of the Congo

2Rwanda Agricultural Board, P.O. Box 5016,
Kigali, Rwanda

3World Agroforestry Centre, Kigali, Rwanda

“#University of Nebraska-Lincoln, Agronomy
and Horticulture, 279 Plant Science, Lincoln,
NE 68583

Correspondence

Charles S. Wortmann, University of Nebraska-
Lincoln, Agronomy and Horticulture, 279
Plant Science, Lincoln, NE 68583.

Email: cwortmann2 @unl.edu

Funding information

Bill and Melinda Gates Foundation,
Grant/Award Number: AGRA-SHP 1303;
Alliance of a Green Revolution in Africa

1  INTRODUCTION

Abstract

Rice (Oryza sativa) production in Rwanda increased by 70% while yield ha~!
decreased during the past decade. Yield has biotic and abiotic constraints including
inadequate nutrient supply. Yield response functions for N, P, and K were determined
in eight marshlands grouped into four clusters. Additional treatment allowed for the
diagnosis of response to Mg—S—Zn—-B (MgSZnB). Rice grain yield with no fertil-
izer applied was 2.27 Mg ha—!. Mean yield increases were 2.35, 1.53, and 1.71 Mg
ha~! with N, P, and K application, respectively. The mean economically optimal rates
(EOR) were 58 to >150, 11-30, and 21-35 kg ha=! for N, P, and K, respectively,
depending on cluster and the cost of fertilizer. Yield responses to nutrient rates were
similar across marshland clusters, and a single response function for each of P and K
can serve all four clusters, while the response to N differed for Cluster B compared
with A, BC, and C. Net returns to applied P and K were greater than for N, but the
application of N is likely needed for such responses to P and K. The MgSZnB resulted
in a mean grain yield increase of 1.72 Mg ha~! with increases in all marshlands, but
the information was not sufficient to determine which nutrients of MgSZnB were defi-
cient or their optimal application rates. Fertilizer use can be very profitable for rice
production in Rwanda. Profit can be enhanced with the application at less than EOR

when fertilizer use is financially constrained.

yield due to expansion to lands of marginal suitability for rice
production (FAO CropStat, 2018). The mean yields for 2015-

In Rwanda, lowland rice (Oryza sativa) cultivation is prac-
ticed between <1000- to 1800-m elevation with an average
of 0.20-0.25 ha per farmer (Gasore, 2016). Rice production
in Rwanda has increased by 70% over the last decade due to
a 120% increase in production area, but with 24% less mean

Abbreviations: AEZ, agro-ecological zone; CP, kg of rice grain required
to equal the cost of 1 kg of nutrient use; EOR, economically optimal rate of
nutrient application; MgSZnB, a diagnostic package of Mg, S, Zn, and B.
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2017 were 3.33 Mg ha~! season™! with 31,700 ha of produc-
tion, for a total production of 105,670 Mg yr~!. Inappropriate
fertilizer use and several other abiotic and biotic factors con-
strain yields (Diagne et al., 2013). The current blanket fertil-
izer recommendation of 80, 16, and 31 kg ha~! N, P, and K,
respectively, has been in use since the 1980s, lacks specificity
for production conditions, and was developed for yield maxi-
mization rather than profit (Alivelu et al., 2006; Cyamweshi,
Kayumba, & Nabahunga, 2017). Application of secondary
and micronutrients is rare (Xu et al., 2017).

Agronomy Journal. 2020;112:1423-1432.

wileyonlinelibrary.com/journal/agj2 1423


https://orcid.org/0000-0001-9715-8469

NABAHUNGU ET AL.

1424 Agronomy Journal

Farmers recognize the value of fertilizer use in Rwanda,
but fertilizer use depends on availability, the farmer’s finan-
cial ability, profit potential, dealer motivation and promotion,
and tradition. Most farmers are financially constrained which
affects fertilizer use decisions, thus making optimization of
the profit from their investment in fertilizer use especially
important (Jansen, Wortmann, Stockton, & Kaizzi, 2013).
Flexibility in fertilizer use decisions is needed for a balance
of economic, agronomic, and environmental concerns (Xia &
Yan, 2012).

Most lowland rice production in sub-Saharan Africa is at
<500 m elevation and very different from the production areas
of Rwanda. Kulumuna, Masuki, Mkavidanda, & Wickama
(2000) reported yield increases, averaged across four tri-
als, of 2.34 Mg ha~! with 50 kg ha~! N and an additional
0.43 Mg ha~! with 100 kg ha~! N in the Sukuma land of Tan-
zania with a mean elevation of 1230 m. Similarly, in Ethiopia,
the yield increases, averaged across four trials, were 0.98 Mg
ha~! with 50 kg ha~! N and an additional 0.22 Mg ha~! with
100 kg ha~! N for a mean elevation of 1380 m (Anbessa &
Dereje, 2018; Gebrekidan & Seyoum, 2006; Yesuf & Balcha,
2014). The mean response to P in Ethiopia averaged across
two trials was 0.60 Mg ha~! with 10 kg ha~! P and an addi-
tional 0.15 Mg ha~! with 20 kg ha! N for a mean elevation
of 1380 m (Anbessa & Dereje, 2018; Gebrekidan & Seyoum,
2006).

Improved decisions for the optimization of fertilizer use for
maximizing net returns on investment require good informa-
tion derived from field research in the nature of crop response
to applied nutrients. The objectives of the present research
were to quantify the rice yield response to fertilizer N, P, and
K, and a diagnostic package of Mg, S, Zn, and B (MgSZnB)
for major marshland rice production areas in Rwanda, and to
determine the economically optimal rates (EOR) and profit
potential for N, P, and K application.

2 | MATERIALS AND METHODS
2.1 | Site characteristics

Fertilizer response trials were conducted in eight marshlands
across four agro-ecological zones (AEZs), representing the
main rice production areas of Rwanda, during 2014 and 2015
(Table 1; Figure 1). The AEZs were: the Imbo in Rusizi dis-
trict of Western Province, the Central Plateau in Huye and
Kamonyi districts of Southern Province, the Eastern Savanna
in Gatsibo and Nyagatare districts of Eastern Province, and
in the Nyanza district of Southern Province. The eight marsh-
lands were: Bugarama in Rusizi district, Rusuli and Rwasave
in Huye district, Rwagitima and Kanyonyomba in Gatsibo dis-
trict, Cyabayaga in Nyagatare district, Mukunguri in Kamonyi
district, and Nyarubogo in Nyanza district.

The marshlands were grouped according to past rice yield
records into four clusters. Cluster A had the highest yield with
sites at Nyarubogo and Bugarama. Kanyonyomba represented
Cluster B with intermediate yield. Rwagitima, Cyabayaga,
Mukunguri, and Rwasave were in Cluster BC. Rusuli repre-
sented Cluster C with the lowest yield.

All marshlands had bimodal rainfall with rice production
seasons of approximately February—July and August-January
(Table 1). The rainfall of the growing seasons, including the
month prior to sowing, ranged from less than 450 mm at
Cyabayaga in 2014 and 2015 to 620 mm at Rwasave in 2014
and 2015 (Figure 2). The mean temperature of the month
prior to sowing ranged from <20°C at Mukunguri in 2014 to
21.3°C at Cyabayaga in 2014 and 2015. The elevation ranged
from 998 to 1706 m, and the major soil groups were Cambisol
and Ferralsol at three sites each and Acrisol and Nitosol at one
site each.

Composite soil samples were collected from the 0- to
20-cm depth for each replication prior to application of
fertilizer and analyzed for texture and chemical prop-
erties (Table 2). The analyses were done at the World
Agroforestry Center Soil-Plant Spectral Diagnostic Labora-
tory in Nairobi, Kenya (https://www.worldagroforestry.org/
sd/landhealth/soil-plant-spectral-diagnostics-laboratory/sops).
The analysis was performed with mid-infrared spectral anal-
ysis, complemented by wet chemistry analysis of about
10% of the samples for calibration of the spectral anal-
ysis (Shepherd & Walsh, 2007; Terhoeven-Urselmans,
Vagen, Spaargaren, & Shepherd, 2010; Towett, Shepherd,
Sila, Aynekulu, & Cadisch, 2015). Organic C and N were
determined with a Thermal Scientific Flash 2000 (Thermo
Fisher Scientific, Walton, MA). Soil pH was measured in
a 1:2.5 soil/water slurry. Available P, exchangeable bases,
and available micronutrients were extracted by Mehlich 3
(Mehlich, 1984). An LA 950 Laser Scattering Particle Size
Distribution Analyzer (Horiba, Kyoto, Japan) was used for
determination of particle size distribution. The soils were
mostly sandy clays. Soil property ranges included: pH of
5.1-6.5; 20.0-38.1 g kg~! soil organic C; 13.2-19.7 C/N;
0.07-0.44 cmol, kg=!' K; 2.0-18.1 mg kg~! P; 1.7-3.4 mg
kg~ Zn; and 0.04-0.34 mg kg~! B (Table 2).

2.2 | Experimental design, crop management

The experiments had an incomplete factorial design with 15
treatments for the determination of response functions for N,
P, and K (Table 3). One treatment was added to determine
the response to MgSZnB. Trials had five N levels, with 30 kg
ha~! increments, evaluated with 0 or 15 kg ha™! of uniformly
applied P. There were four levels of P with 7.5 kg ha™!
increments with a uniform application of 90 kg ha~! N, and
four level of K with 10 kg ha~! increments with a uniform


https://www.worldagroforestry.org/sd/landhealth/soil-plant-spectral-diagnostics-laboratory/sops
https://www.worldagroforestry.org/sd/landhealth/soil-plant-spectral-diagnostics-laboratory/sops

NABAHUNGU ET AL.

Agronomy Journal 1425

TABLE 1 Marshland characteristics with planting and harvest dates for trials conducted to evaluate rice response to applied nutrients in

Rwanda. Clusters were pre-determined according to rice yield potential, based on past yields, in four clusters with A representing the highest and C

the lowest yield potential

Elev
Marshland Cluster Lat? Long m Soil
Nyarubogo A —2.434 29.919 1365 CM
Bugarama A —2.678 29.024 998 NTh
Kanyonyomba B —1.794 30.376 1455 FR
Rwagitima BC —1.668 30.478 1473 FR
Cyabayaga BC —1.404 30.279 1352 FR
Mukunguri BC —2.142 29.928 1384 CM
Rwasave BC —2.585 29.755 1653 CM
Rusuli C —2.480 29.754 1706 AC

Trials of 2014 and 2015

Plant Harvest Plant Harvest

25 Feb. 2014 7 July 2014 8 Aug. 2014 14 Jan. 2015
24 Feb. 2014 7 July 2014 15 Aug. 2014 1Jan. 2015
18 Feb. 2014 13 July 2014 18 Aug. 2014 20 Jan. 2015
25 Feb 2014 7 July 2014 18 Aug. 2014 20 Jan. 2015
28 Feb. 2014 25 July 2014 20 Aug. 2014 14 Jan. 2015
25 Feb. 2014 7 July 2014 7 Apr. 2014 11 July 2014
14 Feb. 2014 29 July 2014 26 Aug. 2014 20 Feb. 2015
15 Aug. 2014 13 Feb 2015 26 Aug. 2014 20 Feb. 2015

2Lat, latitude (from WGS 84); Long, longitude (from WGS 84); Elev, elevation; Soil, soil type by FAO (Jones, 2013); Plant, planting date; Harvest, harvest date; CM,
undifferentiated Cambisol; NTh, humic Nitosol; FR, undifferentiated Ferralsol; AC, undifferentiated Acrisol.

29°00"E

Rwanda Agro-ecological Zones-AEZs (Study areas)

Legend

AEZs

:\ Buberuka Highlands

:| Central Plateau & Granitic Ridge
- Congo Nile Watershed Divide

::{ Eastern Plateau

Eastern Savanna

} Imbo (Bugarama)

‘ Kivu Lake Borders
7
& | Mayaga & Peripheral Bugesera
§ Volcanic highlands (Birunga)

29°0"0"E

30°0'0"E

Nvagatare

Burera

Kayonza

| Kilometers
0 10 20 40 60 80

30°0'0"E

FIGURE 1 Rwandan agro-ecological zones (AEZs) with research site indicated by

application of 90 kg ha~! N and 15 kg ha~! P. The MgSZnB
treatment contained 90, 15, 20, 10, 15, 2.5, and 0.5 kg ha™! of
N, P, K, Mg, S, Zn, and B, respectively, and was compared to
the treatment of the same N—P—K rates. On-station trials had
three replications per marshland, with 2, 1, 3, and 1 on-station
trials for Clusters A, B, BC, and C, respectively. On-farm
trials had four or more replications with each replication in

a different field with total replications of 11, 6, 14, and 13
for Clusters A, B, BC, and C, respectively. Plots were 4-m
wide and 6-m long with access alleys. Some on-farm trials
had smaller plots due to small fields. The area harvested
for yield determination was 4 m?. Trials were planted on
different land each year to avoid residual effects of fertilizer
treatments.
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FIGURE 2 Rainfall for eight marshlands of Rwanda for determination of rice response to applied nutrients. Bug, Bugarama; Cyab,

Cyabayaga; Kany, Kanyonyomba; Muku, Mukunguri; Nya, Nyaburogo; Rusu, Rusuli; Rwag, Rwagitima; Rwas, Rwasave

TABLE 2 Soil properties determined from composite soil samples and averaged across three or more replications, for the 0-20-cm depth of

eight marshlands grouped into four clusters in Rwanda to determine nutrient responses for rice. All soils were sandy clay

C N K Ca Mg P S Zn B

Marshland pH gkg! cmol, kg~! mg kg~!

Nyarubogo 6.2 25.7 1.4 0.34 11.01 3.87 8.2 31.1 1.7 0.3
Bugarama 6.5 35.4 2.0 0.38 19.34 8.14 7.6 34.8 34 0.3
Kanyonyomba 5.3 20.2 1.3 0.18 6.72 2.71 10.4 50.3 2.8 0.2
Rwagitima 5.8 38.1 24 0.38 17.88 5.29 15.1 228.5 3.2 0.7
Cyabayaga 54 30.0 24 0.44 8.61 2.41 18.1 79.8 34 0.3
Mukunguri 5.5 29.2 24 0.41 8.55 2.21 12.3 87.9 2.7 0.3
Rwasave 5.1 34.2 23 0.07 4.95 1.48 3.7 39.4 2.5 0.1
Rusuli 5.1 26.8 1.8 0.11 3.83 1.19 2.0 36.5 2.5 <0.1

TABLE 3 Treatments for determination of nutrient response functions for lowland rice in Rwanda

Treatment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15*
N, kg ha™! 0 30 60 90 120 0 30 60 90 120 90 90 90 90 90
P, kg ha™! 0 0 0 0 0 15 15 15 15 15 7.5 22.5 15 15 15
K, kg ha™! 0 0 0 0 0 0 0 0 0 0 0 0 10 20 30

aTreatment 16 was a diagnostic treatment (Mg-S—Zn-B) that contained 90-15-20-10-15-2.5-0.5 kg ha~! of N-P-K-Mg-S—Zn-B and was compared to Treatment 14

for determination of the Mg—S—Zn-B effect.

All trial fields had bunds enclosing plots to prevent runoff
and were irrigated according to water need or availability by
flooding from delivery canals. Cooperating farmers did bund
maintenance, land preparation, sowing, and weed control for
on-farm trials. Research teams conducted or supervised trial
layout, treatment application, harvest, and other data collec-
tion. The rice cultivar was Yun Yin. Transplanting of 21-day
old seedlings was at 20- by 20-cm spacing. Hand hoe-weeding
was done twice. No pesticides were applied.

Nutrient sources were urea for N (460 g kg™! N), triple
superphosphate for P (200 g kg~! P), muriate of potash for K
(500 g kg~! K), magnesium sulfate for Mg and S (150 g kg™!
Mg; 220 g kg~! S), zinc sulfate for Zn and S (340 g kg~! Zn;
180 g kg=! S), and borax for B (145 g kg~! B). All fertil-
izer was broadcast applied and incorporated before planting
except for urea which was split-applied with 50% at preplant
and 50% at tillering for the 30 and 60 kg ha™! rates, and with a
three-way split at preplant, tillering, and panicle initiation for
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the 90 and 120 kg ha~! rates. The MgSZnB was applied as a
mixture of these fertilizers. The land was tilled before sowing.

2.3 | Data collection and analysis

At maturity, harvest began with manually cutting the heads
from the stems using knives. The heads were air-dried,
threshed, and winnowed. The paddy grain was weighed, tested
for grain water content and paddy grain yield (hereafter
referred to as grain yield), and water content was determined
at 14 gkg™!.

The analysis of variance (ANOVA) was combined across
marshland clusters using Statistix 10 software (Analytical
Software, Tallahassee, FL) after confirming trial variance
homogeneity. Replications within trials and sites within clus-
ters and their interactions were treated as random effects
which were included in the residual of the ANOVA. The N
rate main and interaction effects were further analyzed by
ANOVA for the first 10 treatments (Table 4). Orthogonal
contrasts were used to test for quadratic effects of P and K
rates, and for the effect of MgSZnB on yield. These tests were

TABLE 4 Analysis of variance for rice grain yield in Rwanda
including percent of treatment-related variation due to each treatment
source

Source of variation df % of variance P>f
Season (SN) 1 ns*
Cluster (CL) 3 SR
N rate (N) 4 89.4 wEE
P rate (P) 3 5.8 ot
K rate (K) 3 2.3 orx
SN x CL 3 st
SN x N 4 0.9 ok
CL XN 12 0.5 sk
SN x P 3 0.1 ns
CLxP 9 0.2 ns
NxP 12 0.1 ns
SN x K 3 0.1 *
CLxK 9 0.1 ns
SN x CL x N 12 0.1 ns
SNxCL x P 9 0.0 ns
SN XN x P 12 0.0 ns
CLXNxP 36 0.4 ook
SN x CL x K 9 0.0 ns
SNXCLXNXxP 36 0.1 ns
Residual 784

Total 964

“Significant at the .05 probability level.
“*Significant at the .001 probability level.
ns, nonsignificant.
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done across marshland clusters as the P, K, and diagnostic
treatments did not have significant interaction with marshland
cluster. Treatment effects were considered statistically signif-
icant at P < .05. The percent of sum of squares due to the
sources of variance of nutrient treatments and their interac-
tions was determined.

Response functions for N, P, and K were determined for sig-
nificant nutrient rate effects by fitting a curvilinear to plateau
asymptotic function expressed as: Yield (Mg ha™!) = a — be*.
The coefficient a was yield at the plateau for the nutrient appli-
cation, b was the maximum increase in yield due to the nutri-
ent application, ¢ determined the shape of the response curve,
and x was the nutrient application rate.

The EOR was determined as the nearest full kg ha™! of
nutrient applied beyond which the value of the yield increase
was less than the cost of added nutrient, understanding that the
cost of nutrient use was inclusive of the purchase cost, other
procurement costs, application costs, and financial credit
or opportunity costs. Therefore, EOR was the point where
marginal cost equaled marginal revenue. The nutrient use cost
was expressed in terms of kg of rice grain required to equal the
cost of 1 kg of nutrient use (CP; kg kg‘l) with CP of 5, 9, 13,
and 17 kg kg~! used to determine the sensitivity of EOR to
fertilizer costs relative to grain value. For example, CP = 5 kg
kg~! when the cost per kg of nutrient use was equal to the
value of five kg of rice paddy grain.

Further economic analyses were conducted to determine
the net returns per investment in a nutrient application at 100
and 50% of EOR using N, P, and K response functions com-
bined across clusters. These analyses were performed with a
CP of 9 kg kg~! for N (US $2.70 kg~! N) and a CP of 13 kg
kg~! for P and K ($3.90 kg~! P or K) while rice paddy grain
was valued at $0.30 kg~!. Using fertilizer N as an example,
the investment or cost at 100% of EOR was EOR ha~! times
$2.70 kg~ N. The net return or profit due to N application
at 100% EOR was equal to the value of the yield gain due to
N application (kg ha™! yield gain times $0.30 kg~!) minus
the investment in N application. The profit divided by the
cost gave the profit/cost ratio at 100% EOR. Similarly, the
profit/cost ratio was determined for N applied at 50% EOR.

3 | RESULTS
3.1 | Agronomic results

The mean rice grain yields in Rwanda were 5.06, 4.70, 4.60,
and 4.28 Mg ha~! at marshland Clusters A, B, BC, and C,
respectively. The yield was affected by N, P, and K rate; clus-
ter; MgSZnB; and by the interactions of season X cluster,
season X N, cluster X N, season X K, and cluster X N X P
(Table 4).
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TABLE 5 Rice grain yields in Rwanda as affected by N rate, averaged across 0 and 15 kg ha™!' P uniformly applied, and the yield response to

the application of a nutrient package of Mg, S, Zn, and B (MgSZnB), and the coefficients of asymptotic response functions of yield (y) response to N

with y = a — bc, where a is the yield at the asymptote or yield plateau, b is the maximum gain in yield due to N application, and ¢ determines the

shape of the response curve where c is a curvature coefficient and N is the N rate (kg ha™')

N rate, kg ha—!

0 30 60 90 120 MgSZnB a b c r
Clusters Mg ha!
A 2.73 3.86 4.73 5.26 5.27 1.61 5.73 3.03 0.982 .99
B? 2.54 2.89 4.07 4.85 5.06 2.13 10.13 7.73 0.996 .96
BC 2.52 341 4.26 4.87 4.63 1.68 5.14 2.67 0.982 .96
C 2.27 3.15 3.63 4.45 4.47 1.46 5.44 3.18 0.989 .98
Combined 2.51 3.33 4.17 4.76 4.86 1.72 5.74 3.27 0.988 .99

2The near linear response for cluster B could also be represented by y = 2.482 + 0.0233N, 7% = .95.
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FIGURE 3 TheN X P x marshland cluster interaction affected
rice yield response to N rates with 0, 30, 60, 90, and 120 kg ha™!, with 0
or 15 kg ha™! P applied, in Rwanda. The LSD s for the three-way
interaction was 0.66 Mg ha™!

The mean yield increase with 120 kg ha~! N was 2.35 Mg
ha~! (Table 5). The N X P interaction was not significant
(Table 4), but the cluster X N X P interaction occurred because
yield increases with N increments >60 kg ha™! were relatively
small for Clusters A and BC with 0 kg ha~! P, but relatively
greater for Cluster C with 15 kg ha™! of uniformly applied P.
While statistically significant, this three-way interaction was
not of agronomic significance as it accounted for just 0.4% of
the treatment-related variation in grain yield while N and P
rates accounted for 96% of the variation.

The marshland cluster X N interaction was significant with
arelatively large response to N for Cluster A and relatively low
response for Cluster BC (Table 4; Figure 3). Differing shapes
of responses, such as a nearly linear increase with N rate for
Cluster B compared to the other clusters with very similar
curvilinear responses, contributed to the cluster X N interac-
tion (Table 5; Figure 4). While there may be justification for a
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TABLE 6 Rice grain yields in Rwanda as affected by P and K rate and the coefficients of asymptotic response functions of yield (y, Mg ha™!)

response to P or K with y = a — bc", where a is the yield at the asymptote or yield plateau (Mg ha™'), b is the gain in yield (Mg ha™') due to P or K

application, and c" represents the shape of the response curve where c is a curvature coefficient and N is the P or K rate (kg ha™")

Cluster P rate, kg ha™! Coefficients
Phosphorus 0 7.5 15 22.5 a b c r
Mg ha!

A 4.37 5.52 5.40 6.06 5.98 1.58 0.886 .89

B 3.88 5.05 4.99 5.48 5.35 1.46 0.842 93

BC 3.92 5.06 4.87 5.58 5.48 1.52 0.885 .85

C 3.64 4.59 4.58 4.83 4.74 1.10 0.788 .98

Combined 3.95 5.05 4.96 5.48 5.35 1.39 0.852 91
K rate, kg ha—!

Potassium 0 10 20 30 a b c r
Mg ha~!

A 4.82 5.94 6.45 6.42 6.53 1.72 0.892 .99

B 4.35 5.54 6.09 6.03 6.15 1.81 0.890 .99

BC 4.31 5.50 5.94 5.99 6.07 1.76 0.890 1.00

C 4.05 4.87 5.38 5.42 5.92 1.55 0.920 .99

Combined 4.38 5.46 5.96 5.97 6.09 1.71 0.899 .99

response function specific for Cluster B, the cluster X N inter-
action accounted for just 0.5% of the variation in grain yield
while N rate overall accounted for 89.4% of the variation. The
overall response to N rate in Rwanda was Yield = 5.74 —
(3.27)(0.988N) which was similar to the responses for Clus-
ters A, BC, and C.

The P and K interactions with marshland cluster were not
significant, but the main effects of P and K rate and the sea-
son X K interaction were significant for grain yield (Table 4).
The responses to P and K fit asymptotic response functions.
Grain yield increased in response to 22.5 kg P ha~! but there
was not a significant response to 30 compared with 20 kg
ha~! K (Table 6). The lack of P and K rate interactions was
due to near parallel response curves even though yield levels
differed (Figure 4). The season X K interaction was of little
agronomic significance as it accounted for only 0.1% of the
treatment effects on yield. The response to P combined across
clusters was represented by Yield = 5.35 — (1.39)(0.852F)
and response to K was represented by Yield = 6.09 —
(1.71)(0.899%). Soil test P indicated low availability for most
sites, and soil test K indicated low availability at Kanyony-
omba, Rwasave, and Rusuli.

The MgSZnB resulted in a significant rice grain yield
increase for all four marshland clusters with an overall yield
increase of 1.72 Mg ha~! compared to 90-15-20 N-P-K kg
ha~! (Table 5). Response to MgSZnB was not well-related
to soil test values, and the available data were not sufficient
to determine which of the four diagnostic nutrients was most
limiting of yield. Critical values for soil test nutrient avail-
ability with Mehlich 3 extraction have not been verified for

tropical soils of Africa (Garba, Serme, & Wortmann, 2018a).
Considering critical values determined elsewhere, however,
the soil test results indicate generally adequate Mg and S avail-
ability, but low availability of Zn for all sites, and low B at
Kanyonyomba, Rwasave, and Rusuli (Wortmann et al., 2019).

3.2 | Economic results

The EOR of N ranged from 58 to >150 kg ha~! N depending
on the cluster and CP for N use (Figure 4). The highest experi-
mental N rate was 120 kg ha~!, and caution prevented extend-
ing the range of inference for the response functions beyond
150 kg ha~! N. The EOR of N for Clusters B and C, and com-
bined across clusters, were high compared with Clusters A
and BC. The range of EOR for P was from 11 to 30 kg ha™!
and relatively low for Cluster C compared with other clusters.
The EOR for K was from 21 to 35 kg ha~! with variation due
to CP, but was consistent across clusters.

Using the response functions combined across clusters,
the grain value of $0.30 kg~', and fertilizer use costs of
$2.70 kg~! N and $3.90 kg~! P or K, the EOR were 122 kg
ha~! N, 17 kg ha™! P, and 23 kg ha~! K. The corresponding
profit/cost ratios were 1.30 for N, 4.01 for P, and 3.53 for K.
Application of N, P, and K at EOR is expected on average to
increase grain yield by 5.37 Mg ha~! with an investment of
$485 ha~! for an overall profit/cost ratio of 3.3.

A financially constrained farmer may apply the same
amount of N, P, and K at 50% EOR to twice the amount
of land. At 50% EOR, the profit/cost ratios were 2.1 for N,
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7.1 for P, and 6.0 for K. The average yield increase at 50%
EOR was expected to be 3.94 Mg ha~! with an investment of
$242.5 ha~!. Therefore with the $485 of fertilizer applied at
50% EOR to 2 rather than 1 ha, the total grain yield increase
was calculated to be 7.89 Mg ha~! with a profit/cost ratio of
4.9, a gain of 48% compared with the application at 100%
EOR.

4 | DISCUSSION

The overall mean yield increase with N application across the
four marshland clusters was 2.35 Mg ha~! (Table 5). These
results confirm the prevalence of low soil N availability as a
constraint to rice yield (Garba, Dicko, Kamissoko, Maman,
& Wortmann, 2018b). The response to 120 kg ha~! N was
relatively great compared with irrigated rice yield increases
of 1.36 Mg ha=! in Nigeria (Daudu et al., 2018), 1.27 Mg
ha~! in Niger, 1.64 Mg ha~! in Mali (Garba et al., 2018b),
and 1.66 Mg ha~! in Tanzania (unpublished data).

The observed differences in yield and response to applied
N between sites and marshland clusters could not be explained
by variations in soil properties, although low soil pH and
nutrient availability for Cluster C was associated with rela-
tively low yield and low response compared with the means
for other clusters (Table 2). However, Cluster C was also at
a high elevation where the rice variety may be less adapted
compared with lower elevations. Response to N tended to be
greater where soil organic C was higher, implying little min-
eralization of soil organic N but other potential benefits such
as improved water infiltration and slightly improved available
water holding capacity may have affected response (Minasny
& McBratney, 2017). The variation in the N response com-
bined across P rates and across marshland clusters (Tables 4
and 5; Figure 4) indicates that Cluster B needs to have its own
N recommendation and that a single N response function can
be applied across Clusters BC, C, and A.

Yield increase and profit potential with fertilizer K and P
were similar, which contrasts with results from Mali, Niger,
Nigeria, and Tanzania. Garba et al. (2018b) reported mean
yield increases in Niger and Mali of 0.55 and 1.40 Mg ha™!,
respectively, due to 22.5 kg ha™! P and 0 and 0.045 Mg
ha~! with 30 kg ha~! K. There was not a consistent rice
grain yield response to P and K in Nigeria (Daudu et al.,
2018). In Tanzania, the mean grain yield response to 22.5 kg
ha~! P was 0.44 Mg ha~! but no results were reported for
response to K (unpublished data). The lack of interaction of
P and K rates with marshland clusters indicated that response
functions determined from the combined data can serve all
clusters.

Response to MgSZnB was relatively great in Cluster B and
low in Cluster C but great enough for all clusters to have
profit potential. The relatively low response in Cluster C was

likely not due to the relatively low soil test availability of these
nutrients (Tables 2 and 5) and such a lack of relationship of
soil test information with response agrees with findings for
upland crops and lowland rice (Kihara et al., 2016; Garba
et al., 2018a; Steusloff, Nelson, Motavalli, & Singh, 2019).
Daudu et al. (2018) reported lowland irrigated rice response to
Zn in one of four trials but no response to MgSB. Cyamweshi
et al. (2018) found that 50% of the MgSZnB rates used in this
study were sufficient to achieve 90% of the potential wheat
(Triticum aestivum) response to these nutrients in Rwanda.

The EORs were affected by fertilizer use cost relative to
grain value. As the cost per kg of nutrient use increased from
the equivalent of 5 to 17 kg grain value, the mean EOR
decreased from 122 to 78 kg ha™! of N, 24 to 16 kg ha™! P
and >30 to 22 kg ha~! K (Figure 4). The cost of fertilizers in
sub-Saharan Africa is commonly high (Sanchez, 2002), and
exacerbated by the very high opportunity cost of money for
resource-poor farmers (Wortmann & Ssali, 2001). The returns
to fertilizer use by smallholder farmers are variable with sig-
nificant risk. Financial constraints often cause farmers to sell
at harvest when commodity prices are low compared with sev-
eral months later, and this further reduces the profitability of
fertilizer use (Nkonya, Kaizzi, & Pender, 2005). Therefore,
Jansen et al. (2013) and Cyamweshi et al. (2017) suggested
that decisions for financially constrained fertilizer use need
to consider crop-nutrient-rate choices not only for rice but
all crops important to the farmer for profit optimization. For
example, the profit to cost ratio for high and low cost fertilizer
applied at EOR to wheat ranged from 0.2 to 1.8 for N, 1.0 to
3.3 for P, and 0.5 to 2.0 for K (Cyamweshi et al., 2018). Sim-
ilar ranges for bush and climbing bean (Phaseolus vulgaris)
in Rwanda were, respectively, 1.0-3.3 and 1.1-3.6 for N, 1.4—
4.1 and 1.7-5.0 for P, and 2.4-6.2 and 1.3-4.0 for K (Kaizzi
et al., 2018).

While the rice yield increase is greater with N than with
P and K, higher rates of N are required and profit potential
appears to be greater with P and K than with N (Figure 4). For
example, $40 ha~! invested in P and K application was esti-
mated to give a profit/cost ratio of 6, while $40 ha~! invested
in N use gives a profit/cost ratio of 1.2. However, while the
monetary returns to P and K application were better than
for N, it is important to recall that the response to P and K
occurred with 90 kg ha~! N uniformly applied, and failure to
apply N would likely greatly reduce response to P and K.

Fertilizer use decisions need to be based on field research
results, but profit potential can be increased by subsi-
dized fertilizer use, improved input supply and markets, and
enabling farmers to get credit on stored produce to enable
delayed marketing at more favorable grain prices (Nkonya
et al., 2005). Fertilizer use decision tools that consider
the farmer’s economic and agronomic context were devel-
oped based on these and other research findings for east-
ern, northern, and southern Rwanda in order to optimize
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farmer profit from the use of fertilizer for rice and other crops
(http://agronomy.unl.edu/OFRA).

S | CONCLUSIONS

Lowland rice grain yield increased by a mean of 2.3, 1.5,
1.7, and 1.7 Mg ha~! with the application of N, P, K, and
MgSZnB, respectively, in Rwanda with great implications for
food security and farm profitability. Compared with the pre-
viously recommended nutrient application rates, these results
indicate that rates for optimization of net returns to fertilizer
use should be 34% higher for N, 20% higher for P, and 64%
higher for K with intermediate fertilizer use costs. A single N
response function can be applied for Clusters A, BC, and C,
but the results indicate a need for a different N response func-
tion for Cluster B. The variation in response to P and K across
clusters was small, and a single response function each for P
and K could be applied for all clusters. The P and K results are
only valid if fertilizer N is applied; otherwise, N deficiency is
likely to severely limit response to P and K. The response to
MgSZnB needs further research. Until most profitable rates
for each of the MgSZnB nutrients are determined, the results
indicate a recommendation of routine application of a package
of these nutrients at rates used in this study, but only in addi-
tion to N, P, and K application. Rwandan farmers are often
resource-poor and the results show greatly increased returns
on investment by applying nutrients at less than EOR. Using
available fertilizer over more land, and maybe more crops, at
less than the EOR may also be a means to reduce risk of profit
loss.
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