V
Vol. 8(9), pp. 416-425,
4
Septe
ember, 2014
D
DOI: 10.5897/A
AJPS2014.1175
5
A
Article Numbe
er: AF18B87480
012
ISSSN 1996-0824
4
C
Copyright © 20
014
A
Author(s) retain the copyrig
ght of this artic
cle
h
http://www.ac
cademicjourn
nals.org/AJPS

Africaan Journaal of Plantt Science

Fu
ull Length Research
h Paper

U
Upland
d rice response to nutrien
n
nt appllication in Ug
ganda
K. C. Kaizzi1, J. Bya
alebeka1, O.
O Semalulu1, I. Alou1 , W. Zimw
wanguyizza
a1, A. Nans
samba1,
E. Odama1 and C. S. W
Wortmann2*
1

Natio
onal Agricultural Research Laboratories
s (NARL), Kaw
wanda, P. O. Box 7065 Ka
ampala, Ugan
nda.
2
Department of Agronomy an
nd Horticulturre, University of Nebraska--Lincoln, Lincoln, NE USA..
Rece
eived 3 March, 20
014; Accepted 4 September, 201
14

e (Oryza spp.) yields are low in Ugan
nda, partly be
ecause of litttle fertilizer u
use. Three o
on-station
Upland rice
trials and tw
wo clusters of
o on-farm trrials were co
onducted in U
Uganda at approximately
y 1000 m ele
evation to
omically opttimal nutrien
determine: yield respon
nse to N, P and
a
K applic
cation; econo
nt rates (EOR
R); and N
use efficien
ncy compone
ents. Mean grain
g
yield, with
w
hulls, wa
as 1.3 and 3.7
7 Mg ha-1 witth 0 and 100 kg ha-1 N
applied, res
spectively. Grain
G
yield response to ap
pplied P whe
en compared
d with N was
s less, and m
mean yield
was not inc
creased with K applicatio
on. Dependin
ng on fertilize
er cost relatiive to grain p
price (CP), m
mean EOR
ranged from
m 54 to 92 kg
k ha-1 N and
d 17 to 30 kg
k ha-1 P. Eq uations were
e determined for yield rresponse,
estimation of EOR, and
d the benefit:: cost ratio (BC) for fertillizer N and P use. Grain N concentra
ation and
N harvest in
ndex at EOR
R were 1.55 and
a
0.55 kg kg
k -1, respect ively. Mean recovery effficiency, parttial factor
productivity
y and agrono
omic efficien
ncy declined
d with increa
asing N rate a
and were 0.7
75, 41 and 28 kg kg-1,
respectively
y, at the EOR
R. Fertilizer N and P use can be highlly and mode
erately profita
able, respecttively, for
upland rice
e production
n in Uganda with high N recovery a
and agronom
mic efficienc
cy. In maxim
mizing net
return on finance-cons
f
strained inve
estment in fertilizer
f
use
e, CP and in
nvestment c
capacity nee
eds to be
considered.
Key words: Economic, fe
ertilizer use, nitrogen,
n
phos
sphorus, pota
assium, use e
efficiency.

TRODUCTION
N
INT
Uplland rice prod
duction is less important in
n Uganda wh
hen
com
mpared with maize (Zea
a mays L.) and sorghu
um
(So
orghum bicolo
or L. Moench), but rainfed rice production
hass doubled (FA
AOSTAT, 20
013) during th
he past deca
ade
due
e to high market value through expansion of arrea
sow
wn. Smallhold
ders are morre likely to ap
pply fertilizer to
rice
e when comp
pared with otther cereals because of the
t
high market value of rice. However, lev
vels of nutrie
ent

ow, at leastt partly to h
high costs of
o
appliccation are lo
fertilizzer use relative to the valu
ue of rice, an
nd mean grain
n
yield in Uganda w
which is estiimated to be
e 1.5 Mg ha-1
uka and Kallirajan, 2006
6). Inadequate control of
o
(Otsu
nume
erous constra
aints may con
ntribute to the
e low yield as
found
d in Tanzania
a with biotic constraints, low input use
e
and low availab
bility of soil N and P constraining
g
produ
uctivity (Mgha
ase et al., 201
10).
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Currently there are no fertilizer recommendations for
upland rice production in Uganda. Upland rice is
produced across diverse situations in Africa and research
findings for nutrient application to upland rice are mostly
quite recent and indicate situation specificity but also
some opportunity for generalization. Research in Uganda
showed that upland rice grain yield can often be
increased by more than 100% with application of N and
P, and the crop is responsive to Azolla spp. and to a
preceding green manure crop of Mucuna pruriens L.
(Kaizzi, 2002; Kaizzi et al., 2007). Yield in Uganda was
increased by 2 to 3.5 Mg ha-1 in response to 120 kg N ha1
(Onaga et al., 2012). Miyamoto et al. (2012) found that
paddy yield could be increased by 46 kg kg-1 of applied
N. In Benin, yields were less with no N when compared
with N applied in diagnostic trials (Koné et al., 2009). In
the Ivory Coast, yield was maximized with just 50 kg ha-1
of NPK blended fertilizer 12:24:18 or with 12 kg ha-1 ureaN applied with the low responsiveness attributed to soil
water deficits during grain fill (Galabi et al., 2011). In
Burkina Faso, Ethiopia, Ghana and Nigeria, upland rice
response to applied N was generally curvilinear to
plateau with, on average, about 90% of the grain yield
increase with 100 kg N ha-1 occurring with the first 50 kg
N ha-1 (Apaseku et al., 2013; Habtegebrial et al., 2013;
Oikeh et al., 2008; Okonji et al., 2012). On the dry
savannah land of northern Nigeria, however, rice grain
yield increased linearly with N rates up to 90 kg N ha-1
(Kamara et al., 2010). Koné et al. (2011) attributed
situations of reduced grain yield and root development
with N application to mid-season soil water deficits. Oikeh
et al. (2008) determined 60 kg N ha-1 to be optimal for
upland rice production by smallholders in Nigerian forest
agro-ecosystems.
A curvilinear to plateau response to applied P is also
common with about 40 and 65% of the response to
application of 40 kg P ha-1 occurring, on average, with the
10 and 20 kg P ha-1 rates (Bationo, 2008; Apaseku et al.,
2013; Okonji et al., 2012). Upland rice yields were
increased from 1.7 to 2.3 Mg ha-1 with a Bray-1 soil test P
of 4 mg kg-1 with P application (Oikeh et al., 2010), and
from 0.98 to 1.27 Mg ha-1 with Bray-1 of 2 to 3 mg kg-1
(Sahrawat, 2000) with 45 kg P ha-1. Oikeh et al. (2008)
determined 26 kg P ha-1 to be optimal for upland rice
production in Nigerian forest agro-ecosystems.
Given the inadequate information base for maximizing
profit from fertilizer use on upland rice for production in
Uganda, research was conducted to: 1) quantify the yield
response of upland rice to N, P, and K; 2) determine
economically optimal nutrient rates for N, P and K
(EONR, EOPR and EOKR) at different CP; and 3)
evaluate efficiency of N use by upland rice in Uganda.
MATERIALS AND METHODS
Five N, P and K response trials were conducted in western Uganda
across three cropping seasons from 2009 to 2010 (Table 1). The
location and season combinations are referred to as site-seasons.

Three site-seasons were conducted at the Bulindi Zonal Agricultural
Research and Development Institute and two site-seasons were
clusters of single sets of treatments evaluated on-farm with four or
five farms per cluster providing replication. Research was carried
out in the Western Mid-Altitude Farmlands (Wortmann and Eledu,
1999). Bulindi trial sites received >50 mm rainfall in the two weeks
before sowing and received 430 mm or more of rainfall by 100 days
after sowing (Figure 1). Rainfall was less in season 2010B when
compared with other seasons with only 55 mm from 23 to 55 days
after sowing.
The soils were Acric Ferralsols except for pre-dominantly Petric
Plinthsol at the Kwera on-farm location (Table 1). Surface soil
samples for the 0- to 20-cm depth consisting of 10 cores per siteseason were collected before planting and fertilizer application to
determine basic soil properties. Sand, clay and soil organic matter
content ranged from 154 to 503, 298 to 506 (Bouyoucos, 1936),
and 36 to 54 (Walkley and Black, 1934) g kg-1 soil, respectively.
Mehlich-3 P (Mehlich, 1984) ranged from 3.7 to 7.9 mg kg-1 soil.
Exchangeable K was always >130 mg kg-1.
Site preparation at Bulindi included disk plowing at 15 to 20 cm
depth followed by secondary disk tillage at 10 cm depth to reduce
soil surface roughness. Land preparation for on-farm trials varied
according to the practices of cooperating farmers but always
included tillage. The previous crop and sowing dates varied (Table
1). Seeding rates were selected to achieve final plant populations of
50 plant m-2, with two plants per point and a spacing of 20 by 20
cm. Weed control was done using hand hoes twice or thrice
depending on weed intensity and labour availability. During the
season, chloropyrifos 5% (DursbanTM) was applied for control of the
stem borer complex and the African rice gall midge (Orseolia
oryzivora Harris & Gagné (Diptera: Cecidomyiidae).
The experimental design was a randomized complete block
design. The nutrient rates evaluated were the following: 0 (N0), 50,
100, and 150 kg N ha-1; 0, 12.5, 25.0, and 37.5 kg P ha-1; and 0, 30,
60, and 90 kg K ha-1. The N-P-K treatments were 0-0-0, 50-0-0,
100-0-0, 150-0-0, 50-12.5-0, 100-12.5-0, 150-12.5-0, 50-25-0, 10025-0, 150-25-0, 50-37.5-0, 100-37.5-0, 150-37.5-0, 50-12.5-30,
100-12.5-30, 150-12.5-30, 50-25-60, 100-25-60, 150-25-60, 5037.5-90, 100-37.5-90, and 150-37.5-90. The incomplete factorial
arrangement limited the number of treatment in consideration of
Liebig’s law of the minimum, proposed by J. von Liebig in 1840,
expecting N and P to be the most and least limiting of the three
nutrient deficiencies, respectively. The N0 treatment occurred only
with P0 and K0, and P and K effects were tested only with N applied.
Similarly, no K was applied for the P0 treatment. The K rates varied
with P rates and the K effect was determined by subtracting at the
plot level the P rate minus K treatments from the corresponding Kplus treatments after verifying that the P  K interaction was not
significant.
Varieties were a sub-plot factor including Nerica-4 and Superica1. Nerica-4 is a genotype derived from the interspecific hybridization
of WAB 56-104 (Oryza sativa, tropical japonica type) and CG 14
[Oryza glaberrima]). Superica-1 (O. sativa) is a Ugandan release.
These Uganda releases were not hybrids and each variety had a
maturity period of 120 days. The plot size was 4 by 6 m.
The N, P and K sources were urea, triple super phosphate and
potassium chloride, respectively. Fertilizer P was applied pre-plant.
Fertilizer N and K were applied with 25% pre-plant, 25% at tiller
formation and 50% at panicle initiation. The fertilizers were surface
broadcast applied at planting and incorporated. The side dress
application of N and K was band-applied to the side of the row and
covered with soil.
The plants were cut at ground-level from the inner rows in a 1.5 x
2.0 m area and air dried for at least 3 days. The panicles were
threshed and the harvested grain weight was determined. After
adding the panicle remnants, the straw was weighed to determine
the straw yield. The harvested grain was weighed and grain yield
calculated. Grain yield was adjusted to 140 g kg-1 water content.
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Ta
able 1. Charactteristics of rese
earch sites at Bulindi
B
for three
e seasons, and
d for clusters o
of on-farm trialss
co
onducted at Kwe
era and Kiziranfumbi, to determ
mine upland rice response to ap
pplied N, P and K in Uganda.

Siite-season

†

Bu
ulindi 2009B
Bu
ulindi 2010A
Bu
ulindi 2010B
Kw
wera
Kiiziranfumbi

Sand
154
326
168
405
503

Soil properties
Clay OM
pH
g kg-1
506
46 5.9
505
44 5.9
49 6.1
550
406
36 6.0
298
54 7.1

P
K
mg kg-1
4.9
4
418
4.6
4
235
7.9
7
385
6.2
6
231
3.7
3
132

Prrevious crop

Sowing
date

Harvest
date

FL‡
CR
CR
CR
CR

Sept. 18 -20
Mar. 17 - 19
Aug. 23 - 25
Sept. 1 - 10
Sept. 1 - 10

Jan. 12 - 15
June 8 - 21
Jan. 9 - 11
Jan 15 - 30
Jan 15 - 30

†

The rainfall is bim
modal, with plantting for seasons
s A and B occurrring in March a nd April and in late August and
d
eptember, respec
ctively. The latitu
ude, longitude an
nd elevation of th
he research locattions, respectively, were: Bulindi,,
Se
1°3
30’N, 31°29’E, 1021 m, Acric Ferralsol; Kwera
a, 1°49’N, 32°58
8’E, Petric Plintthsol; and Kizira
anfumbi, 1°21’N,,
31°12’E, Acric Ferrralsol. CR = cere
eal, FL = fallow.

Figure 1. Cumulative rainfall for three crropping seasons
s at Bulindi, Uga
anda.

Grain and straw sa
amples were ov
ven-dried at 60°°C, ground to pa
ass
a 0.5-mm sieve, an
nd analyzed for total N in a sing
gle digest by a wetw
ashing technique with colorimetrric determinatio
on (Anderson and
a
Ingrram, 1993; Okallebo et al., 2002
2).
T
The data analys
ses were done by site-season
n using Statistix
x 9
(Ana
alytical Softwarre, Tallahassee, FL) with replic
cations as rand
dom
variables and varrieties and nutrient rates as
s fixed variables.
alysis of variance combined across
a
the Bulindi seasons was
w
Ana
done to test for nutrient rate interactions with seas
sons after verify
ying
mogeneity of va
ariance. When significant nu
utrient rate effe
ects
hom
occu
urred for a site-season, an asymptotic yiield function was
w
dete
ermined: grain yield (Mg ha-1) = a - bcn, where
w
a was near
maxximum grain yield, b was the
e yield increas
se due to nutriient
app
plication, and cn determined the shape of
o the curvilinear

respon
nse where c w
was a curvature coefficient and n was the
nutrien
nt rate. Regresssion analyses by site-season
n and combined
acrosss site-seasons w
were done with plot data. Uplan
nd rice response
to app
plied N was de
etermined acrosss all P levels after verifying a
lack o
of N x P rate interaction, and response to applied P was
determ
mined with the zzero N treatmen
nt omitted from tthe analysis.
The
e EONR and EO
OPR, or the nutrient application
n rates that gave
the grreatest net retu rn ha-1 to fertilizer use, were calculated for a
range of CP. A grain price of US$0.4
40 kg-1 (Uganda
a Sh. 2400 US$
$1
) wass used for the e
economic analyysis. Equations were developed
using non-linear regre
ession analysis to relate EOR tto CP.
e BC was con
nsidered to be the value of increased yield
The
relativve to cost of ffertilizer use fo
or the given a
application rate
e.
omial functionss were determ
mined for eacch crop-nutrien
nt
Polyno
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Table 2. Nitrogen application effect on upland rice grain and straw yield in Uganda. The results
are the means of two varieties as there was no variety by N rate or P x N rate interaction.
-1

Site-season
Bulindi 2009B
Bulindi 2010A
Bulindi 2010B
Kwera
Kiziranfumbi
Mean‡
SE

N rate, kg ha
0
50
100
150
Pr
------- Grain yield, Mg ha-1 ------c†
b
b
a
0.75
2.19
2.45a
2.48
*
b
a
a
1.00
2.56
2.55
2.62a
*
b
3.27a 3.56a 3.36a ***
0.99
1.79c 4.59b 5.02ab 5.18a ***
1.87b 4.32a 4.97a 4.45a ***
1.42b 3.39a 3.71a 3.62a ***
0.26
0.53
0.63
0.59

N rate, kg ha-1
0
50
100
150
Pr
------- Straw yield, Mg ha-1------c
b
b
a
2.74
5.26
6.06
7.04
***
b
a
a
3.37
5.98
5.99
5.78a **
4.01c 7.20b 8.25a 8.20a **

3.37c
0.49

6.15b
0.17

6.77a
0.18

7.01a
0.17

***

†

Different letters in a row under grain or straw yield indicate statistically significant differences at α ≤
0.05. *, **, *** indicate statistical significance with P = 0.95, 0.99, and 0.999, respectively. The N rate x
site-season interaction was significant for straw yield due to a relatively greater increase in straw yield in
season 2010B compared with the other seasons.

Table 3. The coefficients for the upland rice grain yield response functions to applied N and the economically
optimal N rates (EONR) for different cost of fertilizer N use to grain value ratios (CP).

Site-season
Bulindi, 2009B
Bulindi, 2010A
Bulindi, 2010B
Kwera
Kiziranfumbi
Combined
SE

Response coefficients
--- Mg ha-1 --a†
b
c
2.65
1.90
0.971
2.59
1.56
0.945
3.57
2.40
0.971
5.59
3.44
0.979
4.85
2.81
0.956
3.67
2.40
0.958
0.36
0.59
0.054

2
113
67
118
113
150
92

EONR at five N:grain price ratios
-------------- $ kg-1 ($ kg-1)-1--------------4
6
8
96
76
66
55
47
43
95
81
71
106
92
85
132
114
101
76
66
60

†

10
58
38
64
80
91
54

n

The response coefficients a, b, c are of the asymptotic function with yield = a -b*c ; a is estimated yield at near plateau
-1
-1
(Mg ha ), b is the yield (Mg ha ) increase due to nutrient application, c determines the shape of the response curve, and n
-1
(kg ha ) is the rate of applied nutrient.

combination to estimate BC with application rate and CP as
independent variables. Differences and relationships were
considered significant at P ≤ 0.05.
Nonlinear functions that related total N in the aboveground
biomass at harvest (UN) to the N rate and grain yield were
determined. Asymptotic regression analysis, using individual plot
data, related NUE properties to N rate. Exceptions were for straw N
concentration and uptake which had linear and quadratic
relationships to N rate, respectively, and for RE and agronomic
efficiency of N use (AE) which had linear and quadratic
relationships to N rate, respectively.
The NUE parameters included grain N concentration and
content, HI, NHI, internal efficiency (IE) of total plant N taken up
from soil and fertilizer, partial factor productivity (PFP), and
physiological efficiency (PE), RE and AE for fertilizer N use
(Cassman et al., 2002). The NUE components were calculated as
follows: IE = Y/UN (kg kg-1) where Y is grain yield (kg ha-1); PFP =
Y/N rate; NHI = grain N/UN; RE = (UN+N - UNN0)/N rate; PE = (Y+N YN0)/(UN+N - UNN0); and AE = (Y+N - YN0)/N rate. The units for IE,
PE, AE, and PFP were kg grain kg-1 N and kg N kg-1 N for NHI. The
effects of NHI and grain N concentration on IE were determined
using linear regression analysis.

RESULTS
The mean upland rice paddy grain yield at N0 was 1.42
Mg ha-1 and was more in on-farm trials than at Bulindi
(Table 2). The predicted mean maximum grain yield was
3.67 Mg ha-1 (Table 3), with no significant yield increase
for >100 kg ha-1 N applied. The N  P rate and N rate 
site-season interactions, and the interactions with variety,
were not significant for grain yield but there was a
relatively greater increase in straw yield in season 2010B
due to N application when compared with the other
seasons.
Upland rice grain yield increased in response to N
application for all site-seasons (Tables 2 and 3). The
predicted overall mean grain yield increase was 2.40 Mg
ha-1. The results indicate a very high probability of
response to applied N but the magnitude of the response
varies. Mean yield response was greater for on-farm
when compared with on-station trials but the mean curva-
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ture coefficients were similar. Grain yield was significantly
increased by application of >50 kg ha-1 N for only two of
the five site-seasons but this was not sufficient to result in
an N rate x site-season interaction. Combined across all
site-seasons, the grain yield response to applied N was

Y  3.67  2.40(0.958 N )

(1)

Y  3.39  2.12(0.968 N ) with no P or K applied

(2)

The b and c coefficients of Equations 1 and 2 were not
significantly different at α = 0.05 using a z-test. Upland
rice straw yield was increased by 50 kg N ha-1 for the
three site-seasons where measured, with an additional
increase by applying more N for two site-seasons.
Net returns to N application were positive for all siteseasons and all CPs, and the site-season EONR ranged
from 38 to 150 kg ha-1 depending on the CP (Table 3).
The mean EONRs determined from the analysis
combined across all site-seasons ranged from 54 and 92
kg ha-1 with CPs of 10 and 2, respectively (Figure 2). Net
returns to applied N were more sensitive to N rate as the
CP increased. The mean EONR can be estimated from
the CP according to:

EONR, kg ha 1  107.2  8.78CP  0.339CP 2

(3)

The P  K rate interaction was not significant but the P
rate  site-season interaction was significant for grain
yield with P application, in the presence of applied N,
resulting in increased upland rice grain yield for three of
the five site-seasons (Table 4). Yield increased with up to
25 kg P ha-1 for two site-seasons. In the combined
analysis, grain yield was increased by 0.38 Mg ha-1 with
12.5 kg P ha-1. The yield response function from the
combined analysis was:

Y  3.79  0.556(0.947 P )

(4)

Applying Equation 4, EOPR was determined to be related
to CP, with CP for fertilizer P ranging from 4 to 12, as:

EOPR, kg ha 1  53.4  4.69CP  0.134CP 2

Straw yield was increased with 12.5 kg ha-1 P applied at
Bulindi in the 2010B season only (Table 4). Mehlich-3 P
was low, ranging from 4 to 8 mg kg-1, but there was no
indication of a relationship between soil test P and grain
yield response to applied P. Grain and straw yield were
not affected by K application for any site-season.
The BC of fertilizer use was related to nutrient
application rate and CP for ≤100 kg N ha-1 and ≤40 kg P
ha-1 as follows:

N rate  100 kg ha 1 : BC N  56.52  0.541N  9.983CP  1.83E10 4 N 2 

(6)

0.425CP 2  0.0326 NCP
P rate  40 kg ha 1 : BC P  10.67  0.172 P  0.383CP  1.01E10 3 P 2 

(7)

0.0513CP 2  0.00854 PCP
The BC of fertilizer use was greater with N compared with
P application, and decreased as application rate and CP
increased.
Plant UN ranged from 31 to 89 kg ha-1 for N0 and with
150 kg N ha-1 and was 79 kg ha-1 at EONR (Table 5).
Variation in UN accounted for 82 and 74% of the variation
in biomass and grain yield, respectively. Mean grain yield
was 14.7 kg kg-1 UN for N0 and 27.6 kg kg-1 UN across all
N rates.
Internal efficiency (IE), or the efficiency of converting
UN to grain yield, is a function of NHI and grain N
concentration. The linear effects of NHI and grain N
concentration accounted for 72 and 11% of the variation
in IE, respectively. Grain N concentration, NHI and IE at
an EONR = 66 kg ha-1 for CP = 6 were 15.5 g kg-1, 55%
and 35.4 kg grain (kg UN)-1, respectively, which were
higher than for the 0N rate (Table 5). The IE decreased
with increased N rates.
Mean PFP declined with increased N rate and was 41
kg kg-1 at EONR. Mean AE decreased with N rate and
was estimated to be 28 kg kg-1 at EONR when compared

(5)

with 52 and 64 kg kg-1 for sorghum and maize,
respectively (Kaizzi et al., 2012a, b). Mean PE of fertilizer
N was not affected by N rate which is consistent with the
results of the sorghum and maize studies. The following
equations, determined from plot data of the three siteseasons at Bulindi, represent the N rate effect on various
components of NUE for upland rice in Uganda.
UN, kg ha

–1

N

= 91.82 - 60.89(0.977 )

(8)

Grain N concentration, kg kg1  17.50  3.47(0.992N ) (9)
GrainUN , kg ha 1  47.60  34.42(0.968 N )

(10)

Stover N concentration, kg kg 1  5.32  0.0060N (11)
StoverUN, kg ha1  17.73  0.356N  0.00129N 2

(12)

HI , kg kg 1  0.303  0.691(0.613 N )

(13)
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Figure 2. Upla
and rice yield response to appliied N and P in Uganda with
economically optimal
o
N and P rates for diffe
erent ratios of fertilizer use
cost to grain prrice ratios (CP).
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Table 4. Phosphorus application effect on upland rice grain and straw yield in Uganda. The results are the means of two
varieties as there was no variety by N rate or P x N rate interaction.

Site-season

0
†

Bulindi, 2009B
Bulindi, 2010A
Bulindi, 2010B
Kwera
Kiziranfumbi
Mean‡
SE

2.21
2.36b
3.03b
4.53
4.44b
3.31c
0.50

-1
P rate (kg ha )
12.5
25
37.5
------- Grain yield, Mg ha-1------2.25
2.41
2.55
2.53b
2.50ab
2.80a
3.29b
3.34ab
3.70a
4.73
4.94
5.22
5.66a
4.51b
4.75ab
3.69ab
3.67bc
3.88a
0.65
0.51
0.52

Pr
ns
*
*
ns
*
**

P rate (kg ha-1)
0
12.5
25
37.5
------- Straw yield, Mg ha-1 ------5.81
6.04
6.22
6.23
5.68
5.92
5.86
6.09
7.14b
7.62ab
8.18ab
8.55a

ns
ns
*

6.21

ns

6.53

†

6.75

6.97

Pr

‡

Different letters in a row under grain or straw yield indicate statistically significant differences at α ≤ 0.05. The P rate x site-season
interaction was significant for grain yield with greater response to P rate for some site-seasons when compared with others. The grain
P
yield response function to applied P was: Yield = 3.79 - 0.556*0.947 .

Table 5. Mean effect of N rate on components of N use efficiency by upland rice
averaged for 5 site-seasons in Uganda.

Component

Units

Grain N concentration
Straw N concentration
Grain N content
Straw N content
Plant N content
Harvest index
N harvest index
Recovery efficiency
Agronomic efficiency
Internal efficiency
Partial factor productivity
Physiological efficiency

g kg-1
g kg-1
kg ha-1
kg ha-1
kg ha-1
kg kg-1
-1
kg kg
kg kg-1
kg kg-1
kg kg-1
kg kg-1
-1
kg kg

†

0
14.2
5.60
13.2
18.0
31.2
0.24
0.44

31.0

N rate, kg ha-1
50
100
15.6 16.1
5.32 6.08
41.4 46.7
32.3 41.6
73.7 88.3
0.31 0.30
0.57 0.54
0.85 0.57
34.4 19.7
36.5 33.6
52.8 28.9
40.3 37.5

150
16.8
6.05
47.9
41.2
89.2
0.30
0.54
0.38
12.7
32.6
18.9
32.6

†

Pr

EONR

***
***
***
***
***
***
***
***
***
***
***
ns

15.5
5.6
43.6
35.6
78.7
0.30
0.55
0.75
28.1
35.4
41.4

-1

The EONR was 66 kg ha for a fertilizer N use cost to farm-gate grain price ratio of 6. ns,
no significant effect at α ≤ 0.05. *** Significant effect at α ≤ 0.001.

NHI , kg kg 1  0.547  0.106  0.106(0.609 N )

(14)

IE , kg kg 1  23.63  0.0797 N  0.000570 N 2

(15)

AE , kg kg 1  57.6  0.564 N  0.00177 N 2 (16)
RE , kg kg 1  104.7  0.446 N

(17)

PFP, kg kg 1  12.9  101(0.981N )

(18)

DISCUSSION
The mean yield of 3.67 Mg ha-1 is not high relative to
genetic potential of upland rice indicating the importance

of other abiotic and biotic constraints in addition to
deficiencies of N, P and K. Inadequate rainfall was not an
apparent constraint to grain yield in the Bulindi trials as
yield was highest in the 2010B season when rainfall was
least and less well-distributed when compared with
2009B and 2010A. Variety performance across N rates
was similar. This was in agreement with Onaga et al.
(2012) who evaluated more varieties and reported a
variety x N rate interaction but which accounted for less
than 1% of the N rate main effect on variation in yield.
The indigenous soil N supply was apparently low as
indicated by a mean grain yield of 1.42 Mg ha-1 and 31 kg
ha-1 UN with N0, even though SOM was always >36 g kg1
. In comparison, mean grain yield was about 2 Mg ha-1
across several other studies in Africa (Apaseku et al.,
2013; Bationo, 2008; Habtegebrial et al., 2013; Oikeh et
al., 2008; Okonji et al., 2012). For further consideration of
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Figurre 3. The N and
d P grain yield re
esponse functio
ons of upland ricce when compa
ared
with maize
m
and grain sorghum in Ug
ganda (Kaizzi et al., 2012a, b).

these agricultura
al soils of Uga
anda to supply N, UN with N0
wass 31 and 46
4 kg ha-1 by sorghum
m and maiz
ze,
respectively (Kaizzi et al., 201
12a, b).
T
The large res
sponse of up
pland rice grain yield to N
app
plication was
s consistent with earlie
er results fro
om
Uga
anda (Kaizzi,, 2002; Kaizz
zi et al., 2007
7; Onaga et al.,
a
201
12), and with the response
es of maize and
a sorghum
m in
Uga
anda (Figure 3) (Kaizzi et al., 2012a, b)). The respon
nse
to a
applied N was
s about twice the mean forr that of severral
stud
dies cited ab
bove (Apasek
ku et al., 2013; Habtegebrial
et a
al., 2013; Oik
keh et al., 200
08; Okonji et al., 2012). Yie
eld
with
h N applied and
a
at N0 wa
as more and less for maize
and
d sorghum, re
espectively, when
w
comparred with upla
and
rice
e. The coeffic
cient values fo
or b of 2.14 and
a 2.40 and for
c of 0.94 and 0.96 for maize and
d upland ric
ce,
respectively, we
ere not signifficantly differrent resulting in

simila
ar curve shap
pe although a higher yield plateau fo
or
maize
e when comp
pared with upland rice.
Uplland rice resp
ponse to applied P, with N applied, was
near linear and to
o a higher P rate when ccompared with
h
maize
e and sorghu
um which had
d little response beyond 10
0
kg ha
a-1 P. The sign
nificant but sm
mall increase in upland rice
e
yield to P appliccation, with N applied, w
was generally
y
consiistent with th
he responsess reported byy Oikeh et al.
8) and Sahrawat (2000) but low an
nd high when
n
(2008
comp
pared with ressults of Batio
ono (2008) an
nd Apaseku et
e
al. (20
013), respecttively.
Dep
pending on CP, the mea
an EONR an
nd EOPR fo
or
uplan
nd rice range
ed from 54 to
o 92 and 17 tto 37 kg ha-11,
respe
ectively. Finance-constrain
ned farmers commonly do
o
not h
have enough
h money to a
apply fertilize
er at EOR to
o
maxim
mize net retu
urns ha-1 for all their crop
pland. Optimi-

424

Afr. J. Plant Sci.

zing the choice of crop-nutrient-rate combinations, in
consideration of CPs, is needed to maximize net returns
on their constrained investment. Considering 14 other
crop nutrient combinations in Uganda using common CP
values, Kaizzi et al. (2012c) found that the decreasing
order of BC for fertilizer nutrients applied at EOR was
bean (Phaseolus vulgaris L.) N > groundnut (Arachis
hypogaea L.) P = maize N = soybean (Glycine max L.) P
> sorghum N > groundnut K > maize P > bean P >
soybean K and > K applied to maize or sorghum. The BC
for N applied to upland rice at EOR is greater than for any
of the above and the BC for applied P to upland rice is
less and more when compared with soybean P and
sorghum N. This order could change with changes in
relative CP due to changed grain values or nutrient costs.
The upland rice EONR allows for BC >2, but BC >2 at
EOPR only if CP ≤4 for fertilizer P. The results
demonstrate that N application to upland rice can
increase farm productivity with high profitability and
should have priority over the 14 other crop-nutrient
response functions evaluated here and in Kaizzi et al.
(2012a, b, c) when fertilizer use is financially constrained.
Phosphorus application for upland rice can be profitable
when CP is not too high and/or when applied as less than
EOPR.
Recovery of applied N in the aboveground upland rice
biomass was 75% at EONR which is intermediate
between the RE reported for maize and sorghum (Kaizzi
et al., 2012a, b). The RE of sorghum was >100% as
sorghum performance was poor at N0 and applied N
apparently boosted plant vigor and root growth to recover
nitrate-N that was otherwise lost to leaching beyond the
root zone. Other fertilizer N use efficiency components
were low at EONR for upland rice as compared to maize
and sorghum including AE and PFP, but this is largely
due to the higher EONR of upland rice associated with
the higher market value of rice when compared with
maize and sorghum. Agronomy efficiency for upland rice
from this Uganda study with 50 kg N ha-1 applied was
34.4 when compared with a mean of 18 kg kg-1 calculated
from several other studies (Apaseku et al., 2013;
Habtegebrial et al., 2013; Oikeh et al., 2008; Okonji et al.,
2012) implying relatively high efficiency and potential for
high net returns to N applied to upland rice in Uganda.
Conclusion
Upland rice yield increased by 178% with N applied at the
EONR for a CP of 6. Yield can be further increased with
P application but the results demonstrate that N deficiency is much more limiting than P or K deficiency. The
results indicate that N application for upland rice production is highly profitable and a priority fertilizer application option relative to 14 other crop-nutrient options of
finance-constrained smallholder farmers in Uganda.
Application of P is also likely to be profitable when applied
at EOR, but less so compared to N, while K application is

not likely to be profitable. The recovery and agronomic
efficiencies of applied N are high for EONR or lower
rates, implying little residual effect for the following crop
but also little loss to the environment.
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