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Abstract

The demand for rice in Eastern and Southern Africa is rapidly increasing because of
changes in consumer preferences and urbanization. However, local rice production
lags behind consumption, mainly due to low yield levels. In order to set priorities
for research and development aimed at improving rice productivity, there is a need
to characterize the rice production environments, to quantify rice yield gaps—that
is, the difference between average on-farm yield and the best farmers’ yield—and
to identify causes of yield gaps. Such information will help identifying and target-
ing technologies to alleviate the main constraints, and consequently to reduce ex-
isting yield gaps. Yield gap surveys were conducted on 357 rice farms at eight sites
(19-50 farmers per site) across five rice-producing countries in Eastern and Southern
Africa—that is Ethiopia, Madagascar, Rwanda, Tanzania and Uganda—for one or two
years (2012-13) to collect both quantitative and qualitative data at field and farm
level. Average farm yields measured at the eight sites ranged from 1.8 to 4.3 t/ha
and the average yield gap ranged from 0.8 to 3.4 t/ha. Across rice-growing envi-
ronments, major causes for yield variability were straw management, weeding fre-
quency, growth duration of the variety, weed cover, fertilizer (mineral and organic)
application frequency, levelling and iron toxicity. Land levelling increased the yield by
0.74 t/ha, bird control increased the yield by 1.44 t/ha, and sub-optimal management
of weeds reduced the yield by 3.6 to 4.4 t/ha. There is great potential to reduce the
current rice yield gap in ESA, by focusing on improvements of those crop manage-

ment practices that address the main site-specific causes for sub-optimal yields.
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1 | INTRODUCTION

Demands for rice in Eastern and Southern Africa (ESA) are rap-
idly increasing because of changes in consumer preferences and
urbanization (Balasubramanian, Sie, Hijmans, & Otsuka, 2007,
FAOQ, 2018). However, local rice production lags behind consump-
tion, and this is mainly due to the low yield levels attained on
smallholder farms (van Ittersum et al., 2016; van Oort et al., 2015;
Senthilkumar, Tesha, Mghase, & Rodenburg, 2018). Low rice yield
levels at African smallholder farms are caused by abiotic stresses
such as drought, nutrient deficiencies and/or toxicity, cold and
heat (Haefele et al., 2013; Kijoji et al., 2012; Nhamo, Rodenburg,
Zenna, Makombe, & Luzi-Kilhupi, 2014; Poussin, Wopereis,
Debouzie, & Maeght, 2003; Saito et al., 2019; Saito et al., 2013;
Saito, Diack, Dieng, & Ndiaye, 2015; Saito, Dieng, Toure, Somado,
& Wopereis, 2015; Tanaka et al., 2017) and biotic stresses such
as birds (De Mey, Demont, & Diagne, 2012), insect pests, dis-
eases and weeds (Adesina, Johnson, & Heinrichs, 1994; Diagne
et al., 2013; Rodenburg & Johnson, 2009; Rodenburg et al., 2019).
The sub-optimal crop management practices followed by rice
farmers in this region only sustain or aggravate this situation (Saito
et al., 2013; Senthilkumar et al., 2018; Tanaka, Saito, Azoma, &
Kobayashi, 2013).

While the prime aim of many governments in sub-Saharan
Africa (SSA) is to achieve rice self-sufficiency, the average suffi-
ciency rate is only 60% (CARD, 2018; Saito, Diack, et al., 2015;
Saito, Dieng, et al., 2015). In order to increase self-sufficiency rates
in SSA, research and development efforts are needed to identify
and address the main production constraints. To this end, so-called
Rice Sector Development Hubs (hereafter called “sites”) were es-
tablished through stakeholder consultation workshops in more
than 20 countries across Africa in 2012 (AfricaRice, 2011). These
sites are of strategic importance for the national rice sectors of
these countries.

For site-specific priority setting of research and development
efforts, there is a need to characterize the rice production environ-
ments, quantify gaps between average on-farm yield and the best
farmers’ yield (also known as “farmer-based yield gaps”; hence-
forward referred to as “yield gaps”) and identify their main causes
in each country (Saito et al., 2017). Previous analyses of data ob-
tained from these sites focused on the continental level (Rodenburg
et al., 2019; Tanaka et al., 2017) and the West African regional level
(Niang et al., 2017). Detailed site and production environment-spe-
cific analysis are currently lacking for Eastern and Southern Africa.
Suchinformation is essential for developing site-specific or field-spe-
cific recommendations on crop and nutrient management practices.
Following successful piloting of a web-based decision support tool
for nutrient management in Senegal (Saito, Diack, et al., 2015; Saito,
Dieng, et al., 2015), an android-based applications “RiceAdvice” and
“RiceAdvice-WeedManager” were developed by the Africa Rice
Center (AfricaRice), and “RiceAdvice” was validated and dissem-
inated in several countries in West Africa (Saito & Sharma, 2018).

This study reported here is aimed to provide with information on
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current farmers’ practices and identify key intervention areas for
developing or improving these applications specific to East and
Southern African countries.

The objectives of this study were to: (a) quantify the current rice
yield levels and yield gaps, (b) characterize the current production
factors followed by farmers, (c) identify production factors causing
the yield variability and (d) quantify their degree of influence at the
site and production environment level in East and Southern Africa.

2 | MATERIALS AND METHODS
2.1 | Study sites and yield gap survey

This study was conducted in eight sites across five ESA countries
(i.e. Tanzania, Uganda, Ethiopia, Rwanda and Madagascar; Figure 1
and Table 1). Each site represents a key rice production environ-
ment, that is, irrigated lowland (IL), rainfed lowland (RL) or rainfed
upland (RU). There were four sites under IL, three sites under RL
and one site under RU. All the villages within a site were listed and
five villages in the first year and another two villages were selected
randomly for the on-farm yield gap surveys (YGS). From these se-
lected villages, a minimum of 19 to a maximum of 50 farmers’ fields
were randomly identified and surveyed for the entire duration of the
main cropping season for one or two years (Table 1). The YGS were
conducted using a standardized protocol at all sites between 2012
and 2013. A total of 357 farmers' fields were surveyed, 168 in 2012
and 189 in 2013. The number of fields surveyed for each production
environment was 128 in irrigated lowland, 186 in rainfed lowland

and 43 in rainfed upland.

2.2 | Data collection

Within each farmer's field, a survey plot of 200 m? was established
at the beginning of the season. Within each of these survey plots,
three 12 m? harvesting areas were delineated for observations on
crop management practices followed by the farmer and for the final
yield assessment. The grain yields from these three harvesting areas
were weighted using a crane scale, and adjusted to 14% moisture
content, using a digital grain moisture meter (Model SS-7; Satake
Eng. Co., Tokyo, Japan), and averaged for final yield estimation of
the survey plot.

Information on farmers’ agricultural practices was collected
through field observations at the time of field visits and farmer
interviews. Practices included land preparation (i.e. tillage, bund-
ing and levelling), crop residue management (i.e. straw removal
from the field, burning, animal feeding, mulching or incorporation
into the soil in the field), varieties (i.e. traditional or modern [see:
Prasad, Shivay, & Kumar, 2017; Zenna et al., 2017], growth dura-
tion of the variety), crop establishment method (i.e. transplanting
or direct seeding), fertilizer management (i.e. quantity and fre-

quency of organic and/or mineral fertilizer application) and crop
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FIGURE 1 Map showing the location
of the rice sector development hubs
(sites) identified in the ESA countries. The
present study was conducted only in the
numbered (1 to 8) sites [Colour figure can
be viewed at wileyonlinelibrary.com]

TABLE 1 Country, site, agro-ecological zone, site number (#; refereeing to Figure 1), production environment (IL = irrigated lowland;

RL = rainfed lowland; RU = rainfed upland) and the number of fields surveyed per hub per year

Country Site name
Ethiopia Fogera
Madagascar Ambohibary

Ankazomiriotra
Rwanda Rwasave

Rugeramigozi
Tanzania Kahama

Kilombero
Uganda Doho

AEZ?

Highlands
Highlands
Highlands
Highlands
Highlands
Sub-humid
Sub-humid
Humid

Site #

o N oA WN e

Production

environment 2012 2013 Total
RL 32 0 32

IL 39 22 61
RU 24 19 43

IL 50 50

IL 50 50
RL 45 19 64
RL 0 29 29

IL 28 0 28

?AEZ indicates agro-ecological zone (5 classes) for sub-Saharan Africa published by HarvestChoice (2009) following the methodology of the Food
and Agricultural Organization of the United Nations and International Institute for Applied Systems Analysis.

protection measures (i.e. frequency of weeding operations, bird
and rat control). The weed infestation level above and below the
rice canopy was visually assessed half-way the cropping season,
following the procedure of Savary and Castilla (2009). Iron toxicity

was assessed and visually scored over four categories (i.e. no tox-

icity, mild, moderate and severe) following standard protocols
(Audebert & Fofana, 2009; Becker & Asch, 2005; Onaga, Egdane,
Edema, & Abdelbagi, 2013).
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2.3 | Statistical analysis

Yield gaps in this study refer to the difference between actual and
attainable yield, whereby actual yield was calculated as the overall
mean farmers’ yield and attainable yield was calculated as the mean
of the top-10 percentile farmers’ yield for each site and production
environment combination. This is a robust approach as it prevents
errors caused by single-field yield outliers (Tanaka et al., 2017), and
it considers the local bio-physical and socio-economic conditions
(Stuart et al., 2016). To describe and characterize the rice produc-
tion practices, the number of observations of a production practice
was expressed in percentages at both the site and the production
environment level. To simplify the characterization, for sites with
two observation years (i.e. in Madagascar and Tanzania) data of both
years were combined.

Random Forests procedures were used to identify the most im-

portant production factors, in decreasing order of importance that

caused the yield variability at each site and production environment

level per year. Random forests are an ensemble of techniques for
classification and regression with the use of multiple decision trees
introduced by Breiman (2001). Each of the trees is built using a sam-
ple of the data, and at each split, the candidate set of variables is
a random subset of the variables. The mean decrease in accuracy
is calculated to assess for variable importance: for each tree, the
Mean Squared Error is recorded; then the same is done after per-
muting each predictor variable; the difference between the two is
then averaged over all trees and normalized by the standard devia-
tion of the differences. The important production factors identified
were further subjected to multiple regression analysis to quantify
their degree of influence—that is, yield increase or decrease as a
function of a given production practice compared to the reference
practice—on yield variability. Only statistically significant results are
presented. All analyses were done using R software, Version 3.5.1 (R

Development Core Team, 2018) for all sites.
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TABLE 2 Method of straw management, land preparation and crop establishment practised (in % fields surveyed) in the study sites. The
production environment (IL = irrigated lowland; RL = rainfed lowland; RU = rainfed upland) presented in parenthesis

Madagascar Tanzania Uganda Ethiopia Rwanda
Production practice  Ambohibary = Ankazomiriotra Kahama Kilombero Doho Fogera Rwasave Rugeramigozi  All sites
(in % fields surveyed) (IL) (RU) (RL) (RL) (IL)? (RL) (IL) (IL) (mean)
Straw management
Removing from the 66 72 2 0 7 81 72 96 49
field
Burning in the field 0 6 69 25 3 13
Animal feeding in 75 7 0 16 13
the field
Mulching in the 0 9 8 3 0 0 0 0 3
field
Incorporation into 30 19 9 21 32 0 24 4 17
the soil in the
field
Tillage method
Animal 31 95 100 24 29 100 0 0 47
Manual 69 0 0 36 0 100 100 39
Mechanical 0 0 0 76 0 0 0 0 9
Bunding
Yes 100 7 100 0 100 100 100 100 76
No 0 93 0 100 0 0 0 0 24
Land Levelling
Not levelled 40 8 28 0 0 0 0 9
Poorly levelled 28 78 34 25 100 50 50 46
Well levelled 98 38 14 38 71 0 50 50 44
Crop establishment method
Direct seeding 11 100 22 86 0 100 0 0 40
Transplanting 89 0 78 14 100 0 100 100 60

2Contains missing data.

3 | RESULTS AND DISCUSSION

3.1 | Riceyield and yield gap

Across sites, irrigated lowlands registered an average yield of 3.1 to
3.5 t/ha with a yield gap of 2.0 to 3.3 t/ha. Similarly, across rainfed
lowlands the average yield ranged from 3.1 to 3.5 t/ha with a yield gap
of 3.1 to 3.3 t/ha. The rainfed uplands registered lower site-specific
average yields, that is, 1.8 to 2.7 t/ha and a smaller absolute yield gap,
thatis, 1.3 to 1.8 t/ha (Figure 2a). At the production environment level,
there is no large difference in yields and yield gaps in ESA and those
in West Africa (Niang et al., 2017) or the wider region, SSA (Tanaka
et al., 2017). The yields in RU in ESA are lower compared to IL and
RL due to persisting production constraints such as drought (Defoer
et al., 2004; Dramé, Manneh, & Ismail, 2013), low soil quality (Bruelle
et al., 2014; Haefele, Nelson, & Hijmans, 2014), higher weed infesta-
tion (Rodenburg & Johnson, 2009) including the parasitic weed Striga
asiatica (Rodenburg, Demont, Zwart, & Bastiaans, 2016), cold stress
and blast (Raboin et al., 2014).

Across production environments, the average yield ranged from
1.8 to 4.3 t/ha for the eight sites in ESA (Figure 2b). The irrigated
lowland site “Ambohibary” in Madagascar registered the highest
mean yield in both years (3.9 to 4.3 t/ha), followed by the rainfed
lowland sites “Kahama” in Tanzania (3.8 t/ha in 2013) and “Fogera”
in Ethiopia (3.6 t/ha in 2012). The lowest yield was registered for
the rainfed upland site “Ankazomiriotra” in Madagascar (1.8 t/ha in
2012). Observed mean yield levels are similar to the regional yield
levels of 4.0, 2.6 and 1.6 t/ha for the irrigated lowland, rainfed
lowland and upland production environments, respectively (Saito
et al., 2017; Tanaka et al., 2017) and the sub-regional (West Africa)
yield levels (Niang et al., 2017).

Across environments, the rice yield gap ranged from 0.8 to 3.4
t/ha which is equivalent to a minimum of 21% and a maximum of
131% of the mean yield estimated across sites (Figure 2b). This im-
plies that there is a high potential to increase yields. In theory, this
could be achieved by shifting from common cultivation practices to
practices followed by the farmers who achieved the highest yield in

each site. The highest yield gap (i.e. 3.4 and 3.3 t/ha) was observed in
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TABLE 3 Weed infestation above and below rice canopy half-way the cropping season, weeding frequency and mechanical weeding

practices (in % fields surveyed) observed in the study sites

Madagascar Tanzania Uganda  Ethiopia Rwanda

Percentage weed  Ambohibary = Ankazomiriotra Kahama Kilombero  Doho Fogera Rwasave  Rugeramigozi  All sites
infestation (IL) (RU) (RL) (RL) (IL) (RL) (IL) (IL) (mean)
Weed infestation score below canopy?®

0: None 0 0 9 3 11 3 8 2 5

1: Low 70 60 50 21 36 50 62 48 50

2: Moderate 28 33 22 45 36 38 10 38 31

3: High 2 7 19 31 18 9 20 12 15
Weed infestation score above canopy

0: None 59 21 59 48 46 78 88 94 62

1: Low 39 77 S8 48 29 19 4 32

2: Moderate 2 2 6 0 21 3 6 0 5

3: High 0 0 2 4 0 2 0 1
Weeding frequency®

0 2 0 8 0 7 0 0 0 2

1 0 14 73 97 68 10 18 35

2 7 14 19 0 25 53 58 74 31

3 21 56 41 32 6 20

>3 70 16 0 0 3 0 2 11
Mechanical weeding

Yes 97 49 28 0 50 0 0 0 28

No 3 51 72 100 50 100 100 100 72

#None: no weeds observed; Low: Weed cover less than or equal to 10%; Moderate: Weed cover above 10% and less than or equal to 30%; High:

Weed cover above 30%

bWeeding frequency: O = no weeding; 1 = one intervention; 2 = two interventions; 3 = 3 interventions; >3 = more than three interventions.

“Kilombero” in Tanzania and “Doho” in Uganda, respectively. Among
the three sites where the YGS was conducted for two consecutive
years, the mean yield and yield gap were consistent at the irrigated
lowland site “Ambohibary” but highly variable at the rainfed lowland
site “Kahama” and the upland site “Ankazomiriotra.” Yield variability
across years in the rainfed sites could be caused by the variability of
soil/flood water status resulting from annual rainfall variability. This
is commonly observed in rainfed rice environments in SSA (Niang
et al., 2018).

3.2 | Rice production practices in ESA

The field observations and interviews revealed that rice straw from
the previous season was removed from the field by >60% farmers
in five sites (Table 2). It was burnt in four of the eight sites, but only
by a substantial share of farmers (69% and 25%; respectively) in
Kilombero (Tanzania) and Doho (Uganda). Straw burning has been
reported all around the world (Affholder, Poeydebat, Corbeels,
Scopel, & Tittonell, 2012; Akanvou et al., 2000; Dobermann
& Fairhurst, 2000; Matsumoto, Paisancharoen, & Ando, 2010;
Sheldrick, Syers, & Lingard, 2002), and ESA sites are not different in

this regard. At seven of the eight sites, farmers (ranging from 4% to

32%) incorporated the straw in the soil. At only three sites, farmers
(3%-9%) used straw as mulch in the field. Overall, five sites have
straw removal and one site each has burning, animal feeding and in-
corporation in the soil as dominant practice. The highest share of
farmers practising rice straw mulching was observed in the rainfed
upland site Ankazomiriotra in Madagascar where this is one of the
management practices of the Conservation Agriculture approach
promoted by local agricultural research and extension organizations
and projects (Corbeels et al., 2014).

Tillage methods were observed to contrast largely between sites.
In the sites in Rwanda, farmers conducted soil tillage only manually
(hand hoes), while in Kahama (Tanzania) and Fogera (Ethiopia), only
animal traction was used. The complete reliance on manual tillage in
Rwanda was also observed in a recent study on weed management
practices in rice in sub-Saharan Africa (Rodenburg et al., 2019). Both
animal-driven and manual tillage were practised in Madagascar and
Uganda. Mechanical tillage, using a tractor, was only practised in
Kilombero (Tanzania), by 76% of the farmers.

In all lowland sites, except the rainfed lowland site Kilombero
(Tanzania), bunding of rice fields was observed (Table 2). In the
rainfed upland site Ankazomiriotra (Madagascar), only few farm-
ers (7%) bunded their field. Well-levelled rice fields were observed
in Ambohibary (Madagascar; 98%) and Doho (Uganda; 71%). In all
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TABLE 4 Frequency of mineral and organic fertilizer application (% fields surveyed) and rate of application (kg/ha) as observed in the study sites

Ethiopia Rwanda

Uganda

Tanzania

Madagascar

All sites
(mean)

Ankazomiriotra

(RU)

Fertilizer application frequency and

rate

Doho (IL) Fogera (RL) Rwasave (IL) Rugeramigozi (IL)

Kilombero (RL)

Kahama (RL)

Ambohibary (IL)

Frequency of fertilizer application (%)

37
15
23
25

66
28

46

76

59

48

No mineral or organic fertilizer

24

32

24

Mineral fertilizer only

50

17
19

77

33

Organic fertilizer only

Agronomy an
'y

72

68

21

13

Both mineral and organic fertilizer

Mineral fertilizer application rate (kg/ha)

74.1

157.4
22.3

156.2 108.1

11.2

1.5
0.1

46.9

55.0
9.2

26.9
21

40.4
4.8

Max N

13,3

45.2

11.3

Mean N
Max P

I\
aQ’opSciane g

32.6
6.6

113.1
24.5

55.1

46.0
4.0

28.8
1.0

14.9
1.6

3.0
0.1
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21.2

Mean P
Max K

21.5
4.7

40.7

118.2
25.6

10.9
1.2

2.2
0.1

10.7

Mean K

other sites, the fields were either poorly levelled or not levelled at
all (Table 2). Regarding crop establishment methods, transplanting
was practised by all farmers in the irrigated lowland sites in Uganda
and Rwanda; direct seeding was practised by all in the rainfed low-
land site in Ethiopia and the upland site in Madagascar. In all other
sites, either transplanting or direct seeding was practised depending
on the location of the field within the site. The above information
could help to develop site-specific good agricultural practices train-
ing material and fine-tune RiceAdvice on general crop management

practices practised in each site.

3.3 | Weeds

Across the sites, only few fields (2%-11%, in six of eight sites)
were completely weed free (Table 3). Soil coverage by weeds
below the rice canopy was mostly below 30%. More than 30%
below canopy weed coverage was mainly observed at the two
sites of Tanzania (19 and 31% of the fields), at Doho (Uganda;
18%) and Rwasave (Rwanda; 20%). The estimated soil coverage
of weeds above the rice canopy was relatively low at all sites
(Table 3). The majority of farmers weeded their crop at least
once during the season; only in three sites (Ambohibary: 2%;
Kahama: 8%; Doho: 7%), farmers were observed that did not
weed at all (Table 3). Across sites, weeding frequency was gen-
erally between one and three times, confirming a recent report
on weed management in rice across SSA countries (Rodenburg
etal., 2019). In only four sites, weeding frequencies above three
were observed, and the share of farmers weeding three-time,
or more was only substantial (70% in Ambohibary) or fairly
substantial (16% in Ankazomiriotra) in Madagascar. Mechanical
weed control using a rotary weeder (Johnson et al.,, 2018;
Rodenburg et al., 2015) was used in 97% and 49% of the farm-
ers in Madagascar (Ambohibary and Ankazomiriotra respec-
tively), 28% of the farmers in Kahama (Tanzania) and 50%
of the farmers in Doho (Uganda). Predominant use of rotary
weeders in Madagascar and absence of mechanical weeding in
Ethiopia and Rwanda has been reported recently (Rodenburg
et al., 2019).

3.4 | Fertilizers

Fertilizer use, both mineral and organic, was low at all sites except
the two Rwandan sites (Table 4). No fertilizers were used by 46%-
76% of the farmers in five of the 8 sites. In Rwanda, 68%-72% of the
farmers used both mineral and organic fertilizers and nearly all other
farmers used only mineral fertilizers. In all other sites, only 0%-21%
of the farmers used both types of fertilizers. In the upland site of
Madagascar, 77% of the farmers used only organic fertilizers. The
amount of mineral fertilizer used per ha was also very low in all sites
except the two Rwandan sites. The mean N application rate was be-

tween 22 and 45 kg/ha in the two Rwandan sites while it was no
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TABLE 5 Variety type, irrigation and drainage, biotic and abiotic constraints (in % fields surveyed) observed in the study sites

Madagascar Tanzania Uganda Ethiopia Rwanda

Production
practice (in % fields ~Ambohibary  Ankazomiriotra Kahama Kilombero Doho Fogera Rwasave  Rugeramigozi  Allsites
surveyed) (IL) (RU) (RL) (RL) (IL) (RL) (IL) (IL) (mean)
Variety type

Traditional 100 12 88 62 64 100 96 98 77

Improved 0 88 13 38 36 0 4 2 23
Irrigation system

Yes 100 0 0 0 100 81 100 100 60

No 0 100 100 100 0 19 0 0 40
Drainage system

Yes 100 5 (0] 0 100 88 100 100 62

No 0 95 100 100 0 13 0 0 38
Bird control

Yes 0 0 0 0 93 9 50 28 23

No 100 100 100 100 7 91 50 72 77
Rat control

Yes 2 5 0 0 96 0 0 0 13

No 98 95 100 100 4 100 100 100 87
Iron toxicity

No 90 100 86 90 86 100 8 2 70

Mild 10 13 10 11 0 10 4 7

Moderate 0 10

Severe 0 0 0 72 92 21

more than 11 kg/ha in other sites. Similarly, the mean P and K rates
were between 21-25 and 11-26 kg/ha respectively in the Rwandan
sites and did not surpass 4 kg/ha at other sites (Table 4). Very little
or no use of mineral fertilizers by smallholder rice farmers in SSA
has been reported previously (Castellanos-Navarrete, Tittonell,
Rufino, & Giller, 2015; Cobo, Dercon, & Cadisch, 2010; van Ittersum
et al., 2016; Stoorvogel & Smaling, 1998; Vandamme et al., 2018).
A combination of sub-optimal accessibility, affordability, risk and
awareness of mineral fertilizer is the underlying cause of this lim-
ited use of fertilizer (Balasubramanian et al., 2007; Diagne, Demont,
Seck, & Diaw, 2012; Haefele et al., 2014; Nhamo et al., 2014; Saito
et al., 2019). The relatively high use of mineral fertilizers in Rwanda,
on the other side, was due to the government regulations promoting
the use of mineral fertilizers for rice cultivation. Here, the fertilizers
were supplied to individual farmers through farmers’ cooperatives
(Verhofstadt & Maertens, 2014). The above information on fertilizer
use along with current yield levels could help to set the target yield

boundaries in RiceAdvice in each site.
3.5 | Varieties, irrigation and drainage, biotic and
abiotic constraints

Traditional varieties were used in more than 50% of surveyed fields

in Tanzania and Uganda and almost in all fields in Ambohibary

(Madagascar) and sites in Ethiopia and Rwanda (Table 5). Improved
modern varieties such as NERICA-4, Primavera and B22 were used
at Ankazomiriotra in Madagascar (88%), variety Saro-5 at Kahama
(13%) and Kilombero (38%) in Tanzania, and variety K98 at Doho
(36%) in Uganda. A recent study from Kilombero observed Kisekese,
Kalamata and Super India to be among the most popular local varie-
ties (Senthilkumar et al., 2018). The poor adoption rates of improved
modern rice varieties in ESA have been attributed to the mismatch in
terms of farmer and consumer grain quality preferences (Meertens,
Ndege, & Lupeja, 1999; Nhamo et al., 2014) and more recently to
sub-optimal adaptation to occurring climate extremes and poor
performance following erratic crop management that is often ob-
served at smallholder farms (Sekiya, Tomitaka, Oizumi, Assenga, &
Jacob, 2015).

Irrigation and drainage systems were available and operational
in all the irrigated lowlands sites. Only at the rainfed lowland site of
Ethiopia and the upland site of Madagascar drainage systems were
available for 5 to 19% of the fields surveyed (Table 5).

Bird control measures were taken only at Doho in Uganda (93%),
at Fogera in Ethiopia (9%) and at the two sites of Rwanda (28%-50%).
Rat control measures were taken only at Doho (96%) and to a lesser
extent at the two sites in Madagascar (2%-5%; data not shown).
Severe iron toxicity symptoms were observed only at the two sites
of Rwanda (72%-92% fields surveyed), while no or only moderate

symptoms were observed at other sites.
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TABLE 6 The top-5 crop management factors causing yield variability, in decreasing order of importance, per site (a) and per production
environment (b) per year

Site or production

environment Year Factor 1 Factor 2
(a) Site
Ambohibary (IL) 2012 Weeding Crop establishment
frequency method
2013 Crop duration Weeds above rice
canopy
Ankazomiriotra 2012 Straw Mineral fertilizer
(RU) management application
frequency
2013 Weeds above Weeding frequency
rice canopy
Doho (IL) 2012 Crop duration Organic fertilizer
application
frequency
Fogera (RL) 2012 Crop duration Straw management
Kahama (RL) 2012 P application Weeding frequency
2013 Levelling Mechanical weeding
Kilombero (RL) 2013 Iron toxicity Crop duration
Rugeramigozi (IL) 2013 Weeding Straw management
frequency
Rwasave (IL) 2013 Iron toxicity Straw management

(b) Production environment

Irrigated lowland 2012 Crop duration Organic fertilizer
application
frequency

2013 Straw Iron toxicity
management

Rainfed lowland 2012 Weeding Straw management

frequency
2013 Tillage method Bunding
Rainfed upland 2012 Straw Mineral fertilizer
management application
frequency
2013 Weeds above Weeding frequency

rice canopy

Factor 3

Tillage method

Weeding frequency

N application

Weeds below rice
canopy

Straw management

Bird control

Organic fertilizer
application
frequency

Cultivar choice

Crop establishment
method

Iron toxicity

N application

Straw management

Weeding frequency

Irrigation system
availability

Crop establishment
method

N application

Weeds below rice
canopy

Factor 4

Weeds above rice
canopy

Tillage method

Weeds below rice
canopy

Crop duration

Bird control

Weeds below rice
canopy

Weeds above rice
canopy

Weeding
frequency

Weeds below rice
canopy

Mineral fertilizer
application
frequency

Organic fertilizer
application
frequency

Bird control

Weeds below rice
canopy

Tillage method

Weeds above rice
canopy

Weeds below rice
canopy

Crop duration

Factor 5

Weeds below rice
canopy

Levelling

Seed source

Straw management

Seed source

Irrigation system
availability

Mineral fertilizer
application
frequency

Mineral fertilizer
application
frequency

Weeds above rice
canopy

N application

Levelling

Seed source

Levelling
Crop establishment
method

Iron toxicity

Seed source

Straw management

3.6 | Causes of rice yield variability

Through the random forests procedure, the top-five most impor-
tant crop production factors that caused the yield variability in each
site and production environment per year were identified (Table 6).
At the ESA regional level, the most important crop manage-

ment practices causing yield variability were straw management,

weeding frequency, duration of the variety, weed cover above and
below rice canopy, fertilizer (mineral and organic) application fre-
qguency, land levelling and iron toxicity as they appeared most often
across the study sites (Table 6). The above-mentioned factors are
often cited among the most important yield-limiting and -reducing
factors across field crops (van Ittersum & Rabbinge, 1997; Lobell,
Cassman, & Field, 2009; Poussin et al., 2003). However, the yield
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TABLE 7 Degree of influence of selected production factors on yield variability per site per year

Adjusted R
Squared

Upper 95%

Lower 95%

Standard
Error

Estimate (t/

ha)

Production

Reference

confidence limit

confidence limit

p-Value

Factor

environment

Site

0.31
0.31
0.41
0.80

0.09
2.72
1.29
-1.25

0.01
0.16
0.20
-5.98

.019
.038
.019
.008

0.019

Crop duration 0.05

RL

Fogera (2012)

No bird control
Not levelled

0.651

1.44
0.74
-3.61

Bird control

0.278

Well levelled

RL

Kahama (2013)

No weeds

1.208

Below canopy weed
cover (210%)

RL

Kilombero (2013)

No weeds

-2.34 0.80

-6.50

1.061 .001

-4.42

Below canopy weed
cover (>10%, <30%)

No weeds

-1.58 0.80

-5.94

1.112 .003

-3.76

Below canopy weed

cover (>30%, <60%)

No weeds

-1.91 0.80

-6.26

1.111 .002

-4.09

Below canopy weed
cover (>60%)

Direct seeding

0.39
0.17
0.17

-0.25
-0.16
-0.23

-3.23
-2.97
-2.53

.029
.034
.023

0.758

0.715

-1.74
-1.57
-1.38

Transplanting

IL

IL

Ambohibary (2012)

Straw removal

Straw incorporation

Rugeramigozi (2013)
Rwasave (2013)

Straw removal

0.586

Straw incorporation

IL
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variability causes were site and production environment specific,
as presented in Table 6. For instance, at Ambohibary (Madagascar)
differences in weeding frequency, weed presence in above and
below rice canopy, tillage method, crop duration and crop estab-
lishment method were identified as the main causes for the yield
variability across the surveyed farmers’ fields. At Ankazomiriotra
(Madagascar), straw management, weeds below and above rice
canopy and mineral fertilizer (nitrogen) application are the main
causes for the yield variability. Other site-specific factors causing
yield variability were bird control (at Fogera in Ethiopia and Doho
in Uganda) and iron toxicity (at Kilombero in Tanzania and both
sites in Rwanda) as presented in Table 6.

Analysis per production environment and year showed that
straw management, crop duration, organic fertilizer application,
presence of weeds and weeding frequency and iron toxicity were
the most important factors causing yield variability in irrigated low-
lands. In rainfed lowlands, tillage and crop establishment method,
weeds and weeding frequency, are the most important factors. In
rainfed uplands straw management, mineral fertilizer (mainly N) ap-
plication, crop duration, presence of weeds and weeding frequency
are the top most important production practices causing yield vari-
ability. Most of the above factors were also reported as the main
causes of yield variability across the three production environments
in West Africa (Niang et al., 2017; Poussin et al., 2003). However,
soil, cropping system and weather parameters were not considered
in this study and further studies are needed including these factors.

3.7 | Degree of influence of production practices
on yield

Multiple linear regression analysis revealed factors with a high
degree of influence on rice yield per site. Extending the crop du-
ration by one day increased the yield by 0.05 t/ha and protecting
the crop from grain feeding birds increased the yield by 1.44 t/ha
in Fogera, Ethiopia (Table 7). These results confirm previous studies
showing that long-duration crops yield higher than short-duration
crops (Balasubramanian et al., 2007; Dingkuhn & Asch, 1999), and
bird damage is one of the major rice yield-reducing factors in SSA
(Adesina et al., 1994; De Mey et al., 2012). Season-long exposure to
birds may cause rice yield losses between 13% and 95% (Rodenburg,
Demont, Sow, & Dieng, 2014).

At Kahama in Tanzania, good land levelling increased the yield by
0.74 t/ha compared to the unlevelled fields. At Kilombero in Tanzania,
compared to the weed-free fields, presence of a below canopy weed
cover ranging from less than 10 to more than 60% reduced the yield
by 3.6 to 4.4 t/ha. Good land levelling and timely weed control are
components of good agricultural practices recommended to avoid
yield losses (Rodenburg & Johnson, 2009; Senthilkumar et al., 2018).
In the irrigated lowland of Ambohibary, compared to direct seed-
ing, yield reduced with 1.74 t/ha by transplanting. A likely reason for
this discrepancy is that these fields were positioned relatively high

along the upland-lowland continuum and were therefore unflooded
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for most of the growing season. Direct seeding in well-drained soils
has been proven previously to be beneficial for rice growth and
yield (Bouman, Humphreys, Tuong, & Barker, 2007; Nie et al., 2012;
Senthilkumar, Bindraban, Thiyagarajan, de Ridder, & Giller, 2008;
Thiyagarajan et al., 2002). In addition, these higher topographic
positions were previously used for off-season vegetable produc-
tion with mineral fertilizer inputs (Raymond Rabeson, Agronomist/
Soil Scientist, Head of Department of Rice Research, FOFIFA, 14th
September 2019, personal communication), the carry-over effects
which could contribute to the observed yield increase. In both irri-
gated lowland sites of Rwanda, straw incorporation from the pre-
vious season reduced the yields in the following season by 1.38 to
1.57 t/ha. This yield drop could be caused by temporary immobiliza-
tion of nutrients mainly N in the soil following straw incorporation
compared to straw removal or burning; however, there may be long-
term benefits on yield (Dobermann & Fairhurst, 2000). Furthermore,
the time available for decomposition of straw and consequently the
release of additional nutrients was too short at these sites due to
the high altitude (>1,500 m a.s.l.), with relative low temperatures,
and because two crops of rice were grown successively in one year.
There could be other reasons for the yield drop following straw
incorporation, such as phytotoxic levels of organic acids produced
by the anaerobic decomposition of straw which negatively affects
rice seedlings (Shan et al., 2008), but this would need further in-
vestigation. We observed less or no influence of mineral fertilizer
application on rice yield. The sites surveyed in this study are inher-
ently deficient in NPK levels (Saito et al., 2019) and the sub-opti-
mal crop management practices masked the positive impact of the
small quantities of fertilizers applied. Further, fertilizer application
to off-season crops and straw incorporation induced temporary N
immobilization and organic acids production by anaerobic decom-
position could negatively impacted the rice yields (Shan et al., 2008).
Hence, introduction of good agricultural practices is essential in
order to have good fertilizer response and site-specific information
on most important good agricultural practices can be incorporated
into RiceAdvice. Further, validation of the above findings through
field trials is essential rather than relying solely on field surveys.

4 | CONCLUSION

Across sites in Eastern and Southern Africa, the average rice yields
ranged between 1.8 and 4.3 t/ha and the estimated yield gap ranged
between 0.8 and 3.4 t/ha. The large yield gaps observed here were
due to variation in crop management practices followed by the farm-
ers. The most important crop management practice that contributed
to the observed yield variability was straw management, weeding
frequency, growth duration of the variety, extent of weed cover,
fertilizer (mineral and organic) application frequency, levelling and
iron toxicity. Importance of these factors was site, year and pro-
duction environment specific. Extending the crop duration by one
day increased the yield by 0.05 t/ha. Protecting the crop from grain
feeding birds increased the yield by 1.44 t/ha in Fogera, Ethiopia.

At Kahama in Tanzania, good land levelling increased the yield by
0.74 t/ha. At Kilombero in Tanzania, compared to a weed-free crop,
presence of weeds reduced the yield by 3.6 to 4.4 t/ha. There is a
high potential to increase rice yield levels and reduce the current
yield gaps on rice farms in Eastern and Southern Africa. Significant
advancements can be made by improving crop, soil and weed man-

agement using existing, locally adapted technologies.
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