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Weed-inflicted yield losses in rice equate to half the current rice
imports in sub-Saharan Africa (SSA) and African rice farmers
have a limited range of effective and affordable weed manage-
ment technologies. Herbicide-resistance (HR) technologies may
have the labor-saving benefits of conventional chemical control
without the concomitant phytotoxicity risks. To date, HR rice
received only marginal attention in the context of SSA. Here, we
review the literature on HR technologies and discuss their
potential value for rice ecosystems in Africa. We conclude that
HR technologies would provide technically sound solutions for
the control of important yield-reducing weeds, such as wild rice
in irrigated systems and rainfed lowlands and parasitic weeds in
uplands. However, with respect to implementation, these tech-
nologies would require effective seed and microcredit systems
as much as interested agro-industries. Public-private partner-
ships and government intervention may provide shortcuts where
such conditions are not yet met.
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Introduction

Presently, rice is the fifth cereal in Africa in terms of
area harvested and the fourth in terms of production
(Food and Agriculture Organization of the United
Nations [FAQ], 2009b). Rice production in Africa is
increasing faster than any other cereal. Over the past 30
years, harvested area has risen by 105% and production
by 170%. Despite this growth, the region is not self-suf-
ficient in rice, and increasing import costs are a concern.
In West Africa, five main rice ecosystems are character-
ized: (1) rainfed upland rice on plateaus (pluvial) and
hydromorphic (or phreatic) slopes, (2) rainfed (or flux-
ial) lowland rice in valley bottoms and floodplains, (3)
irrigated rice in deltas and floodplains, (4) deep-water
floating rice along major rivers, and 5) mangrove-
swamp rice in lagoons and deltas (Windmeijer, Duiven-
booden, & Andriesse, 1994). Irrigated rice of tropical
highlands found in Central and East Africa (including
Madagascar) complement these broad rice-ecosystem
categories for sub-Saharan Africa (SSA). These rice
ecosystems roughly break down as 39% (upland), 33%
(rainfed lowland), 19% (irrigated), and 9% (deep water
and mangroves) of the total area under rice in SSA
(Table 1).

Weed competition is one of the main production
constraints in any of the rice ecosystems in SSA
(Rodenburg & Johnson, 2009). Weed problems are often
due to inadequate land preparation, water, soil fertility,
crop or fallow management, and the use of rice seed

contaminated with weed seeds or rice seed of poor qual-
ity. High weed-inflicted yield losses in rice in Africa are
attributable to the low inherent competitive ability of the
crop (van Heemst, 1985), the limited number of effec-
tive and affordable weed-control options available to
farmers (e.g., Rodenburg & Johnson, 2009), and
delayed or insufficient weed control interventions due to
labor shortages or financial constraints (e.g., Becker &
Johnson, 2001b). Rice farmers in SSA mainly rely on
hand weeding and herbicides (e.g., Rodenburg & John-
son, 2009). Hand weeding is time consuming and
depends on the availability of labor (e.g., Ruthenberg,
1980), while the use of herbicides requires good appli-
cation methods and timing in order to be effective and
safe (Gitsopoulos & Froud-Williams, 2004; Johnson et
al., 2004; Zimdahl, 2007). Herbicide-resistance (HR)
technologies, combining post-emergence broad spec-
trum herbicides with HR rice varieties, may have the
labor-saving benefits of conventional chemical control
without the concomitant (phyto-)toxicity risks. To date,
HR rice has not yet been considered as a potential tech-
nology for cropping systems in SSA. HR technologies
did not appear in the short list of potentially most rele-
vant and realistic biotechnological interventions for
Africa that resulted from an expert poll held by the
United Nations Industrial Development Organization
(UNIDO) in 2003 (Thomson, 2008). In this article, we
review the available evidence and analyze the reasons
for the apparent hesitation concerning introduction of
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Table 1. Estimated rice yields and weed-inflicted losses among ecosystems in sub-Saharan Africa, 2007.

Rice area Percentage of area by ecosystem Production Yield
Country (103 ha) RUR RLR IRR DWM (103 t) (t/ha)
Angola 14 0 100 0 0 9 0.69
Benin 27 91 7 2 0 79 2.92
Burkina Faso 50 4 50 46 0 123 2.46
Burundi 21 4 74 21 0 70 3.31
Cameroon 40 0 5 95 0 49 1.23
Central African Republic 15 97 3 0 0 33 2.20
Chad 80 0 6 9 85 129 1.61
Comoros 14 - - - - 17 1.21
Democratic Republic of Congo 418 89 11 0 0 315 0.75
Republic of Congo 2 0 100 0 0 1 0.68
Cote d'lvoire 345 78 15 7 0 677 1.96
Ethiopia 7 0 15 85 0 13 1.81
Gabon 1 0 0 100 0 1 2.20
Gambia 19 16 63 7 14 40 2.11
Ghana 120 55 21 24 0 242 2.02
Guinea 789 44 23 10 23 1,402 1.78
Guinea-Bissau 65 27 27 1 45 89 1.36
Kenya 19 0 0 100 0 66 3.57
Liberia 120 92 6 2 0 155 1.29
Madagascar 1,300 29 18 52 1 3,596 2.77
Malawi 53 0 72 28 0 92 1.74
Mali 377 1 13 22 64 955 2.53
Mauritania 18 0 0 100 0 77 4.28
Mozambique 204 39 59 2 0 196 0.96
Niger 22 0 0 80 20 70 3.12
Nigeria 3,000 30 47 17 6 4,677 1.56
Rwanda 10 0 92 8 0 44 4.40
Senegal 80 0 40 50 10 215 2.70
Sierra Leone 630 68 28 0 4 650 1.03
Somalia 3 - - - - 16 6.15
Sudan 8 - - - - 30 3.95
Tanzania 665 23 73 4 0 1,240 1.86
Togo 45 80 19 1 0 74 1.65
Uganda 119 45 53 2 0 162 1.36
Zambia 14 0 100 0 0 18 1.31
Zimbabwe 0 1 2.40
Total sub-Saharan Africa 8,711 39 33 19 9 15,623 1.79
Estimated yield (t/ha) 1.04* 1.02* 4.19* 2.08*
Standard error (t/ha) 0.20 0.16 0.20 0.41
t-value 5.21 6.56 20.46 5.13
Weed-inflicted yield loss? 16% 23% 15% - Total
Annual production loss (10% t) 540 715 1,023 - 2,278
Annual production loss (108 $)P 259 342 490 - 1,091

Sources: FAO (2009a; 2009b), Balasubramanian et al. (2007).

Notes. * significant at the 0.001 confidence level; R2 =0.99; RUR=rainfed upland rice; RLR=rainfed lowland rice; IRR=irrigated rice;
DWM=deepwater and mangrove rice

2 pased on Haefele et al. (2000), Becker and Johnson (2001a; 2001b), and Becker et al. (2003)

b based on a world rice price (Thai 25%) of $479/t during January-March 2009 (FAO, 2009a).
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this technology in sub-Saharan Africa. We discuss the
benefits, risks, and feasibility of HR technologies with
relevance to rice production systems in SSA.

Weed Control in African Rice Ecosystems

Commonly only a few species dominate the weed popu-
lation in each rice ecosystem and can be considered
problem weeds (Johnson & Kent, 2002). Examples of
problem weeds are the wild rice species (e.g., Oryza
longistaminata A. Chev. & Roehr. and O. barthii A.
Chev. syn. O. breviligulata A. Chev. et Roehr.) in the
irrigated and rainfed lowland rice-production systems
and parasitic weeds in rainfed uplands (e.g., Striga her-
monthica [Del.] Benth. and S. asiatica [L.] Kuntze) and
lowlands (Rhamphicarpa fistulosa [Hochst.] Benth.). A
more complete overview of important weeds in rice pro-
duction systems of SSA is provided by Rodenburg and
Johnson (2009).

Herbicides are important control methods in the irri-
gated rice and upland rice-cotton rotation systems
(Johnson, 1997). Common herbicides used in rice in
Africa are listed in Table 2. The use of herbicides is eco-
nomically attractive, as it requires less overall weeding
time and it enables the farmer to use time- and labor-
saving planting methods such as direct (broadcast) seed-
ing. Herbicides are likely to be particularly useful in
areas where labor is in short supply. Farmers should also
have sufficient financial resources to purchase herbi-
cides, and the return of such investments should be high
enough. Ecological research supports the use of a pro-
portional damage function for modeling competitive
pests, such as weeds (Archer & Shogren, 1996; Pannell,
1990; Swinton & King, 1994). Since yields are still
comparatively low due to the slow progress of Africa’s
Green Revolution, the marginal benefits from crop pro-
tection against proportional damage are low, and farm-
ers have reduced economic incentives for chemical
forms of crop protection (Orr, 2003). Therefore, in SSA,
(cheaper) labor often partly or entirely substitutes for
expensive herbicides (Demont, Rodenburg, Diagne, &
Diallo, 2009).

Effective and safe chemical weed control requires
farmers to know exactly how and when to apply herbi-
cides (e.g., Haefele, Johnson, Diallo, Wopereis, & Janin,
2000). They need to use the appropriate product, appli-
cation equipment, and application rates (Zimdahl, 2007)
and respect optimum growth stages of weeds (e.g., King
& Oliver, 1992) and weather conditions (e.g., Hammer-
ton, 1967). In Africa, where farmers generally have lim-
ited access to information and where literacy rates are
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low, herbicides are often inadequately applied. Herbi-
cide applications are commonly too late, the rates incor-
rect, or the applications rendered ineffective by
improper water management. This may result in ineffi-
cient weed control (Haefele et al., 2000), increased
costs, and phytotoxicity damage to the crop (Gitsopou-
los & Froud-Williams, 2004; Johnson et al., 2004).
Again, this creates a potential market for efficiency-
enhancing weed control technologies such as HR rice.
However, in addition to limited access to information on
weed biology, herbicide action, and proper application
methods, African farmers often have limited market
access. The markets are also often characterized by an
insufficient range of products and intermittent supplies.
In addition, African farmers often lack sufficient finan-
cial means for the purchase of the product and applica-
tion and protection equipment (Balasubramanian, Sie,
Hijmans, & Otsuka, 2007). The same constraints are
expected to be binding in the case of HR rice, too.

Due to the constraints mentioned above, there is still
substantial potential for enhancing weed-control strate-
gies and reducing the yield gap in rice production in
SSA. A rough estimate of the weed-inflicted damage
despite control among rice ecosystems is presented in
Table 1. Since disaggregated yield data from individual
rice ecosystems in SSA are lacking, we need to disen-
tangle them from national aggregates by running a lin-
ear regression combining secondary data on national
production, area, and yields (FAO, 2009b) and area
shares estimated in the literature (Balasubramanian et
al., 2007). Consider countries i =1, ..., 36 and ecosys-
tems j=rainfed upland rice (RUR), rainfed lowland rice
(RLR), irrigated rice (IRR), and deep-water and man-
grove rice (DWM). The observed national rice produc-
tion levels Q; can be expressed as a linear function of
the national areas under ecosystems j, i.e., the national
area shares y;; of ecosystems j in country i multiplied by
the national rice areas L;, the unknown ecosystem-spe-
cific yield levels y; and an error term ¢; ie,

4
0, = ijlz,-jL,-y_,- + ¢;. In this equation, the unknown

yield levels y; can be interpreted as coefficients, and

they can be estimated through ordinary least squares.
Table 1 reports the results and indicates that the esti-
mated average yields are all highly significant
(P<0.001), and the coefficient of determination is very
high (R2=0.99). Yield levels in irrigated ecosystems (4.2
t/ha) are two- to four-times higher than those in other
ecosystems (1.0-2.1 t/ha).
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Table 2. Commonly employed herbicides in rice cultivation in Africa, ranked alphabetically.

Common name

Example of product

2,4-D Dacamine
Fernoxone
Herbazol
2,4-D + dichlorprop Weedone
Bensulfuron Londax
Bentazon Basagran
Butachlor Machete
Cinosulfuron Set off 20WG
Dymrone (K-223) Dymrone
Glyphosate Round-up
MCPA Herbit
Molinate Ordram
Oxadiazon Ronstar 25EC
Ronstar 121
Paraquat Gramoxone
Pendimethalin Stomp 500
Prowl
Piperophos Rilof 500
Piperophos + cinosulfuron Pipset 35 WP
Pretilhachlor + dimethametryne Rifit extra 500 EC
Propanil Stam F34
Propanil
Surcopur
Rogue
Propanil + bentazon Basagran PL2
Triclopyr Garril
Piperophos Rilof S80 g/l
Oxadiazon Ronstar PL
Quinclorac Facet
Thiobencarb Saturn
Triclopyr Garlon

Rates (kg a.i./ha) Timing Target Ecosystem
0.5- Late post B/S u/L
15

1-1.5 (I/ha) Post B/S UiL
0.05-1.0 Post B/S L
1.0-3.0 Post B/S u/L
1.0-25 Pre/early post AG/(B) u/L
0.05-0.08 Post S/B U
3.0-5.0 Pre SI(G/B)

1.5-3.0 Pre/post G

0.5-1.5 Post B/S U/L
1.5-4.0 Pre/early post GI/SI(B) L
0.6-1.5 Pre/early post G/BIS u/L
0.5-1.0 Pre/post A L
0.5-1.5 Pre G/B/S u/L
0.5-2.0 Pre/early post GIS u/L
15 Post G/S/B ]
1.5/0.5 Pre G/B U/L
2.5-4.0 Early post A U/L
6-8 (I/ha) Post B/S U/L
5 (I/ha) Post G/SI(B) U/L
15 U

5 (I/ha) Post G/B/S u/L
0.25-0.5 Pre/post G L
1.5-3.0 Pre/early post G/BIS U/L
0.36-0.48 Post B/S U

Notes. L=lowland; U=upland; B=broad-leaved weeds, S=sedges, G=grasses, A=annuals; weed types between brackets indicate
that the product may control some species of that group or at some (early) stages; propanil is most often applied as a mixture with
other products such as MCPA, molinate, oxadiazon, 2,4-D, fluorodifen, thiobencarb, bentazone, and butachlor.

Source: adapted from Rodenburg and Johnson (2009).

Based on these regressions and weed-inflicted yield-
loss figures in West Africa from various literature
sources, the extent of weed problems despite control in
rice production systems in sub-Saharan Africa can be
estimated. In irrigated rice in West Africa, from the for-
est zone to the Sahel, better weed control by farmers
could raise yields by 15% (Becker, Johnson, Wopereis,
& Sow, 2003; Haefele et al., 2000). In areas of rainfed
lowland rice without bunds, yields could be increased
by 23% through improved weed control, while in the
most widespread upland rice systems, yields could be
raised by 16% (Becker & Johnson, 2001a, 2001b).

These estimates indicate that in sub-Saharan Africa
weeds account for rice yield losses of at least two mil-
lion tons at a value of USD $1 billion per year, in addi-
tion to the costs of weed control, equating
approximately to half the current imports of rice to the
region. This estimate is conservative. Because of lack of
data, it does not include yield losses in deep-water and
mangrove rice ecosystems, comprising 9% of the total
area. Nevertheless, the figures in Table 1 identify a
potential market in SSA for enhanced weed-control
technologies, such as HR rice.
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Current and Potential HR Rice
Technologies

Worldwide there are three commercial HR technologies,
i.e. Clearfield® (imidazolinone resistance), commercial-
ized by BASF, Roundup Ready® (glyphosate resis-
tance), commercialized by Monsanto, and Liberty
Link® (glufosinate resistance), commercialized by
Bayer CropScience (Duke, 2005).

Clearfield® was developed through seed mutagene-
sis and confers resistance to imidazolinone herbicides
(Sha, Linscombe, & Groth, 2007; Tan, Evans, Dahmer,
Singh, & Shaner, 2005). These herbicides inhibit an
essential plant enzyme called acetohydroxyacid syn-
thase (AHAS) or acetolactate synthase (ALS). ALS-
inhibiting herbicides control a broad spectrum of grass
and broadleaf weeds, including parasitic weeds and
weed species closely related to cultivated rice (Tan et
al., 2005). Imidazolinone herbicides for which resistant
crop cultivars are available include imazamox,
imazethapyr, imazapyr, and imazapic. Imazapyr proved
to be the most appropriate ALS-inhibiting herbicide for
the control of parasitic weeds (Abayo et al., 1998). In
East Africa, herbicide-coated imazapyr-resistant maize
seeds are used for effective control of Striga her-
monthica and S. asiatica (Kanampiu et al., 2003). This
technology is now available under the name Strigdway®
(African Agricultural Technology Foundation [AATF],
2007), and a similar technology could be developed for
upland rice to control these parasitic weeds.

The technological breakthrough of transgenic rice in
the early nineties (Christou, Ford, & Kofron, 1991) has
led to the development of transgenic HR rice technolo-
gies. Two of them, Liberty Link® (compatible with glu-
fosinate) and Roundup Ready® (compatible with
glyphosate), currently await worldwide approval. New
methods for the development of transgenic HR rice have
recently been explored in Japan (Endo et al., 2007) and
China (Lu & Snow, 2005). These new methods will
probably lead to new HR technologies, including new
varieties and other active ingredients. From the three
groups of broad-spectrum herbicides, to our knowledge,
only glyphosate is currently used in rice in SSA (Table
2).

Advantages of HR Technologies

HR technologies can contribute to the control of some
typically problematic weeds—Ilike weedy and wild
rice—and other grasses that cannot be controlled selec-
tively (Lanclos, Webster, Zhang, & Linscombe, 2003;
Olofsdotter, Valverde, & Madsen, 2000), parasitic
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weeds that are difficult to target due to their initial
underground growth stages (Berner, lkie, & Green,
1997; Kanampiu, Ransom, & Gressel, 2001), and weeds
that have already developed resistance against current
herbicides (Kumar, Bellinder, Gupta, Malik, & Brain-
ard, 2008b). HR technologies potentially lower the envi-
ronmental footprint of chemical weed control (Devos et
al., 2008; Sanvido, Romeis, & Bigler, 2007). Gly-
phosate and glufosinate are relatively environmentally
benign, non-residual, post-emergence herbicides that
target both monocotyledonous and dicotyledonous weed
species. By using these herbicides, rice farmers have a
wider period of application and doses can be adjusted to
the actual weed pressure, thereby rendering crop man-
agement more flexible and reducing the amount and
number of applications (Duke, 2005; Espinoza-Esquivel
& Arrieta-Espinoza, 2007; Olofsdotter et al., 2000).
This reduces environmental damage and facilitates weed
management at the farm level, which generates impor-
tant non-pecuniary benefits for farmers (Marra & Pig-
gott, 2006). Glufosinate and glyphosate carry a relative
low risk for development of herbicide-resistant weeds.
HR technologies based on these products may therefore
offer a valuable and environmentally friendly alternative
for rice farmers to control weeds effectively and eco-
nomically.

HR technologies are likely to be highly compatible
with direct-seeded rice and conservation tillage (Del-
mer, 2005; Kumar et al., 2008b; Leon, Webster, Bot-
toms, & Blouin, 2008), which in turn potentially saves
(transplanting and tillage) labor and contributes to
resource conservation. HR technologies reduce rice pro-
duction costs, increase productivity, and provide the
opportunity to turn land into rice production that was
formerly unsuitable due to excessive high wild rice
infestation levels (Espinoza-Esquivel & Arrieta-Espi-
noza, 2007). Imidazolinone-resistance technologies,
such as Clearfield®, can prevent crop damage caused by
herbicide carryover from a previous rotation crop or
herbicide-insecticide interactions (Tan et al., 2005).

HR crops, derived from gene transfer (Joel, Kleifeld,
Losner Goshen, Herzlinger, & Gressel, 1995) or tissue
culture (Berner et al., 1997), enable early, pre-attach-
ment control of parasitic weeds by applying the herbi-
cide with the maize seed (e.g., as coating). The
advantage of ALS-inhibiting herbicides for the control
of parasitic weeds is that they can be translocated
through the phloem of host plants with target-site resis-
tance (Hall & Devine, 1993) and reach the attached par-
asite. They are toxic to belowground stages of the
parasite and are not degraded before the parasite has
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been reached (Joel et al., 1995). Thus, they prevent
much of the usual early damage with these parasites.
Seed treatment requires much smaller amounts of the
product than with conventional herbicide spraying
(Kanampiu et al., 2002), while no herbicide is applied
off-target (Kanampiu et al., 2001). Seed-coating of
imazapyr-resistant maize lowers Striga reproduction
rates (Kanampiu et al., 2001) and parasite-inflicted crop
yield losses (De Groote, Wangare, & Kanampiu, 2007).
Consequently, the technology proved to be highly eco-
nomically profitable.

Disadvantages and Risks of HR
Technologies

Despite the possible attractions of HR technologies,
there are a number of potential constraints and risks
involved in their use. One of the major concerns—iden-
tified by many studies—is the likelihood of gene flow
from an HR rice crop (or HR rice volunteers from the
preceding cropping season) to wild and weedy rice spe-
cies (or conventional O. sativa cultivars; e.g., Chen,
Lee, Song, Suh, & Lu, 2004; Espinoza-Esquivel & Arri-
eta-Espinoza, 2007; Kumar, Bellinder, Brainard, Malik,
& Gupta, 2008b; Lu & Snow, 2005; Olofsdotter et al.,
2000; Shivrain et al., 2007; Zhang, Linscombe, Webster,
Tan, & Oard, 2006). If HR rice is to be grown in close
proximity to wild and weedy rice populations with over-
lapping periods of flowering, transgenes may accumu-
late in these populations with unwanted environmental
consequences (Chen et al., 2004; Lu & Snow, 2005).
Field studies in the United States with HR rice (Clear-
field®) have shown that there is outcrossing to red rice
(O. sativa), resulting in herbicide-resistant red rice bio-
types (Rajguru, Burgos, Shivrain, & Stewart, 2005;
Shivrain et al., 2007; Zhang et al., 2006). Cross-pollina-
tion usually occurs over a distance of no more than 30m
(Gealy, Mitten, & Rutger, 2003; Song, Lu, Zhu, & Chen,
2003). Qutcrossing rates between rice and weedy rice
are usually less than 0.5% and drop dramatically beyond
5m (Gealy et al., 2003; Messeguer, Marfa, Catala, Gui-
derdoni, & Mele, 2004). Gene-flow frequencies
between cultivated and wild rice are much more impor-
tant, however (Chen et al., 2004; Song et al., 2003).
They have been reported to range from 1.2-2.2% (Chen
et al., 2004). In addition, if hybrids are formed, the HR
gene may introgress into populations of wild relatives
within a few generations (Gealy et al., 2003). Develop-
ment of herbicide-resistant weeds would force farmers
to use more persistent and more expensive herbicides,
which can have serious economic and environmental
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costs (Lu & Snow, 2005). Farmers growing HR rice
must maintain isolation zones with sufficient distances
between HR rice varieties and wild rice populations
(Chen et al., 2004) and try to de-synchronize flowering
times between cultivated and wild rice (Lu & Snow,
2005). The latter may be very difficult, as natural popu-
lations of wild relatives of rice usually are heteroge-
neous with respect to developmental stages and,
consequently, the periods during which flowering
occurs can be long.

Herbicide-resistant weeds can also be generated by
the repeated use of a single class of herbicide. The
resulting selection pressure will cause a shift in weed
populations towards resistant biotypes (Gealy et al.,
2003; Lu & Snow, 2005; Olofsdotter et al., 2000; Owen,
2008; Owen & Zelaya, 2005). Increased (single-prod-
uct) herbicide use is thought to be a greater cause of
development of herbicide-resistant weeds than pollen-
mediated gene flow (Beckie, 2006). ALS-inhibiting imi-
dazolinone herbicides carry the highest likelihood of
resistance evolution in weeds. ALS-inhibitor resistance
is by far the most frequently occurring type of resistance
in weeds. The International Survey of Herbicide Resis-
tant Weeds reports 98 cases of ALS-inhibitor-resistant
weed biotypes out of a total of 324 (Heap, 2009). How-
ever, the same list also shows that 15 glyphosate resis-
tant biotypes currently have already been identified,
despite the fact that glyphosate carries a relative low
risk for development of herbicide-resistant weeds. This
may result from the relative low costs and the lack of
soil residual activity of glyphosate, stimulating superflu-
ous application rates (Duke & Powles, 2008). Although
the number of weed species and regions (primarily the
Americas and Asia) currently involved is still relatively
low, more glyphosate-resistant biotypes are expected to
evolve in the coming years, and diversity in weed-man-
agement strategies is advocated to avoid this spread and
to maintain sustainability of glyphosate-based weed
control (Powles, 2008). The use of additional herbicides
based on other mechanisms would be necessary as well
as application of integrated weed management, crop
rotations, and early-season monitoring and removal of
escapes (Beckie, 2006; Gealy et al., 2003; Olofsdotter et
al., 2000; Zhang et al., 2006).

The use of glufosinate restricts the range of possible
additional herbicides. Mixtures with triclopyr, for
instance, may have severe adverse effects on HR rice
(Sankula, Braverman, & Linscombe, 1997b). In addi-
tion, glufosinate has an optimal application time (3- to
4-leaf stage) to maximize weed control and minimize
crop damage (Sankula, Braverman, Jodari, Linscombe,
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& Oard, 1997b). Glufosinate applications at later
growth stages (e.g., 5- to 6-tiller stage) may also nega-
tively affect germination of seeds produced by the
treated rice plants (Webster, Lanclos, & Zhang, 2003).
For glyphosate on the other hand, the later growth stages
should be targeted for effective weed control (Askew,
Shaw, & Street, 1998). Farmers and seed producers
should be well informed of these product specifics.

Part of the previously claimed environmental bene-
fits of HR technologies, due to the facilitation of the use
of relatively benign post-emergence herbicides, is
reduced by the fact that, in practice, other products will
still be compulsory. This proved to be the case for a
residual herbicide like imazethapyr (Pellerin, Webster,
Zhang, & Blouin, 2003), as well as non-residual gly-
phosate and glufosinate herbicides (Kumar et al., 2008a;
Sankula et al., 1997a). Imidazolinone herbicides, based
on ALS inhibition, are also broad-spectrum but have a
residual effect. The use of ALS-inhibiting herbicides
may therefore have unfavorable effects on the environ-
ment. For instance, Ahonsi, Berner, Emechebe, and
Lagoke (2004) found that the ALS-inhibitors imazaquin
and nicosulfuron have negative impacts on soil biology
and natural suppression of Striga spp.

Climate Change Effects on Weed
Populations and Management

Atmospheric greenhouse gases, including CO,, are
increasing worldwide. The climate changes this pro-
vokes may include a rise in temperature and an increase
in the drought-prone area in the Sahel and southern
Africa (Intergovernmental Panel on Climate Change
[IPCC], 2007). Trends suggest that the variability of
rainfall will increase with drier monsoon regions (Gian-
nini, Biasutti, Held, & Sobel, 2008) and more frequent
and intense rainfall in equatorial zones of Africa (Chris-
tensen et al., 2007).

The effect of changing climates on weeds will
depend on the species involved (Ziska, 2008), the pho-
tosynthetic pathways (C5, C4 of CAM), and the interac-
tion effects between CO,, temperature, and water
availability (Patterson, Westbrook, Joyce, Lingren, &
Rogasik, 1999). High CO, environments may increase
belowground root growth relative to aboveground shoot
growth (Ziska, 2003) and favor rhizome and tuber
growth of perennial weeds, rendering their control more
difficult (e.g., Patterson et al., 1999). For rice production
in Africa, this could mean increasing problems with
perennial grass weeds like Leersia hexandra Sw. and the
wild rice species Oryza longistaminata in irrigated and
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rainfed lowlands. Parasitic weeds, such as Striga spp.,
may extend their geographic range due to climate
change (Mohamed et al., 2006). Parasitic weeds that
thrive in erratic and low rainfall environments (e.g.,
Striga hermonthica) or temporary flooded conditions
(e.g., Rhamphicarpa fistulosa) could be favored by the
soil degradation (e.g., Kroschel, 1998) and rainfall
extremes that are projected by the Intergovernmental
Panel on Climate Change (IPCC, 2007).

Besides causing weed population shifts, projected
climate changes are also likely to affect herbicide effec-
tiveness and consequently affect the future of HR tech-
nologies. Increased temperatures negatively affect
herbicide persistence in the soil and narrow the “win-
dows” for herbicide effectiveness (Bailey, 2004).
Extreme weather may increase the risk of herbicides
either causing crop damage or not being effective (Pat-
terson et al., 1999). With high rainfall events, for
instance, imidazolinone herbicides may be diluted and
cease to be effective (Kanampiu et al., 2003). Uncon-
trolled flooding, which might more frequently occur in
the future, will reduce effects of glufosinate (Sankula et
al., 1997b). On top of all this, raised CO, levels have
been shown to increase the resistance of weeds to gly-
phosate (e.g., Ziska, Teasdale, & Bunce, 1999).

Discussion and Conclusions

Perennial weeds with extensive subterranean rhizome
systems—Ilike the wild rice species Oryza longistami-
nata—and parasitic weeds with wide geographic ranges
and high genetic variation—like Striga spp.—are
expected to become more important in future rice pro-
duction in Africa (Rodenburg & Johnson, 2009). The
ability to control such problem weed species efficiently
makes HR rice an attractive technology for rice farmers
in Africa. In addition to their effectiveness, HR technol-
ogies do not require substantial labor. If it can partly
replace hand weeding and proves effective in the control
of parasitic weeds, HR crops could be a highly relevant
weed-management technology in developing countries
(Duke, 2005). The labor-saving potential of HR rice is
of high importance in SSA where hand- or hoe-weeding
is taking a significant amount of the farmer’s time.
These crop operations are often carried out by women
and children and thus affect other economic activities
and schooling rates. Any technology that relieves
women and children from these time-consuming activi-
ties offers important societal benefits and should be seri-
ously considered (Thomson, 2008). However, suitable
technologies for subsistence rice farming in SSA should
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also be affordable, easy to learn and apply, and rela-
tively independent of water control. HR technologies
may not meet these criteria.

Outcrossing success between HR rice and wild rice
species present in African rice production systems has
not yet been tested (Lu & Snow, 2005). The risk of gene
flow between HR and wild rice is relevant, however, for
both common wild rice species in SSA—Oryza longis-
taminata and O. barthii—as they share the AA genome
with cultivated rice species O. sativa (Khush, 1997). For
another closely related rice species sharing the AA
genome, O. rufipogon, hybridization with O. sativa nat-
urally occurs (Chen et al., 2004; Song et al., 2003) and
introgression with genes from HR rice has been shown
to be possible (Wang et al., 2006). The above consider-
ations regarding gene flow suggest that HR technologies
may have a limited lifetime at a particular location,
unless its introduction and use are carefully managed
(Rodenburg & Johnson, 2009). In the case of parasitic
weeds, model predictions show that, on average, five
resistant Striga plants per ha will survive herbicide treat-
ment (Gressel, Segel, & Ransom, 1996). Although this
is a manageable number, careful and consistent hand
rouging would be required to prevent a rapid seedbank
buildup of resistant biotypes. Farmers using HR tech-
nologies would need to strictly follow stewardship rec-
ommendations to avoid evolution of herbicide-resistant
weeds on a field (e.g., by meticulous herbicide use and
hand-rouging of escaped weeds) and community level
(e.g., mitigating gene flow between farms by quarantine
and containment agreements) and apply HR technolo-
gies as a component of integrated weed management.
The lack of human and financial resources in SSA to
adequately identify a case of herbicide resistance in
weeds in an early stage, implies a high additional risk if
gene flow or the long-term use of a single herbicide will
indeed lead to the development of an herbicide-resistant
weed population.

HR rice technologies may also lack compatibility
with existing rice-based cropping systems in SSA, as
many farmers use crop or species mixtures within their
fields (Delmer, 2005; Thomson, 2008). In northern Cote
d’lvoire for instance, harboring hot-spots of Striga-spp.-
infested upland rice fields, maize is often intercropped.
The rice varieties or intercrops used in rice-based crop-
ping systems in SSA will most probably not be resistant
to any of the broad-spectrum herbicides such as glufosi-
nate, glyphosate, or imidazolinone. The carryover and
neighbor effects could possibly be reduced if the herbi-
cides can be applied with the seed. A minimum distance
between intercrops, however, should still be respected
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as was shown when imazapyr-resistant maize was inter-
cropped with cowpea, yellow gram, or field bean (Kana-
mpiu et al., 2002). The use of rice variety mixtures in a
field or different rice varieties in neighboring fields
might cause gene flow from HR to conventional rice
varieties. Gene flow to conventional rice varieties may
cause a subsequent indirect flow of transgenes to wild
rice in adjacent fields (Lu & Snow, 2005). Prevention of
this indirect gene flow would require community-based
regulation and information systems and good communi-
cation between rice producers. It should be noted how-
ever that the likelihood of longer-distance gene flow and
resulting problems with seed purity in neighboring
fields is small (Rong et al., 2007).

In the context of developing countries, HR seems to
be a trait that is more tailored to large-scale farms that
have both access to reliable markets and the financial
means to purchase the required chemicals and seed each
season (Delmer, 2005). Rice production in SSA is
mainly subsistence (Poulton et al., 2008) and we did not
find any published evidence of relevance of these tech-
nologies for such farming systems. The costs and invest-
ment risks of high-quality certified seeds pose a real
constraint for poor farmers working under unreliable
environmental and financial conditions, especially when
technology licensing fees are added (Delmer, 2005).

For SSA, currently the only reported application of
HR technologies that we are aware of is in the Striga-
infested maize production systems in East Africa (De
Groote, et al., 2007; De Groote et al., 2008; Kanampiu
et al., 2003). HR technologies to control Striga spp. in
maize systems in East Africa may be successful because
several conditions are met that are still lacking for rice
production systems or for other parts of SSA, such as
West Africa. These conditions may include a substantial
commercial market, an interested agro-industry, well
developed seed production and distribution systems, and
relatively low seed prices. In the case of HR maize in
East Africa, De Groote et al. (2008) showed that even
poor farmers are interested in the technology. They also
argue that availability of a private seed sector would be
a precondition for success. However, the interest of the
agro-industry also depends on the scope for intellectual
property right (IPR) protection. Hybrid maize’s intellec-
tual property is biologically protected, as reusing saved
seed from harvest entails significant yield reductions.
Therefore, it is expected that in developing countries
with weak governance of IPRs, the agro-industry will
first target hybrid seed markets for commercializing HR
technologies. The biological IPR protection in hybrids
may substitute existing weak regulatory IPR protection
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(Goldsmith, Ramos, & Steiger, 2003). Therefore, if
hybrid rice is introduced in Africa in the future, the
interest for HR technologies may increase.

The use of HR technologies may partially remove
the timing requirement and lower the risks of phytotox-
icity and negative effects on environment and human
health, but in turn would require meticulous stewardship
to prevent outcrossing of HR rice with rice weeds (Lu &
Snow, 2005; Madsen, Valverde, & Jensen, 2002; Tan et
al., 2005). Consequently, in order to follow stewardship
recommendations, the farmer would need to understand
the risks and consequences of gene flow and be willing
to sacrifice some of his valuable time and land (in case
of rotations). Effective stewardship may also require
well-functioning markets for the farmer to be able to
purchase any additional or alternative chemical products
to eradicate weeds escaping the first chemical treatment.
In addition to this, the existing HR technologies require
the farmer to purchase new (certified) seeds for each
new cropping season (Olofsdotter et al., 2000; Tan et al.,
2005). The advantage of such a system is that the use of
certified seed, produced on quality-controlled produc-
tion farms, will be free of weed seeds (like wild relatives
of rice), and as such, will minimize the spread of wild-
rice infestations and resistant weedy and wild-rice bio-
types (Gealy et al., 2003; Tan et al., 2005). However, in
SSA very few, if any, of such certified seed-production
services exist for rice; even if they did, such a system
would add to the seasonal financial investments a
farmer would need to make.

Transfer and adoption success of HR rice technolo-
gies in the developing world will depend on profitability
and farmer perceptions towards binding agreements
with agro-industries (Olofsdotter et al., 2000) on one
hand, and willingness of agro-industries and the public
sector to invest or build strategic partnerships on the
other hand. As suggested earlier, large private seed com-
panies are not likely to invest in crops that do not have
an interesting, well-developed and IPR-protected mar-
ket (Delmer, 2005). A recent case-study on the potential
economic impact of HR rice in the irrigated rice produc-
tion systems in Senegal concluded that farmers could
substantially gain from access to these technologies
(Demont et al., 2009). However, potential institutional
constraints to introduction of these technologies are
existing subsidy arrangements on chemical input and
seed. These subsidies reduce farmers’ costs of conven-
tional weed control programs and erode the competitive
position and profitability of HR rice. In turn, this would
discourage private investments in the required biotech-
nology capacity, unless the government would shift
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existing subsidies to HR technologies. Estimating the
value of HR rice in other regions and ecosystems
requires detailed data on herbicide expenditures and
opportunity costs of weeding labor. To our knowledge,
such a comprehensive database is not available for SSA.
Cross-sectional and panel databases of farmer practices
and production costs exist, but cover scattered areas and
are generally not publicly available. In particular, survey
evidence on heterogeneity of weed control costs over a
wide range of farming conditions is needed in order to
capture the effect of population pressure and market
access on the opportunity costs of weeding labor
(Demont, Jouve, Stessens, & Tollens, 2007; Ruthenberg,
1980). Moreover, since women often provide an impor-
tant part of weeding labor (Bassett, 2002), the impact of
HR rice is not expected to be gender-neutral.

Because of the reasons discussed above, government
intervention and establishment of effective public-pri-
vate partnerships (PPP) might be a precondition to
transfer this technology (Basu & Qaim, 2007; Demont
et al., 2009; Graff, Roland-Holst, & Zilberman, 2006;
Tollens, Demont, & Swennen, 2004; World Bank,
2008). As similar conclusions were derived from an ex
ante impact assessment of HR rice technologies in Uru-
guay (Hareau, Mills, & Norton, 2006), this seems appli-
cable to a wider range of developing countries. A model
for effective PPP could consist of the private sector
developing beneficial traits in major commercial crops,
and the public sector providing a range of adapted germ-
plasm into which these traits can be introduced (Delmer,
2005). Required support from government and non-gov-
ernmental organizations would involve credit, training,
and seed and herbicide supply systems, preferably with
private sector participation (De Groote et al., 2008).
Microcredit or two-tiered price systems, where technol-
ogy fees will be charged as proportional to the scale of
the farm, could alleviate some of the investment risks
for small-scale farmers (Delmer, 2005).

Alternatively African countries could develop col-
laborative initiatives, for instance, with regional and
international research and development organizations,
such as the Africa Rice Center (AfricaRice) and the
newly founded regional centers like Biosciences for
East and Central Africa (BECA) and the African Agri-
cultural Technology Foundation (AATF), to develop and
disseminate HR rice varieties independently of existing
multi-national agro-industries. This could be achieved
through a multidisciplinary, step-wise approach, such as
followed in Costa Rica (Espinoza-Esquivel & Arrieta-
Espinoza, 2007). However, in the case of transgenic HR
rice, the major constraints for adoption will be the fact
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that most countries in Africa do not yet have the capac-
ity to conduct full biosafety assessments. Some of these
African nations even enacted a ban on GM crops or
have implemented regulations limiting the use of GM
cereal grains donated as food aid (Falck Zepeda, 2006).

We conclude that HR technologies might provide
technically sound and effective solutions to control wild
rice in the irrigated systems and parasitic weeds in the
rainfed uplands of sub-Saharan Africa. However, devel-
opment, introduction, and farmer adoption of these tech-
nologies have a long way to go. The great number of
prerequisites for success renders the future of HR rice
technologies in SSA ambiguous. Innovations like these,
however, are urgently needed for the continent to allevi-
ate poverty and raise food security. New collaborative
initiatives and financial support for research and devel-
opment efforts targeted to technological and organiza-
tional solutions adapted to the local context are
therefore required.
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