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Abstract Senegal’s high dependence on rice imports expo-
ses the country to international market shocks with concom-
itant serious risks for food security. Since 2011 and triggered
by high international prices, several initiatives to upgrade
the rice value chain have emerged in the private sector.
However, the major constraint private investors are current-
ly facing is the insufficient supply of Senegal River Valley
(SRV) paddy rice, implying that investment in productivity
is becoming vital for the continuation of their operations,
which are currently running below their optimum. The
Senegalese government is investing heavily in the national
rice sector, with the ambitious objective of achieving self-
sufficiency in the year 2015. However, the program focuses
primarily on extension of the area grown rather than in-
creased productivity. We provide econometric support for
policy making by assessing the determinants of productivity
and technical efficiency in irrigated rice production systems
through a five-year panel dataset of small-scale irrigated rice
farms in the SRV. We found that due to the exacerbation of
biological and institutional constraints in the SRV, rice
growers had difficulties in maintaining productivity of their
land. These constraints prevented them from further inten-
sification, jeopardizing the national objective of self-
sufficiency. Farmers exhibited modest technical efficiency
levels, suggesting that, in addition to the proposed intensi-
fication strategies, substantial efforts in extension services
will be required in order to achieve the goal of self-
sufficiency. Improved weed and bird control as well as tech-
nological, organizational and institutional improvements were
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identified as key factors for boosting productivity and techni-
cal efficiency and, hence, these are target areas needing atten-
tion by Senegalese farmers and policy makers in their quest
for increased food security.
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Farm management fixed-effects - Technical efficiency

Introduction

Rice production in Sub Saharan Africa (SSA) grew at
3.23 % per annum between 1961 and 2006 while the yearly
population growth rate was 2.90 % during the same period.
However, the annual increase in rice consumption of 4.52 %
during this time explains the widening gap between supply
and demand. This has been covered by increasing reliance
on imports (Africa Rice Center (WARDA) 2007). Larson et
al. (2010) showed that the share of rice calories in the
African diet increased from 5 % in 1965 to 8 % in 2005,
while the share of maize and tubers has been relatively
constant. Thus, the ratio of production over consumption
in SSA, measured by the self-sufficiency ratio, declined
steadily from 112 % in 1961 to 61 % in 2006. The increase
in rice consumption can be largely attributed to strong
demand in Southern and West Africa with, respectively,
average annual consumption growths of 11.58 % and
6.55 % during the period 2001-2005 (Africa Rice Center
(WARDA) 2007).

Earlier, Randolph (1997) had shown that in the Sahel
region, the share of rice in total consumption had grown
from 10 % to 15 % during the period 1961-1992. The share
of other coarse grains such as wheat and maize had in-
creased, respectively, from 2 % to 6 % and from 6 % to
7 % in the same period, while the combined shares of the
traditional grains, millet and sorghum, had fallen from 81 %
to 70 %. The two main factors that contributed to the growth
in rice demand were the increases in both population and the
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importance of rice in Sahelian diets owing to rapid urbani-
zation (Randolph 1997; Reardon et al. 1997).

Now the major increases in rice demand are in West Asia,
South America and SSA due to migration of rural people to
the towns and cities, leading to changes in diets based on
other cereals or root crops to rice (Hossain 2007). West-
African consumers have been gradually shifting their con-
sumption patterns from traditional coarse grains (maize,
millet and sorghum) to non-traditional grains (wheat and
rice) owing to their increased time spent working away from
home. Urban working women have less time for food prep-
aration and have a tendency towards “convenience” sources
of calories (Reardon 1993). Urban-biased policies have fur-
ther contributed to this trend by encouraging food imports,
their focus on rice being primarily driven by a desire to
satisfy the demands of growing urban populations for afford-
able food rather than as a goal to improve the livelihoods of
rural producers (Demont et al. 2013a; Moseley et al. 2010).
In Senegal, for example, during the colonial period under the
French administration, cheap broken rice from Asia was
imported in large quantities in order to keep food prices
under control and, at the same time, groundnut production
was promoted as an important cash crop (Briintrup et al.
2006; Demont et al. 2013a; b).

Senegal is the third-largest rice importer in Africa, after
Nigeria and Cote d’Ivoire (USDA 2011a; USDA 2012).
Senegalese rice consumption exceeds by far domestic produc-
tion which meets only about 28 % of the country’s require-
ments and of this domestic production 27 % is used for
subsistence (Gergely and Baris 2009). The remaining 73 %
is mostly sold to the nearest domestic urban markets in the
North of Senegal (Saint Louis and Louga) and, more recently,
to the capital city, Dakar (Demont and Rizzotto 2012). Rice is
currently the main staple food in Senegal, the annual per
capita consumption having risen sharply since independence
from 50 kg in the 1960s to 60 kg in the 1990s (Tardif-Douglin
and Diouf 1998) and to 92 kg in 2011 (USDA 2011b).

About 72 % of the rice consumed in Senegal is imported
(Gergely and Baris 2009). With such high dependence on
imports, Senegal is exposed to international market shocks,
sometimes with grave consequences for its food security
and political stability, as attested by the violent riots during
the 2008 food crisis (Moseley et al. 2010; Seck et al. 2010).
Demont and Rizzotto (2012) argued that if Senegal wishes
to reduce import dependency, policy-makers and stakehold-
ers will need to gradually upgrade Senegal River Valley
(SRV) rice value chains according to the following three-
stage policy sequence: (i) investment in post-harvest
product-quality infrastructure, (ii) scaling-up of quality pro-
duce by investment in productivity, aggregation and storage
infrastructure, and (iii) adoption of sector-wide marketing
strategies that enhance the chain competitiveness of domes-
tic relative to imported rice.
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Since 2011 and triggered by high international prices,
several initiatives to upgrade the rice value chain have
emerged in the private sector. First, Senegalese rice import-
ers officially launched a joint venture with producers and
processors under the name SPCRS (Société de Promotion et
de Commercialisation du Riz Sénégalais). The company
purchases local paddy rice in the SRV through contracts
with milling factories and farmers and markets milled rice
to urban Senegalese consumers while governing quality
along the chain (Mohapatra 2011). Secondly, the Belgian
impact investor, Durabilis, started contracting with SRV farm-
ers and millers to market quality SRV rice in Dakar. Thirdly,
the private company Vital has made massive investments in
high-quality milling infrastructure in order to supply quality
SRV rice to urban markets in Senegal. These recent develop-
ments suggest that the first stage of Demont and Rizzotto’s
(2012) policy sequencing framework has been well initiated.
However, the major constraint private investors are currently
facing is the insufficient supply of SRV paddy rice, implying
that investment in productivity is becoming vital for the con-
tinuation of their operations, which are currently running
below their optimal scale (AfricaRice 2012).

The improvement of agricultural productivity is still of
high importance in developing countries where agriculture
is the main source of income (Fulginiti and Perrin 1998) and
where increasing agricultural productivity has the potential
to substantially contribute to poverty reduction (Jayne et al.
2003). In Senegal, 60-70 % of the population live in rural
areas and, according to a World Bank (2006) survey, 57.5 %
of rural households were classified as “poor” in 2001-2002.
Due to the high rice imports, Senegal was hit very hard by
the recent increase in food prices. In 2008, the world price of
Thai 25, the rice type most imported by Senegal, almost
tripled in half a year (FAO 2009). In April 2008 in the wake
of the crisis, the Senegalese government launched the
GOANA program (Grande Offensive Agricole pour la
Nourriture et I’Abondance). In this programme massive
investments in the national rice sector are being carried out
with the ambitious objective of achieving self-sufficiency in
the year 2015. In order to achieve this goal, the programme
has to raise paddy rice production from 200,000 t to at least
1,500,000 t (MAE 2008).

In SSA, many large scale irrigation programs have failed
in the past, but since the 1980s rates of return for irrigation
projects have dramatically increased thanks to improve-
ments in institutions, technologies and market opportunities.
Small-scale irrigation projects have been especially success-
ful (World Bank 2008). As the main objective of the
GOANA program is based on production growth through
spatial and temporal extension, it largely ignores other sour-
ces of productivity growth, i.e. through technical and orga-
nizational improvement. Spatial extension involves bringing
back neglected irrigated rice schemes into production and
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development of new ones. Temporal extension consists of
improving conditions that favour double cropping, i.e. crop-
ping during both the wet and dry seasons. This is particu-
larly important for small-scale and resource-poor rice
farmers in the SRV, where there is still considerable scope
for either boosting productivity levels through technological
innovation (Demont et al. 2009; Fall 2005; Fisher et al.
2001; Kebbeh and Miézan 2003) or raising technical effi-
ciency (TE) levels through organizational innovation (Le
Gal and Papy 1998; Poussin et al. 2006).

Moreover, in addition to biological constraints such as
bird damage and competition from weeds (de Mey et al.
2012), SRV rice farmers frequently face institutional con-
straints due to market imperfections such as breakdown of
fertilizer supply and weakness of the credit system. As a
consequence, conventional inputs are often not applied on
the recommended dates and at the recommended rates. The
Rice Integrated Crop Management (RICM) options' in the
SRV along with the use of improved varieties, contributed to
increasing average yield from 3.8 tha ' to 5.5 tha™' (Defoer
et al. 2004). Rice growth models predict a yield potential of
irrigated rice in the Sahel of 9-12 tha ' (Dingkuhn and Sow
1997). The latter was confirmed at farm level in the SRV,
where yields of 12 tha ' have been reported in the hot dry
season (Wopereis et al. 1999) and even during the wet
season by some of the farmers that were surveyed for this
study (Table 1). Despite this performance, the gap between
on-farm and potential yields is still substantial.

While some basic information is available on the poten-
tial impact of innovation in the irrigated rice sector in the
SRV (Demont et al. 2009; Fall 2005; Fisher et al. 2001;
Kebbeh and Miézan 2003), so far no econometric estimates
are available on actual productivity and TE levels of irrigat-
ed rice. In order to make informed decisions about increas-
ing productivity, Senegalese policy makers need to be
informed about the characteristics and potential of the cur-
rent state-of-the-art production system in the irrigated rice
sector. More specifically, they need to know which factors
contribute to productivity, which contribute to technical
efficiency (TE) and which contribute to both, so that they
can target policy interventions more precisely towards pri-
ority areas in the struggle towards achieving increased food
security in Senegal. Therefore, in this paper we assess the
determinants of productivity and TE of small-scale irrigated
rice farms in the SRV.

The article is organized as follows. After this introduc-
tion, we present our theoretical framework in the next sec-
tion. Section 3 describes the data. In Section 4, the results

! The improved technologies developed in the 1990s in the SRV were
assembled to make up the RICM recommendations in the early 2000s,
giving farmers the choice of using one or a subset of components
depending on their resource endowments and technical and socioeco-
nomic constraints (Kebbeh and Miézan 2003).

are presented. Finally, the results are discussed and conclu-
sions drawn in Section 5.

Analytical framework

In the empirical literature on productivity analysis of firms,
non-parametric and parametric frontier approaches are com-
monly used. The major limitation of non-parametric
approaches, particularly those based on data envelopment
analysis, is the fact that they assume no sampling error and
attribute all derivation from the production frontier to inef-
ficiency. As many factors affect rice production in the SRV,
of which some are beyond the control of farmers (e.g.
weather, institutional constraints such as delayed provision
of state-controlled credit, lack of machinery and organiza-
tional constraints), this assumption may not be valid for our
case study. Parametric approaches, instead, account for
those factors and enable isolation of the determinants of
productivity and efficiency from uncontrolled factors.
Therefore, to inform policy decision-making on increasing
rice production in the SRV with the aim of achieving the
national goal of self-sufficiency, we tested several alterna-
tive parametric models in order to specify the underlying
production system of irrigated rice.

Parametric models

Several parametric approaches are used in the productivity
literature, including (i) stochastic frontier models (Ahmad
and Bravo-Ureta 1996; Bravo-Ureta and Pinheiro 1993); (ii)
production function specifications based on fixed effects,
and (iii) deterministic frontier models. The common weak-
nesses of these approaches are the structural restrictions
imposed by the functional form. The stochastic parametric
frontier model allows the effect of unknown random varia-
bles to be separated from the effects of inefficiency and
assumes that the inefficiency variables are uncorrelated with
other variables included in the model. The fixed-effects
model, in contrast, allows for correlation between TE and
the other explanatory variables, and takes into account some
potentially omitted variables (Ahmad and Bravo-Ureta
1995; Alvarez and Arias 2004; Murillo-Zamorano 2004).2
The deterministic parametric frontier model, on the other
hand, is criticized for its sensitivity to outliers.

Given our aim of guiding policy makers on productivity
and TE of SRV rice growing and the availability of a 5-year
panel database of rice growers’ practices (see Data section),

2 In econometrics, endogeneity bias arises when important regressors
are omitted, or in the presence of measurement error or simultaneous
occurrence of at least one regressor and the dependent variable, and
consequently the parameters of interest are not consistently estimated
(Wooldridge 2001).
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we have opted for a parametric approach based on the
fixed-effects production model as the stochastic frontier
model was shown to be inappropriate in our case.” To
take into account management effects on the productiv-
ity of production factors, a farm dummy variable is
introduced in the production function as a proxy for
farmer management or individual farmer effects
(Schmidt and Sickles 1984), which is then used as a
measure of TE (Hoch 1976). Following Ahmad and
Bravo-Ureta (1995, 1996), we use fixed-effects Cobb-
Douglas (CD) (McDonald and Moffitt 1980) and sim-
plified translog production functions. The simplified
translog production function is preferred to the standard
translog because of possible multicollinearity problems
in the latter (Fan 1991). We introduce technical change
into the CD function through two alternative specifica-
tions. Our first specification includes a time variable, 7,
to capture technical progress within the period and
assumes invariant TE:

InYy=ao+ Y aDi+ By In X + 6T + vi, (1)
i k

where the subscripts 7, ¢ and k represent respectively farms,
year or time and inputs, Y;; is output (rice production), cv;, %
and ¢ are parameters to be estimated, D; is a farm dummy
variable having a value of one for the ith farm and zero
otherwise, Xj;, represents production factors (land, labour,
seed, fertilizers, herbicides and services), T is time, and v;, is
the usual error term. Technical change is captured through the
expression d7. The second CD function is specified through a
set of time dummies > 6,DT,, where DT} is a dummy variable
t

having a value of one for the th time period and zero other-
wise, and J, are parameters to be estimated.

3 The stochastic frontier specification has the property of embodying a
deterministic frontier function and two random error components. The
deterministic function represents the potential frontier production or
the farm’s best practice technique. The first error component, denoted
by v, represents the statistical error or other random factors such as
weather that are beyond the farm’s control. v is positive, negative or
zero. In the presence of these errors, the production frontier may vary
across farms and over time for the same farm. The second error
component, denoted by u, represents the technical inefficiency of the
farm. u is either zero or negative. Then, if there are no errors v, the farm
would realize the maximum attainable production, depending on
whether it uses the best practices (#=0) or not (#<0) (Kalirajan and
Shand 1999). The appropriateness of the stochastic frontier model
specification can be tested to check if the incorporation of the random
error component representing technical inefficiency is justified.
Otherwise the stochastic frontier model is not justified and leaves a
specification that can be consistently estimated by ordinary least
squares (Coelli 1996). In our study, we preliminarily estimated the
translog and Cobb Douglas stochastic frontier functions and the results
have shown that the stochastic frontier specification is not appropriate
in our case, hence our choice of the fixed-effects model.

@ Springer

Our simplified translog production function explicitly
allows for interaction between inputs and time:

InY, =a¢+ Za,-D,«—}— Zﬂk In X + Z o In Xy, T (2)
f 3 k

+ 8T +AT* + vy

where o, o, Bi, d1, 0 and A are parameters to be estimated.
As in Fan (1991), the parameters 3; and ¢, are used to
calculate the production elasticity for each input. The latter
is obtained by the logarithmic derivative of the production
function in Egs. (1) and (2), i.e. 0InY /0 In Xy, = B, from
Eq. (1) and O0InY /0 In Xy = B + ¢, T from Eq. (2). The
elasticity is the responsiveness of production (in per cent)
for a one per cent increase in respective inputs.

From these equations, the farm-specific measures of in-
variant TE can be derived as TE; = exp(¢;)/max[exp(e;)],
where the denominator represents the highest predicted
value for the ith farm. To allow for varying TE and
assuming that farm-specific effects vary over time, as
suggested by Mundlak (1978), the parameter «; in Egs.
(1) and (2) is replaced by the expression «;+p;T, where
p:; 1s a farm-specific slope parameter with respect to
time. Varying TE is estimated in two steps (Cornwell
et al. 1990; Kumbhakar et al. 1999). First, Egs. (1) and
(2) are estimated to obtain consistent estimates of a, (i, P,
4 and \. Next, the residuals from the first step, €, = p;, + vi,
which include farm-specific effects (p;, = o; + p;,T) as well
as the usual error term (v;), are regressed through ordinary
least squares, i.e.

it = Z%‘Di + Z pDiT + vy, 3)

where v;, is independent and identically distributed N(0, 2).
The efficiency indicator is finally calculated as i, = @; + p;T
and TE at each data point is then obtained as

TE; = exp(fi;,) /max[exp(1i,)], (4)

where the denominator represents the highest predicted value
in the #th period.

The estimation approach proposed above is called the
“least squares dummy variables” (LSDV) approach, as we
are using dummy variables to estimate the fixed or farm-
individual effects with the least squares estimation techni-
ques (Greene 2002). The hypothesis test and model selec-
tion are based on Likelihood Ratio test techniques to verify
whether a restricted or simpler model (Cobb Douglas model)
can be preferred or not to an unrestricted or more general
model (Translog model) (Baltagi 2005; Greene 2002).

Determinants of technical efficiency

For policy purposes, it is useful to identify the sources of
technical inefficiency, which can be done through a second
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estimation step in which the relationship between farm
characteristics and the computed TE scores from the first
estimation step is estimated (Bravo-Ureta and Pinheiro
1997; Coelli et al. 2005). Therefore, in our empirical anal-
ysis in the remainder of the article, we (i) select the model
that best represents the production system of irrigated rice
farming in the SRYV, (ii) derive the TE scores, (iii) transform
the efficiency score, which falls between zero and one,
through a logistic function to avoid the problem of obtaining
estimated values outside the [0—1] interval (Amara et al.
1999; Romain and Lambert 1995; Tauer 1993),
i.e. Efficy = Ln(TE/(1 — TE)), and (iv) analyze the deter-
minants of the transformed efficiency scores through the
following model:

Effici = b +ﬁ/Zit + o, (5)

where Z; is a vector of variables (inputs, farm and
socioeconomic characteristics) related to technical inef-
ficiency, 3 a vector of parameters to be estimated, and o, the
error term.

Data

The Senegal River basin, located in West Africa, covers
1.6 % of the continent and spreads over four countries
(Guinea, Mali, Mauritania and Senegal) with a 1,790 km
long river (FAO 1997). On the Senegalese side, the SRV has
an irrigation potential of 240,000 ha. The SRV is subdivided
into three zones: the Delta, the Middle Valley and the Upper
Valley. In 2008, the entire irrigation scheme covered
95,030 ha, 54 % of which were suitable for rice (SAED
2008), characterized by medium and large irrigation
schemes in the Delta, and small to medium schemes in the
Middle Valley. Rice is predominantly direct-seeded (wet
broadcast) in large schemes in the Delta and Middle
Valley, and transplanted in smaller, village-based schemes
in the Upper Valley (Dingkuhn 1997). During the period
2002-2006, we surveyed a sample of farmers randomly
selected from a list of irrigated rice farms provided by the
national extension agency SAED (Société Nationale
d'Aménagement et d'Exploitation des terres du Delta du fleuve
Sénégal et des valleées du fleuve Sénégal et de la Falémé).
The farmers included in the survey were drawn from the
population of rice farmers who were aware of RICM
or adopted at least one of its components, depending on
their ability, socio-economic production environment
and resource endowments. Farmers who stopped grow-
ing rice were replaced by farmers randomly drawn from
the list.

The sample was stratified between the first two main
production zones (Delta Valley and Middle Valley), which

represent 89 % of paddy rice production in the SRV (SAED
2007). The result is an unbalanced panel* dataset of irrigated
rice farmers’ agricultural practices with sample sizes of 71,
106, 105, 105 and 98 farmers, corresponding to the years
2002, 2003, 2004, 2005 and 2006, respectively, and total-
ling 485 farmer x season observations. The data were col-
lected during the wet seasons which represent, on average
and in area terms, 83 % of rice cropping in the SRV during
1991-2007 (SAED 2007).

The output of rice is the total production of paddy rice
measured in tons. The production factors were aggregated
into six categories, i.e. land, labour, seed, fertilizers, herbi-
cides and services. The first five factors were expressed in
quantitatitve terms. The category “services” was expressed
in value terms and included the expenditures for quasi-fixed
inputs such as land preparation, irrigation, harvest and post-
harvest services mainly conducted by private contractors.
Family and hired external labour were aggregated and as-
sumed to be equally productive.

In Table 1, we report some descriptive statistics of the
production factors and farm characteristics of our sample.
Despite the constraints mentioned above, the average yield
level during the surveyed period amounted to 5.32 t.ha ',
which is well above the average of 3.62 t.ha ' in irrigated
rice cultivation in sub-Saharan Africa (Rodenburg and
Johnson 2009). However, with regard to the yield potential
as mentioned above and within a context of availability of
improved technologies, this performance could be consid-
ered as a technical regression. The highest average yield in
our period of study was attained in 2004 and amounted to
5.88 t.ha ' and the lowest in 2006, i.c. 4.04 t.ha '. The year
2006 was particularly problematic because of the intensifi-
cation of bird damage and disturbance of input supply (de
Mey et al. 2012). Therefore, the maximum yields attained in
this period varied from 9.01 to 12 t.ha ' in our sample
showing that the theoretical yield mentioned above can be
attained at farm level.

Farms are quite small in the Middle Valley, with an average
farm size of only 0.59 ha and paddy rice production of 3.22 t
per farm. Input use is larger in the Delta Valley due to larger
farm sizes, averaging 2.43 ha and producing 11.59 t of paddy
rice per farm. Heterogeneity of farm size is, however, some-
what more pronounced in the Delta Valley than in the Mid
Valley. Farm characteristics also differ between the two zones,
e.g. the average age of the farm head is 44 years in the Mid
Valley and 51 years in the Delta Valley and the average
experience in rice growing is 18 years in the Mid Valley and

“ The panel dataset is unbalanced which means that over the subse-
quent survey years, some farmers stopped producing or left the data-
base and new farmers have been added. The total number of unique
farmers was 132, hence the total number of farm dummies was 132 —
1=131, i.e. one farmer was set as the reference.
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Table 1 Descriptive statistics of the variables in the panel dataset of irrigated rice farms in the Senegal River Valley (2002-2006)

Variable Description Mean St. Dev. Min Max
Production Harvested quantity of paddy rice (tons) 7.34 9.03 0 73.25
Land Area sown with rice (ha) 1.50 1.90 0.10 12.50
Yield Yield (tons per ha) 532 1.84 0 12
Labor Family and external labor (man x days) 203 586 11 7463
Seed Seed use (kg) 195 259 10 1,750
Fertilizer Fertilizer use: Urea and DAP (kg) 504 666 30 4,500
Herbicides Herbicide use: Propanil and Weedone (litres) 10.10 12.29 0 75
Services Land preparation, irrigation, harvest and post-harvest costs (10° FCFA®) 0.21 0.23 0.01 1.91
Age Age of farm head 47.65 12.29 23 83
Experience Number of years of experience in rice cultivation 23.37 13.55 0 54
UseASI Use of ASI thresher (1=yes; 0=no) 0.46 0.50 0 1
Credit Use of formal credit (1=yes; 0=no) 0.88 0.32 0 1
Sahel Use of Sahel varieties (1=yes; 0=no) 0.80 0.40 0 1
CertSeed Use of certified seeds (1=yes; 0=no) 0.79 0.41 0 1
ModeSeed Sowing mode (1=direct seeding, 0=transplanting) 0.88 0.31 0 1
Leveling Smooth manual levelling of plot (1=yes; 0=no) 0.60 0.50 0 3

GP Type of area development (1 if GP; 0=otherwise) 0.76 0.42 0 1
Zone Production zone (1=Delta; 0=Middle Valley) 0.49 0.50 0 1
DomAct Dominant activity (1=farming; O=off-farm) 0.49 0.50 0 1
DateSow Date of sowing before August, 15 (1=yes; 0=no) 0.66 0.47 0 1
BirdChase Bird chasing (1 if yes; 0=no) 0.68 0.47 0 1

Sample size n=485, except for the variable Herbicides, where n=477

#€1=655.957 FCFA. FCFA stands for Franc Communauté Financiére d’Afrique and is the common currency used in the Franc zone in Africa. The
Franc zone is an economic, monetary and cultural area made up of France and 15 African states.

® GP (Grand Périmétre) = Large irrigation schemes (or perimeters). In the SRV there are two dominant irrigation schemes: large irrigation schemes
(Grand Périmétres—GP) and village level schemes (Périmétres Irrigués Villageois—PIV). The two types of schemes differ in size, plot size, soils
and organization. The PIVs cover an area less than 50 ha and are cultivated by farmers from a single village while the GPs can stretch to more than

1,000 ha and are cultivated by farmers from different villages

29 years in the Delta Valley. The variances reported in Table 1
also suggest that experience is more heterogeneous than age.

Results
Estimation of the models

Based on our analytical framework, the following six mod-
els were estimated and compared: (i) CD fixed-effect with a
variable time and time-unvarying TE (CDwvu), (ii) CD fixed-
effect with a dummy time variable and time-unvarying TE
(CDdu), (iii) simplified Translog with a variable time and
time-unvarying TE (TLvu), (iv) CD fixed-effect with a
variable time and time-varying TE (CDvv), (v) CD fixed-
effect with a dummy time and time-varying TE (CDdv), (vi)
simplified Translog with a variable time and time-varying
TE (TVvv). The results are reported in Table 2, but before
discussing them, we also report the conduct of various tests
of hypotheses about the parameters to determine the fixed-
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effects model that best fits our panel dataset (Table 3). The
hypothesis of no farm-specific effects is rejected in all
models, suggesting that the production technology of rice
farming in the SRV is not only characterized by productive
inputs but also by farm-specific management practices. The
appropriate functional form is the simplified translog as the
null-hypothesis of no cross-term between time and inputs
(éx), and no time-square parameter (\) is strongly rejected.
The tests on the non-existence of technical change and the
time-unvarying TE are rejected as well, suggesting that TE
of irrigated rice farmers in the SRV is not constant over time.
Hence, these tests suggest that the production system of
irrigated rice farming in the SRV is best represented by a
fixed-effects simplified translog production function with
time varying TE (TLvv).

We report estimated coefficients of the alternative pro-
duction function specifications in Table 2. The panel dataset
displays limited farm-specific effects; 10-35 % of the farm
dummies were significant at the 5 % level. This can be
explained by the fairly homogenous management practices
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Table 3 Hypothesis tests on the production technology in irrigated
rice farming in the Senegal River Valley

Hypothesis Null-hypothesis F-value Prob. >F Decision
No farm-specific effects

CDvu a;=0 1.52 0.0014  rejected***
CDdu ;=0 1.72 0.0001  rejected***
TLvu ;=0 1.63 0.0002  rejected***
Functional form

CDvu vs. TLvu  ¢3=\=0 11.48 0.0000  rejected***
No technical change

CDvu 6=0 94.80 0.0000  rejected***
CDdu 6=0 36.41 0.0000  rejected***
TLvu Or=0=\=0 24.41 0.0000  rejected***
Hicks-neutral technical change

TLvu ¢x=0 8.81 0.0000  rejected***
Time unvarying technical efficiency

CDvv Pi=o0 1.40 0.0136  rejected**
CDdv Pi=o0 1.72 0.0002  rejected***
TLvv Pi=o0 1.33 0.0311  rejected**

Asterisk (*), double asterisk (**) and triple asterisk (*¥**) denote
variables significant at 10 %, 5 % and 1 % respectively

in the SRV (de Mey et al. 2012). First, we observe that
fertilizer use is a statistically significant production factor, a
result which is robust among all specifications. Secondly, the
variable “Services” is positive and significant in all but one of
the specifications, suggesting that capital-intensive agricultur-
al services are crucial production factors, particularly during
land preparation and harvest/post-harvest operations.

In the TLvv model, with the exception of herbicide use,
the production factors are all statistically significant at the
10 % level. Land, seed, fertilizer and services contribute
positively to rice production. The insignificant coefficient
for herbicide use in a standard CD or translog production
function can be explained by the fact that weed control is
not a productive input, but rather a damage abatement input
which does not directly affect productivity, but indirectly
through TE (Kuosmanen et al. 2006). This is confirmed in
the second-stage analysis in the remainder of this article.
The negative coefficient for labour may be explained by the
extreme year 2006 in which farmers experienced dramatic
bird damage (de Mey et al. 2012). If we capture the annual
effects through year dummies (CDdu and CDdv), the coef-
ficient becomes positive, but small. Nevertheless, the exac-
erbation of biological and institutional constraints in the
SRV towards the end of the surveyed period 2002-2006
have caused a technical regression of irrigated rice farmers,
reflected in the negative sign of the coefficient of the vari-
able “time.” Farmers struggled to cope with adversity; the
interaction terms between inputs and time suggest that they
failed to maintain productivity levels of their land. At the

@ Springer

Table 4 Mean technical efficiency scores of irrigated rice farming in
the Senegal River Valley according to alternative production function
specifications

CDvu CDdu TLvu CDvv CDdv  TLwv
2002 - - - 0.60 0.53 0.62
2003 - - - 0.55 0.65 0.60
2004 - - - 0.64 0.54 0.66
2005 - - - 0.55 0.62 0.57
2006 - - - 0.49 0.57 0.57
Mean 0.57 0.55 0.56 0.57 0.58 0.60
St. Dev. 0.14 0.13 0.13 0.11 0.11 0.10

Minimum 0.24 0.20 0.22 0.29 0.26 0.32

same time, they attempted to compensate the decline in land
productivity through increased productivity levels of labour
and services (measured through the production elasticities).’

Technical efficiency scores

The mean TE scores obtained through the fixed-effects mod-
els ranged from 55 % to 60 % with the highest scores obtained
through the TLvv model (Table 4). Consistent with findings in
the literature, we did not find any considerable differences in
mean TE scores between the fixed-effects models, suggesting
that TE is not conditional on the functional form (Ahmad and
Bravo-Ureta 1996; Good et al. 1993; Maddala 2009). Table 4
illustrates the importance of uncontrolled factors. Almost all
models reached their lowest TE levels in the extreme agricul-
tural season 2006. The CDdv model is the only exception,
which may be explained by the fact that the “bad year” effect
is largely filtered out in the first stage through the year dummy
T 2006, which features a highly significant coefficient. For
the same reason, the “good year” 2004 is identified through
the highest TE scores only by the CDvv and TLvv models as
their production functions are based on a variable year rather
than time dummies. In other words, if the seasonal effects are
interpreted as exogenous productivity shocks and captured by
dummies in the first stage, the TE scores reflect how farmers
have coped despite uncontrolled factors. On the other hand, if
seasonal effects are not captured, the TE scores reflect the
impact of uncontrolled factors on TE.

We further observe that the TE scores feature the lowest
variance in 2004. In Fig. 1 we depict the empirical frequency
distributions of the TLvv model’s TE scores for the five agri-
cultural seasons. First, the unimodal Gaussian shapes of the
distributions indicate the existence of a small subset of techni-
cally efficient farmers. The graphs further visualize how

> In the Translog specification as in equation (2) the production elas-
ticity is 0InY/0InXy, = By + ¢ T . Thus if ¢, = 0, production
elasticity of input k is increasing and if ¢, < 0, production elasticity
of input £ is decreasing (Fan 1991).
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Fig. 1 Empirical frequency distributions of the technical efficiency scores obtained through the TLvv model on the panel dataset of irrigated rice farms

in the Senegal River Valley during the period 2002-2006

a year without extreme disruptions enables farmers to achieve
higher and more homogenous TE levels than a year with
marked disruptions. In other words, if the institutional and
biological constraints could be substantially relaxed, almost
80 % of the irrigated rice farms in the SRV could achieve 60—
70 % of the highest recorded TE levels.

Determinants of technical efficiency

Wang and Schmidt (2002) argue that the two-stage model is
subject to significant biases due to omitted variables in the first
stage and to underdispersion of estimates of the inefficiency
function in the second stage. However, their findings are
based on a stochastic frontier specification rather than a
fixed-effects model which allows for correlation between the
standard factors in the production function and the TE vari-
able. In our second-stage analysis, the logistic transformations
of the TE scores obtained through the TLvv model are
regressed on the production factors and a set of farm character-
istics. As farm-specific and time effects are captured in the
first stage, in the second stage the panel data are pooled. The
results are reported in Table 5. The significant coefficient for
fertilizer use suggests that fertilizers can play a double role in
boosting productivity, i.e. directly as a productive input and

indirectly by raising TE levels. The negative and significant
coefficient for the variable “services” is contradictory and
indicates that external mechanized services affect irrigated
rice farmers’ TE negatively. During our surveys, 23-50 % of
farmers mentioned the poor quality of services and poor
punctuality of service providers. Some farmers rely more on
external services than others. Our econometric results sug-
gests that, although services are a productive factor (signifi-
cant coefficient in Table 2), increasing reliance on external
services may come at the cost of increased exposure of the
production system to inefficiency (Table 5).

The other production factors (land, labour, and seed) do not
seem to significantly affect TE. The observed insignificant
coefficient for herbicide use in our standard CD and translog
production functions (Table 2) may confirm the role of weed
control as a “damage abatement input” (Lichtenberg and
Zilberman 1986) or “facilitating input” (Zhengfei et al. 2006)
rather than a productive input. Alternatively, it could be inter-
preted as an input which does not directly affect productivity,
but indirectly through TE (Kuosmanen et al. 2006). Indeed, in
our second stage model we observe that both damage abate-
ment inputs, i.e. herbicides and bird chasing efforts, significant-
ly enhance TE. Chemical weed control is generally followed
and completed by manual weeding which is one of the RICM

@ Springer
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Table 5 Determinants of technical efficiency in irrigated rice farming
in the Senegal River Valley

Variable Coefficient Standard error t-value
Intercept 0.013 0.144 0.09
Land —-0.093 0.128 -0.72
Labour —-0.00008 0.00006 -1.24
Seed 0.00002 0.0008 0.03
Fertilizer 0.0005%** 0.0002 3.50
Herbicides 0.010%* 0.005 2.31
Services —0. 831%** 0.268 -2.79
Age 0.0004 0.002 0.19
Experience —0.0005 0.002 -0.23
UseASI 0.130%** 0.049 2.63
Credit —0.013 0.079 —0.16
DateSow 0.088* 0.053 1.65
Sahel 0.161%** 0.057 2.80
CertSeed —0.031 0.060 —-0.51
BirdChas 0.217%** 0.050 431
DomAct —0.037 0.066 —-0.56
Levelling —0.035 0.051 —0.68
Zone —-0.086 0.081 -1.06
ModeSeed 0.057 0.076 0.74
GP?* 0.049 0.063 0.77

Adjusted R?=0.13

The dependent variable is the transformed TE scores. Sample size n=
472. Asterisk (*), double asterisk (**) and triple asterisk (***) denote
variables significant at 10 %, 5 % and 1 % respectively

4 GP (Grand Périmetre) = Large irrigation schemes (or perimeters). In the
SRV there are two dominant irrigation schemes: large irrigation schemes
(Grand Périmeétres—GP) and village level schemes (Périmétres Irrigués
Villageois—PIV). The two types of schemes differ in size, plot size, soils
and organization. The PIVs cover an area less than 50 ha and are
cultivated by farmers from a single village while the GPs can stretch to
more than 1,000 ha and are cultivated by farmers from different villages

recommendations. In irrigated rice production in the SRV, pre-
emergence herbicide application substantially facilitates manu-
al weeding labour by reducing initial weed infestation levels
(Demont et al. 2009; Rodenburg and Johnson 2009).

Our model of TE determinants further indicates that timing
of sowing is binding. Suboptimal timing of sowing mainly
occurs due to institutional constraints such as delays in the
access to formal credit and machinery. However, the variable
“obtainment of formal credit” itself is not significant, perhaps
because it does not distinguish between farmers who choose
not to use available credit and farmers who did not have access
to credit. A better measure would have been whether there is a
source of credit available to the farmer, at a reasonable cost,
both in terms of time and money (Doss 2006). Another cause
of delays in rice planting, which can stretch over multiple
seasons, is the irregular availability of machinery for soil
preparation and post-harvest operations.

@ Springer

The use of post-harvest technologies such as the ASI
thresher-cleaner further significantly raises TE levels. Besides
saving labour, the ASI thresher-cleaner also better preserves the
quality of paddy rice during the threshing operation. Improved
varieties such as the Sahel varieties, developed through classi-
cal breeding by the Africa Rice Center (ex WARDA/ADRAO),
also significantly boost TE levels. Further, parallel to the find-
ings of Sherlund et al. (2002) on rice production in Cote
d’Ivoire, we do not observe any statistically significant evi-
dence for the effect of human capital, measured through age
and experience. The insignificance of the use of certified seed
on TE is consistent with farmers’ complaints about the low
quality of certified seed in the SRV during recent years, i.c. they
hardly experience any advantage in using certified seed.
Finally, as shown in Table 5, TE does not seem to be signif-
icantly affected by the mode of seeding, manual levelling of
the plot, the production zone (Middle Valley or Delta), oftf-
farm activities and the type of the irrigation scheme (large
irrigation schemes cultivated by many villages or village level
schemes cultivated by only one village).

Discussion and conclusions

Senegal’s high dependence on rice imports exposes the coun-
try to international market shocks with concomitant risks for
food security. If Senegal wants to reduce import dependency,
policy-makers and stakeholders will need to gradually up-
grade rice value chains in order to enhance the competitive-
ness of domestic relative to imported rice. Recent initiatives in
upgrading the rice value chain have led to the constraint of
insufficient supply of paddy rice in the SRV, implying that
investment in local rice productivity—in order to scale up
local production—is crucial at this stage of development.
The Senegalese GOANA program attempts to relax this
constraint, but is widely considered as being ambitious and
unattainable without significant additional investment
(Demont and Rizzotto 2012). It will require a minimum of
130,720 ha to be planted with rice at the national level,
including nearly 116,000 ha in the SRV, while development
of the area and seed stock needed would take 2 years at a
minimum (USDA 2008). In 2008/09 SRV rice production
increased by 52 % but the increase was attributed to a 54 %
area expansion while rice yields remained constant. The rate
of achievement of the GOANA target was 67 % in 2008/09
and 41 % in 2010/11 (SAED 2008; SAED 2012). At these
rates, it is unlikely that GOANA will reach its target in 2015.
The GOANA program focuses primarily on spatial and
temporal extension of the rice irrigation scheme and largely
ignores other sources of productivity growth. During our
5-year study period, we observed a technical regression
of irrigated rice farmers. Due to the exacerbation of
biological and institutional constraints in the SRV,
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farmers had difficulties in maintaining productivity of
their land. These constraints prevented them from fur-
ther intensification and extensification, jeopardizing the na-
tional objectives of self-sufficiency (de Mey et al. 2012). Due
to market imperfections such as breakdowns of fertilizer sup-
ply and weakness of the credit system, conventional inputs are
often not applied on the recommended dates and at the rec-
ommended rates preventing irrigated rice farmers from
benefiting from the full package of improved technologies
that are available.

Our evidence shows that several sources of productivity
growth, i.e. beyond spatial and temporal extension, are largely
untapped. Raising TE levels through organizational innova-
tion is one of them. When conditions are optimal, most of the
rice growers achieve decent TE levels that are fairly homoge-
neous. However, under suboptimal conditions, TE levels are
low and heterogeneous, implying that some farmers are able
to cope with adversity while others are not. Coping with
adversity is difficult in the SRV as irrigation schemes often
need rehabilitation because of land levelling problems, poor
conditions of irrigation canals and inadequate land prepara-
tion. These latter operations are typically carried out by ser-
vice providers with variable quality and punctuality. Our
evidence suggests that the more farmers rely on those services,
the more they are exposed to inefficiency. As those services
are typically conducted collectively at the level of the irriga-
tion scheme, better quality control should be carried out at the
village level. This will require organizational innovation in
order to optimize collective co-ordination processes (Le Gal
and Papy 1998; Poussin et al. 2006).

Fertilizers are robustly found to be the single most important
source of productivity, boosting both productivity and TE
levels. Nevertheless, despite the rice integrated crop manage-
ment (RICM) recommendations from the Africa Rice Center
(WARDA/SAED 2001) and despite the fact that fertilizer costs
have been halved since 2004 thanks to a 50 % government
subsidy, diammoniumphosphate (DAP) fertilizer is still being
underused on irrigated rice farms in the SRV. According to our
surveys, the main reasons for this are the frequent breakdowns
of fertilizer supply owing to institutional imperfections—the
major national fertilizer factory is largely state-owned—and
rising energy costs in the input market. These findings empha-
size the importance of creating a stable institutional environ-
ment providing timely access to sufficient supplies of fertilizers
for use in irrigated rice production in the SRV.

Our evidence suggests that R&D efforts have positively
affected TE levels in the SRV. Examples are the use of
improved Sahel varieties, the ASI thresher and compliance
with the prescribed RICM sowing recommendations. The
importance of agricultural R&D investment is well known in
the rice sector; 47 % of the global R&D payoffs of the
CGIAR, for instance, have been attributed to rice breeding
(Raitzer and Kelley 2008) and, in turn, 29 % of the returns

from rice genetic enhancements in West Africa, in particular,
were attributable to the CGIAR (Dalton and Guei 2003).
Tollens et al.’s (2013) meta-analysis suggests a high median
rate of return of 68 % to rice genetic improvement R&D in
West and Central Africa. The high returns suggest that there is
still underinvestment in R&D in the rice sector. However, a
precondition to success in genetic improvement is the avail-
ability of quality seed and a functional seed sector. Farmers in
the SRV often complain about the low quality (low germina-
tion rates) of seed which prevents them from sowing at opti-
mal seed rates (de Mey et al. 2012). Our data does not show
any evidence for an efficiency advantage among farmers using
certified seed (Table 5). The existence of asymmetric infor-
mation in the purchase of certified seed urges better control of
quality and involvement of farm organizations in the seed
production process (Poussin et al. 2003; Seck 2011).

Besides their role in boosting TE levels, the R&D results
described above directly contribute to the objectives of the
GOANA program by improving the conditions for double
cropping and, hence, temporal extension of rice irrigation
schemes. Short and medium duration Sahel varieties decrease
the length of the growing cycle; the RICM recommendations
ensure timely sowing; and the ASI thresher saves labour and
time during harvesting. All these factors contribute to a
widening of the timing window for double cropping and
enable better planning of the agricultural season. However,
Krupnik et al. (2012) observed in the SRV that although
many farmers are aware of recommended management prac-
tices, none of them fully implement them in their fields.
Limited adoption of available improved technologies is
symptomatic of the larger region (Seck 2011) and suggests
that more investment is needed in extension.

Finally, our surveys point out that bird control can be seen as a
public good because control practices, carried out by one farmer,
have consequences for neighbouring farmers. If one farmer scares
birds from his field, these birds are only displaced to adjacent
fields and unless all farmers regionally coordinate their bird
control practices, damage will only be shifted among farmers.
This public good-character of bird control underlines the impor-
tance of government intervention. The role of the government is
to take local population control measures to relieve elevated bird
pressure. Providing efficient bird control services to the farmers
can be seen as an important step for increasing domestic rice
production and achieving the national goals of self-sufficiency,
increased food security and reduced poverty (de Mey et al. 2012).
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