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ABSTRACT 

While a number of empirical studies have demonstrated the role of Bt cotton adoption in increasing 
Indian cotton productivity at the farm level, there has been questioning around the overall contribution of 
Bt cotton to the average cotton yield increase observed these last ten years in India. This study examines 
the contribution of Bt cotton adoption to long- term average cotton yields in India using a panel data 
analysis of production variables in nine Indian cotton-producing states from 1975 to 2009. The results 
show that Bt cotton contributed 19 percent of total yield growth over time, or between 0.3 percent and 0.4 
percent per percentage adoption every year since its introduction. Besides Bt cotton, the use of fertilizer 
and the increased adoption of hybrid seeds appear to have contributed to the yield increase over time. 
However, if official Bt cotton adoption contributed to increased yield after 2005, unofficial Bt cotton 
might also have been part of the observed increase of yields starting in 2002, the year of its official 
introduction in India. 

Keywords: Bt cotton, India, panel data, multiple imputation 
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1.  INTRODUCTION 

In the past 10 years, India, formerly self-sufficient or net- cotton- importing nation, has become the 
world’s second producer and exporter of cotton, by doubling its production in five years (for example, 
Gruere, Mehta-Bhatt and Sengupta 2008). While the area of production has increased relatively 
marginally, cotton productivity jumped significantly from 2002 onward, in coincidence with the official 
introduction of transgenic- insect- resistant Bt cotton. Many observers believe that the adoption of Bt 
cotton was actually the engine of cotton productivity growth in India. For example, on October 19, 2011, 
India’s minister of agriculture, Sharad Pawar, noted that seed cotton yields had gone from 1.5 quintal 
(150 kilograms per hectare) to 5 quintal (500 kilograms per hectare) thanks to genetically modified cotton 
adoption (Press Trust of India, 2011). 

Indeed, despite ongoing controversies among civil society groups, more than 25 farmer surveys in 
Indian cotton-producing states have demonstrated the overall positive impact of the technology on yields, 
even if with significant variance across locations, varieties, and over time (for example, Karihaloo and 
Kumar 2009; Rao and Dev 2010; Huang et al. 2011; Raney and Matuschke 2011). Together with total 
insecticide use reduction (for example, International Cotton Advisory Committee 2010), and despite 
higher seed costs, farmers in these studies were found to benefit significantly from adopting Bt cotton (for 
example, Finger et al. 2011; Gruere and Sengupta 2011). Furthermore, additional empirical studies in 
India have shown that Bt cotton reduced the use of pesticides, and thereby had positive health effects on 
cotton farmers (Kouser and Qaim 2011), that additional harvests resulted in increased women’s labor 
opportunities (Subramanian and Qaim 2009), that it did contribute to poverty reduction (Subramanian and 
Qaim 2010), and that it is likely not related to a claimed increase in Indian farmer suicides (Gruere and 
Sengupta 2011). 

At the national level, apart from these micro studies, there are still some questionings around the 
actual contribution of Bt cotton to the observed increase in average yields, compared to other factors. At a 
seminar in November 2009 on the use of socioeconomic assessment in biosafety decision making in New 
Delhi, an Indian cotton specialist emphasized that besides Bt cotton, increased hybrid adoption had played 
a significant role in the observed yield increase. Almost all Bt cotton sold in India is hybrid, but hybrid 
cotton adoption started long before its introduction (for example, Basu and Paroda 1995), so Bt cotton 
adoption could have accelerated the use of high- yielding varieties. Others have noted that the observed 
yield growth might also have been at least partially due to favorable weather conditions, increased 
extension activities in cotton, or the recent increase in cotton prices leading to more investment in input.  
Some studies also contend that the role of Bt cotton was limited in scope, because of the use of low- 
quality varieties, bad expression of the protein, growing insect resistance, or other nonrelated issues (for 
example, Blaise and Kranthi 2011; Glover 2010).  

So if there is an apparent relative agreement about the role of Bt cotton in increasing cotton 
productivity at the farm level in the peer reviewed economics literature, at the macro level, there has been 
questioning around the contribution of Bt cotton to the observed average yield increase. An international 
cotton expert recently noted that it was remarkable to see that the results of farm- level surveys about Bt 
cotton seemed to coincide with macro- level production increases—a feature that is not generally 
observed in cases of technology adoption.1 But is this only a coincidence? This study examines this 
question, which to our knowledge, has not been specifically addressed in the literature, by using a state-
level panel data analysis of average cotton yields in India during the past three decades. The focus is on 
the nine cotton- producing states2 and the best available national and state data from 1975 to 2009 are 
used. 

The following section examines the evidence around Bt cotton and average yields, testing for a 
structural break in the national figures. A panel data analysis is then conducted using an incomplete data 
set (unbalanced panel). A multiple imputation process is then used to provide a complementary set of 
estimations with a balanced panel data set. The last section provides some general conclusions.
                                                      

1 Meeting with John Baffes, Development Prospect Group, World Bank, March 17, 2011. 
2 Andhra Pradesh, Gujarat, Haryana, Karnataka, Madhya Pradesh, Maharashtra, Punjab, Rajasthan, and Tamil Nadu. 
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2.  BT COTTON AND NATIONAL AVERAGE YIELDS 

As shown in Figure 2.1, average cotton yields increased steadily over time in India, in an almost linear 
fashion until 2002, reaching a level close to 300 kilograms per hectare. Starting in 2003, average yields 
increased dramatically, jumping to more than 500 kilograms per hectare in four years, and then remaining 
close to that figure in more recent years. The role of Bt cotton appears significant because its adoption 
started in 2002, but given that the adoption was not fast the first couple of years, perhaps other factors 
contributed to the average yield growth. 

Figure 2.1—Average cotton yields in India, 1950–2010 

 
Source:  Indian Cotton Advisory Board, obtained from International Cotton Advisory Committee. 

Because average yields are defined as the ratio of production to area, this figure could be due to 
changes in both factors or primarily one of them. Figures 2.2 and 2.3 show the total area and total 
production of cotton during the same period. While the production of cotton increased in a very similar 
fashion  average yields, with an acceleration during the post- 2002 era, cotton production area has 
remained relatively constant over time, increasing only marginally after 2002, and increasing again 
around 2007.  This last phase of acceleration, associated with expansion in less productive land, is 
reported to have contributed to the stabilization or slight decrease in average yields observed after 2007 
(Subramani 2011). Still, Figure 2.3 shows that, undeniably, cotton production increased rapidly after 2002 
in this slow expanding area. 
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Figure 2.2—Total cotton production area (in millions of hectares) in India, 1950–2010 

 
Source:  Indian Cotton Advisory Board, obtained from International Cotton Advisory Committee. 

Figure 2.3—Total cotton production (in thousands of metric tons), 1950–2010 

 
Source:  Indian Cotton Advisory Board, obtained from International Cotton Advisory Committee. 

Can the yield growth starting in 2002 define a structural break? We tested this hypothesis with a 
linear regression, using a simple Chow test (Chow, 1960) on a log-linear model, including only the year 
of production as the independent variable. We ran three ordinary least squares regressions: (1) for the 
complete data set, (2) for before 2002, (the year of the official introduction of Bt cotton), and (3) for after 
2002 (included); we derived the test statistic for the null hypothesis of equality between before-Bt and 
after- Bt coefficients as 

𝐶𝑡𝑒𝑠𝑡 = 𝑆𝑆𝐶−(𝑆𝑆𝐵+𝑆𝑆𝐴) 𝑘⁄
((𝑆𝑆𝐵+𝑆𝑆𝐴) (𝑁𝐵+𝑁𝐴−2𝑘)⁄ ), 
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where SSC (respectively, SSA and SSB) is the sum of square errors from the regression with the complete 
data set (the before- and after- Bt cotton truncated data sets), k is the number of regressors, and NA and NB 
are the sample sizes of the two subsamples. In our case, we used data from 1950 to 2010, so N = 61, NB = 
52, NA = 7, and k = 2. The Chow test result is 6.36, which is then used for a statistical F test with degrees 
of freedom = (2, 57). The p -value is found to be equal to .0032; that is, we reject the hypothesis. In other 
words, the model is consistent with a structural change.3Thus, these results indicate that there has been an 
unambiguous change in average yield trends in the period around 2002–/2003. 

Still, the observed national trend masks a significant heterogeneity across states. Figure 2.4 shows 
average yields in the nine cotton-producing states of India. As seen in this figure, while Gujarat, 
Maharashtra, and Tamil Nadu have known a remarkable yield increase, Madhya Pradesh actually reduced 
its average yield after 2002, and other states do not appear to present a significant yield growth in this 
period. Figure 2.5 shows the evolution of production area. Of the three main cotton-producing states, 
Maharashtra, Gujarat, and Andhra Pradesh, only Gujarat increased its cotton cultivation area significantly. 
Last, Figure 2.6 shows production in all the states, and the pattern appears to be much clearer, with 
Gujarat, Maharashtra, and Andhra Pradesh leading the production growth after 2002 and with other states 
following on a much smaller scale. 

Figure 2.4—Average yields (kg/ha) in the nine cotton-producing states, 1975–2010 

 
Source:  Indian Cotton Advisory Board, obtained from International Cotton Advisory Committee. 
Note:  AP = Andhra Pradesh; GJ = Gujarat; HA = Haryana; KA = Karnataka; MP = Madhya Pradesh; MH = Maharashtra; PJ = 

Punjab; RJ = Rajasthan; TN = Tamil Nadu. 

                                                      
3 The same test statistics are confirmed when area is added as an explanatory variable (the only variable for which we have 

61 value); we find that Ctest = 4.66, which leads to an F (3, 55) test p value of .0057, rejecting the null hypothesis of no structural 
break at the 1 percent level. Adding irrigation rates (proportion of irrigated cotton area to the total cotton area), which drop five 
recent points, still results in rejecting the null hypothesis at the 5 percent% level,  (Ctest = 3.51, F(4, 48),) p = .0137. Adding 
annual rainfall or fertilizers does not change this result either while reducing the degrees of freedom of the denominator.  
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Figure 2.5—Production area (thousand ha) in the nine cotton-producing states, 1975–2010 

 
Source:  Indian Cotton Advisory Board, obtained from International Cotton Advisory Committee. 
Note:  AP = Andhra Pradesh; GJ = Gujarat; HA = Haryana; KA = Karnataka; MP = Madhya Pradesh; MH = Maharashtra; PJ = 

Punjab; RJ = Rajasthan; TN = Tamil Nadu. 

Figure 2.6—Production of cotton lint (thousand metric tons) in the nine cotton- producing states, 
1975–2010 

 
Source:  Indian Cotton Advisory Board, obtained from International Cotton Advisory Committee. 
Note:  AP = Andhra Pradesh; GJ = Gujarat; HA = Haryana; KA = Karnataka; MP = Madhya Pradesh; MH = Maharashtra; PJ = 

Punjab; RJ = Rajasthan; TN = Tamil Nadu. 

Bt cotton can have had a significant role in the yield growth of these three major states only if its 
adoption rate was sufficiently large. Figures 2.7 and 2.8 show the official adoption rates and adoption area 
per state. It is well known that illegal cotton adoption spread out in the west, especially in Gujarat (Pray, 
Bengali, and Ramaswami 2005; Lalitha, Pray, and Ramaswami 2008), so these figures underestimate 
adoption there, but they do provide an indication of the dynamics of adoption.  Certain observers argued 
that the jump of yield occurred during 2002–2004, when adoption was low, and it appears that they may 
be correct at least for some states. Maharashtra’s average yields increased mostly between 2002 and 2004, 
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a period in which it had less than 10 percent adoption, and then between 2005 and 2007, when its 
adoption exploded from 20 percent to 90 percent. Andhra Pradesh’s largest increase in yields occurred in 
2002–2003, with very low adoption, and then again in 2005–2007, with adoption jumping from 20 
percent to 95 percent. Gujarat’s main increase in average yields and production occurred in 2003–2005, 
when official adoption was less than 10 percent but actual adoption was probably much more. Lalitha, 
Pray, and Ramaswami (2008) report that the area under illegal Bt cotton seeds in Gujarat exceeded the 
one with legal seeds from 2002–2003 until 2005–2006.4 

Figure 2.7—Bt cotton official adoption (in percentages) in each state, 2002–2008 

 
Source:  Derived from Choudhary and Gaur (2010).  
Note:  Northern zone is the average adoption for Haryana, Punjab, and Rajasthan. 

Figure 2.8—Area of official adoption (in thousands of hectares) of Bt cotton per state, 2002–2009 

 
Source:  Choudhary and Gaur (2010). 
Note:  Northern zone is the average adoption for Haryana, Punjab, and Rajasthan. 
  

                                                      
4 Furthermore, the fact that adoption in 2008 was only 60 percent in Gujarat compared to 90 percent elsewhere suggests a 

potential bias of around 30 percent. 
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These figures therefore raise the question of an alternative reason for the early jump in yields in 
2002–2005 (observed in Figure 2.1). If major cotton states such as Andhra Pradesh and Maharashtra 
increased yields with very small adoption rates, what contributed to this early jump in yields? Does illegal 
adoption of Bt especially in Gujarat (Lalitha, Pray, and Ramaswami 2008) explain this discrepancy? 
Moreover, was the observed structural break in 2002 really associated with Bt cotton? Further analysis 
shows that the Chow test does not reject the presence of a break in 2005,5 when Bt cotton started to be 
largely adopted (according to official figures), but the role of other factors remains to be determined in a 
more quantitative setting, as addressed in the next section. 

                                                      
5 With year only, CTest(2, 57) = 7.34, p = .0015; adding area, Ctest(3, 55) = 5.02, p = .0038. We can’t add irrigation or rain 

(variables available only before 2005), but using fertilizers (available only until 2007) with areas does result in rejecting the null 
hypothesis.  
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3.  PANEL DATA ANALYSIS USING INCOMPLETE DATA SET 

To assess the role of Bt and other factors, we use a conventional Cobb-Douglas functional form, 

 𝑙𝑛𝑌𝑖𝑡 = 𝛼𝑖 + ∑𝛽𝑘𝑋𝑖𝑘 + 𝛾𝐵𝑇𝑖𝑡 + 𝜀𝑖𝑡 (1) 

where Yit is the yield in each state i during each year t, Xit is the explanatory factors, BTit is the indicator 
variable for the use of Bt cotton, 𝜀𝑖𝑡 is the error terms, and 𝛼𝑖 is the state- specific effects (Cameron and 
Trivedi 2005). We include key productivity- influencing variables: inputs such as synthetic fertilizers, 
manure, hybrids, pesticides, labor, irrigation facilities, and weather- related variables (rainfall) as well as 
output-related factors, that is, lagged cotton prices and area of cultivation.6 For each of the input 
variables, we assume that an increased use would increase productivity, except in the case of pesticide, 
where long- run pesticide use could also decrease with Bt cotton use. We further expect to have a 
potentially positive effect of lagged price on cotton yields and a negative effect of area on yields. 

In the case of Bt cotton, we use two alternative regressors, a dummy variable equal to one each 
year after the introduction of Bt cotton (initial year included), and the official adoption rate in percentage 
(as shown in Figure 2.7.7 By comparing results of regressions with each of these two variables, we aim to 
separate the two hypotheses formulated above, that is, (hypothesis A) that the early jump in yields (2002–
2005) was not due to Bt cotton (given its low adoption) and (hypothesis (B) that it was in fact in part due 
to Bt cotton’s illegal or unofficial varieties spread, and therefore not reported in the official adoption 
rates. Furthermore, this comparison can also help explain whether the productivity growth may have been 
due to both types of adoption (hypothesis C), to one type but not the other (hypothesis D), or to neither 
(hypothesis E). Table 3.1 synthesizes possible interpretations to different regression results. 

Table 3.1—Determining the role of unofficial versus official variety adoption based on analysis 

Coefficient on  
Bt Dummy Variable 

Coefficient on  
Adoption Rate Possible Interpretation 

Significant Significant Two successive increases explained by unofficial and 
then official Bt cotton adoption (hypotheses B and C) 

Significant Nonsignificant Unofficial Bt leading the jump in productivity, official 
adoption marginal effects (hypotheses B and D) 

Nonsignificant Significant Other factors played a role early, official Bt adoption 
contributed later (hypotheses A and D) 

Nonsignificant Nonsignificant Bt was not a major contributor to the jump in 
productivity (hypotheses A and E) 

Source:  Authors. 
Note:  Significant coefficients are expected to be positive. 

Descriptive statistics for the variables used in the regression are presented in Table 3.2. As shown 
in this table, none of the variables, except the Bt dummy are continuously available, that is, representing 
nine states for the 35-year span from 1975 to 2009. Despite all our efforts, consulting the major Indian 
databases (including Official Statistics of India on IndiaStat.com) on the Internet and in New Delhi, and 

                                                      
6 We left out extension expenditures for lack of sufficiently comprehensive data. Tests with incomplete series (multiple 

imputation) of data based on Rani (2007)—number of cotton frontline demonstrations from 1996–1997 to 2006–2007 by cotton 
zone rather than state—still found that extension expenditures did not have a significant effect on yields, and that they did not add 
any explanatory power to the selected models.  

7 This second option is similar to Ramaswami, Pray, and Kelley (2002), where the authors use the proportion of a district’s 
crop area seeded with high-yielding varieties.  
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asking economists and agriculture specialists in India, we came to the conclusion that no such data set 
exists. Instead, a significant amount of data is available for many variables from official sources in 
segments (covering only a few years or a few states). 

Table 3.2—Descriptive statistics 
Variable Name Description Observations Minimum Maximum Mean 
Dependent variable       
Log of cotton yieldsa Log of cotton yield (100 kilograms 

per hectare) 187 0.93 3.19 2.23 
      
Independent variables      
Bt cotton adoption      
Dummy of adoptionb Dummy: 1 = Bt cotton was 

introduced in the state 315 0 1 0.20 
Adoption rateb Proportion of Bt—cotton area 

cultivated to the total cotton area 306 0.00 0.99 0.06 
Rainfall deviation Absolute value of rainfall deviation 

in the growing season 297 0.03 388.27 117.54 
Fertilizer usea Fertilizer input (kilograms per 

hectare) 187 16.11 308.46 97.62 
Manure usea Manure input (Quintals per hectare) 174 0.00 96.10 17.29 
Seed costa Cost of seed (Rupees. per hectare) 191 28.14 3,779.76 797.22 
Human labora Quantity of farm human labor input 

(man-hours/hectare) 186 264.06 1,686.94 810.87 
Pesticidesc Pesticide consumption for the state 

(metric tons) 201 645.00 13,650.00 
3,965.2

6 
Cotton price index, 
laggedc Cotlook price index 261 41.80 94.30 67.98 
Cotton areac Cotton area (1,000 hectares) 306 85.00 3,254.00 888.66 
Irrigation ratec Proportion of irrigated cotton area 

to the total cotton area 108 0.03 1.43 0.50 
Sources:  a Directorate of Statistics (1991, 1996, 2011). b. Choudhary and Gaur (2010). c. IndiaStat.com. 

The most complete data set available was the Cost of Cultivation data set, published by the 
Department of Statistics of the Ministry of Agriculture (Directorate of Statistics 2011), which is an annual 
report at the state level of the key input quantities and costs for major commodities, based on 
representative production surveys conducted by extension officers in each state. This data set, which 
includes categories of input quantities and cost, is available quasi-completely (and was recently added to 
the Internet) for the nine states between 1996 and 2009, but only in segments for earlier years (for 
example, limited states and/or limited to 1975–1984). We used the yield level from this data set for 
consistency purposes, since input factors are taken from the same data set. 

In the case of prices, area,8 rainfall, irrigation, and adoption, we obtained estimates from other 
sources. In the case of hybrid cotton, we asked several cotton experts both inside and outside India were 
not able to find a variable that would continuously cover the last decade (IndiaStat.com provides only 
partial data before 1996). Since this variable was thought to be important, we used the seed cost variable 
of the Cost of Cultivation data as a proxy for hybrid adoption. Given the large price difference with open 
pollinated varieties, and the fact that until 2009 virtually all Bt cotton was hybrid, we believe that an 

                                                      
8 The use of an alternative variable—area relative to long- term average for 1975–2009—for cotton area to represent area 

expansion over time derived similar results and is therefore not presented. 
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increased average seed cost would inevitably characterize an increased adoption in cotton hybrids. In the 
case of rainfall, rather than annual absolute precipitation, we used absolute deviation from the mean 
during the critical months of the crop season for each state, following a procedure described in the 
appendix, to emphasize seasons of excessive drought or excessive precipitation. 

Given that the gaps in each variable did not generally coincide, especially for those not from the 
Cost of Cultivation data set, the resulting panel is very limited in size if we include all variables. In 
particular, the variable on irrigation constrains the whole data set significantly, reducing it to a very small 
subset of the maximum possible of 187 (dependent variable). To preserve degrees of freedom, while 
avoiding compromising with the key productivity factors, and noting that rainfall deviation would provide 
an imperfect indicator of water availability, we kept all variables except irrigation, which led to a 
balanced panel data set of 110 observations. 

Two alternative models were estimated, with the Bt dummy and the adoption rate, as proposed 
above. The results are shown in Table 3.3. We tested for heteroscedasticity and did not reject the null 
hypothesis of homoscedasticity; therefore, we did not correct standard errors.9 We used the Hausman test 
(Hausman 1978) to determine the best model to use in each case (for example, see Cameron and Trivedi 
2005). In the first specification (Bt dummy), the test rejected the null hypothesis that the selected 
regressors are strictly exogenous with respect to the state- specific unobserved effects, and a fixed effect 
estimator is used to obtain consistent estimates. Conversely, the null hypothesis is not rejected in the 
second model, and we use a random effect estimator.10 

Table 3.3—Summary of panel regressions of complete cases 

Variable Dummy of Adoption Adoption Rate 
Coefficient t Statistics p Value Coefficient t Statistics p Value 

Bt cotton adoption 0.1899 2.94*** .004 0.3942 2.02** .043 

Rainfall deviation –0.0004 –1.52 .133 –0.0007 –1.63 .103 

Fertilizer 0.0035 3.89*** .000 0.0030 2.60*** .009 

Manure 0.0011 0.41 .685 0.0003 0.11 .911 

Seed cost 0.0001 3.19*** .002 0.0002 2.93*** .003 

Human labor 0.0008 4.56*** .000 0.0003 1.54 .122 

Pesticide 0.0002 –1.34 .182 0.0001 3.69*** .000 
Cotton price index, 
lagged 0.0032 1.57 .121 –0.0001 –0.03 .973 

Cotton area –0.0001 –0.71 .483 –0.0001 –1.44 .151 

Constant 1.0692 4.73*** .000 1.4742 6.21*** .000 
Number of 
observations 110 110 

Number of groups 9 9 
F statistics 23.5 3.34 
Probability > F .000 .000 
R-squared 
(within/overall) .6969 .4849 
Hausman test: χ2 36.92 3.34 

Panel data model  Fixed effect Random effect 
Source:  Results from the analysis. 
Note:  **Significant at 5 percent. ***Significant at 1 percent. 

                                                      
9 Specific results are available upon request. 
10 It is important to note these differences which somewhat limit the value of pairwise comparison across models, but we 

still can observe consistency in results. 
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4.  MULTIPLE IMPUTATION ESTIMATIONS 

A number of approaches can be used to address the issue of incomplete or missing data, each with its 
advantages and drawbacks. Here, we use multiple imputation (for example, see Rubin 1987, 1996; 
Schafer 1997), to represent the uncertainties around the missing data. This method has the advantage of 
drawing valid statistical inferences from a completed data set. Introducing appropriate random error into 
the imputation process helps generate unbiased estimates of the parameters, and repeated imputation 
allows us to get good estimates of the standard errors. 

The principle of multiple imputations is to derive estimates from a small set of repeated 
regressions, each using a data set completed with imputed values (Rubin 1987). More specifically, the 
process follows three steps (for example, as explained in Marchenko 2009 or Allison 2000): (1) 
imputation: a small number of data sets (3–10) are completed based on prior distribution of probabilities; 
(2) completed-data analysis: each of the data sets is analyzed, following the primary specification; and (3) 
pooling: these results are combined following Rubin’s (1987) combination rules (for example, sample 
averages of estimates).  

One of the critical assumptions for obtaining valid inferences from multiple imputation is that 
missing values should be missing at random (Little and Rubin 1987), that is, that their absence does not 
convey any information about the data set. In our case, the data set is based on statistical agricultural 
production, and missing data (for specific years and states) a priori comply with this requirement. The 
results of multiple imputation are validated if the used imputation method (step 1) follows Rubin’s (1987) 
recommendations, which we do, and if the model used in step 2 that is, the original analysis, without 
multiple imputation) is statistically valid (Rubin 1987). 

In our case, we first define the imputed data and the dependent and independent variables 
containing missing values that need to be imputed: log of cotton yield, fertilizer, manure, seed cost, 
human labor, pesticide, and irrigation rate as shown in Table 4.1. We do not impute international price or 
rainfall deviation, but we include irrigation rate to include in an extended model analysis. The program 
then imputes 10 versions of the missing values using multivariate normal regressions.11 Multivariate 
normal regressions are computed using an iterative Markov chain Monte Carlo method. Last, the new 
panels are estimated with nonimputed variables and pooled to provide a consistent estimate of each 
coefficient. We run the same models as with the incomplete panel (with fixed effect and random effect),12 
with correction for possible heteroscedasticity during the data-imputation process. 

Table 4.1—Values missing by variable 

Variable Complete Incomplete Imputed Total 

Log of cotton yield 187 128 128 315 

Fertilizer 187 128 128 315 

Manure 174 141 141 315 

Seed cost 191 124 124 315 

Human labor 186 129 129 315 

Pesticide 201 114 114 315 

Irrigation rate 108 207 207 315 

Source:  Authors. 

                                                      
11 We choose multivariate normal regressions due to the arbitrary missing pattern and continuous feature of our missing 

variables. 
12 If the imputation process is correctly generated and the missing variables are missed at random, we can assume that the 

unobserved errors are consistent with the original incomplete data set.  
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The results of the regression using the variables selected in the incomplete panel (original model) 
are shown in Table 4.255.13 Several key differences with the incomplete panel emerge. First, Bt cotton 
adoption rate has a positive effect on yields, but the dummy variable does not. Second, seed costs—but 
also fertilizer use, manure, and pesticide use—have a positive significant effect on yields, regardless of 
the specification. Thus, we also find that hybrids and key agronomic outputs contributed to increase 
yields over time, as expected, but that Bt cotton introduction itself may not have had a significant effect if 
considering 27 years (1981–2007) of completed panel data.14 This second set of estimation is therefore 
consistent with the third possible interpretation of the yield jump in Table 3.1; Bt cotton adoption 
contributed significantly to yield increase but that the early productivity jump was not overall due to Bt 
cotton informal introduction but rather to other factors (hypotheses A and D). Furthermore, the results 
suggest that Bt cotton contributed an average 0.33 percent of yield increase per percentage adoption per 
state since its introduction, a figure broadly consistent with the earlier result with the same model.  

Table 4.2—Summary of panel regressions of multiple imputations (original model) 

Variable 
Dummy of Adoption Adoption Rate 

Coefficient t Statistics p Value Coefficient t Statistics p Value 

Bt cotton adoption 0.1419 1.41 .166 0.3358 2.04** .046 

Rainfall deviation –0.0000 –0.18 .857 –0.0000 –0.14 .885 

Fertilizer 0.0036 2.88** .011 0.0036 3.29*** .002 

Manure –0.0010 –0.33 .747 –0.0020 –0.67 .504 

Seed cost 0.0005 2.95*** .005 0.0004 1.86* .064 

Human labor 0.0001 2.47** .022 0.0002 2.72** .009 

Pesticide 0.0000 2.38** .030 0.0001 2.78** .007 
Cotton price index, 
lagged 0.0025 1.07 .291 0.0017 0.79 .432 

Cotton area 0.0001 0.68 .501 –0.0001 –1.44 .161 

Constant 0.9238 3.96*** .000 1.1633 3.77*** .000 

Number of observations 243 243 

Number of groups 9 9 
F statistics 13.41 12.61 
Probability > F .000 .000 

Panel data model  Fixed effect Random effect 

Source:  Authors’ estimations 
Note:  ***", "**", "*" represents significance at 1%, 5%, and 10%, respectively. 

Because of its importance, we ran an extended model that also included irrigation rates (as 
imputed). The results of the regression are shown in Table 4.3. Once again, we find the adoption rate, but 
not the dummy variable, to be significant and positive, confirming the hypothesis that Bt cotton adoption 
had a later effect and that the early jump in yields was not driven by unofficial varieties (hypotheses A 
and D in Table 3.1). Other factors matter consistently across the model, such as fertilizer, seed cost, and 
human labor. The effects of pesticides are not significant, but irrigation percentage rates do contribute to 
increases in cotton productivity as expected. Including irrigation reduces slightly the annual contribution 
of Bt cotton to the overall yield growth, reaching around 0.29 percent per percentage adoption in each 

                                                      
13 Note that the inclusion of the cotton price index and the rainfall variables, together available only from 1981 to 2007, 

limits the number of observations to 9 × 27 = 243 instead of a total possible of 315 (Table 1.4). 
14 See footnote 13. 
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state. In comparison, a 1 percent increase in irrigation does increase yield by 0.53 to 0.60 percent in each 
state. Naturally these are average annual effects over a 27-year time span, and irrigation rate likely 
increased significantly over time even before Bt cotton was introduced. But once again it emphasizes the 
partial even if significant effect of Bt cotton adoption on cotton yield growth. 

Table 4.3—Summary of panel regressions of multiple imputations (extended model with irrigation 
rate) 

Variable 
Dummy of Adoption Adoption Rate 

Coefficient t Statistics p Value Coefficient t Statistics p Value 

Bt cotton adoption 0.1243 1.33 .257 0.2866 2.31** .029 

Rainfall deviation –0.0000 –0.12 .914 0.0000 0.00 .996 

Fertilizer 0.0039 3.46** .069 0.0040 3.80*** .001 

Manure 0.0016 0.65 .559 0.0016 0.69 .490 

Seed cost 0.0002 3.11** .050 0.0002 3.65*** .001 

Human labor 0.0006 3.50** .016 0.0005 3.01*** .003 

Pesticide 0.0000 0.16 .886 0.0000 0.34 .736 

Cotton price index, lagged 0.0024 1.13 .320 0.0016 0.85 .399 

Cotton area 0.0001 0.79 .476 0.0000 0.22 .824 

Irrigation rate 0.5349 4.93** .018 0.6075 5.36*** .000 

Constant 0.6085 2.72** .059 0.7439 3.85*** .000 

Number of observations 243 243 

Number of groups 9 9 
F statistics 13.64 23.44 
Probability > F .000 .000 

Panel data model  Fixed effect Random effect 

Source:  Authors’ estimations. 
Note:  ***", "**", "*" represents significance at 1%, 5%, and 10%, respectively. 
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5.  CONCLUSIONS 

This study examines the contribution of Bt cotton to the observed increase in average cotton yields in 
India starting in 2002. A number of farm-level studies have shown that,  on average, Bt cotton has been a 
yield-increasing technology, but their results vary widely by location and over time and are based on 
limited, albeit statistically representative, samples. In contrast, this study looked at state-level adoption of 
Bt cotton and its effects on average yields since its introduction using a longitudinal data set from the 
Indian Ministry of Agriculture.  

We first looked at yields, production, and area trends over time. At the national level, we 
confirmed the presence of a structural break in yields in 2002. We then found that in major cotton states, 
the first large observed increase in average yields occurred between 2002 and 2004, at a time when the 
official rates of adoption of Bt cotton were still low, and a second increase occurred when adoption 
started to increase in 2005. This prompted us to formulate the hypothesis that Bt cotton might have had no 
role years during 2003-05 yield leap, as compared to other factors, or that if it had, it was because of 
unofficial adoption of Bt varieties, as observed in Gujarat. We further hypothesized that Bt cotton 
contributed to a second yield leap later on with increasing adoption rates. 

To test these hypotheses and assess the potential contribution of Bt cotton, we then used a set of 
linear panel estimations of average cotton yields over time in the nine main cotton- producing states of 
India, including key input and output variables. We used two models to address the hypotheses, one with 
a dummy variable for Bt and the other with the adoption rate, and ran regressions on a limited balanced 
panel and a complete data set using multiple imputations. 

Our results show that Bt cotton contributed significantly to cotton yield growth, ranging from a 
0.29 percent to 0.39 percent annual increase in yield for each percentage adoption in each state, or a total 
increase contribution of 19 percent over time between 1975 and 2010. But the results show that other key 
factors were consistently significant, especially the use of fertilizers and of hybrid seeds. Human labor, 
pesticides, and especially the use of irrigation are also found to have had significant effects in several of 
the regressions. Second, our findings suggest that Bt did contribute to the second increase in cotton 
productivity (after 2005) but remain inconsistent regarding the possible impact of unofficial Bt cotton 
adoption in the early years. 

Several studies have reported the prevalent use of unofficial Bt cotton long before its official 
approval in 2002, especially in Gujarat, a state that has led the whole country in cotton production 
increase during the past decade. But due to incomplete data and lack of information on adoption rates of 
these unofficial varieties, we still cannot be sure of the actual contribution during this particular period. 

While it is clear that Bt cotton was an engine of productivity growth, more research is needed to 
further explore the apparent contradiction between the early jump in yields (2002-2005) that cannot be 
explained by other factors and the reported low adoption of Bt cotton in many states at that time. 
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APPENDIX 

Procedure to Derive the Absolute Rainfall Deviation 

• Step 1: We computed the total rainfall amount during the key months of the growing season 
(a different months for each region): 
− Northern zone (Punjab, Rajasthan, Haryana)—Kharif: June, July, August, and 

September; 
− Central zone (Gujarat, Maharashtra, Madhya Pradesh)—Kharif: July, August, September, 

and October; and 
− Southern zone (Andhra Pradesh, Karnataka, Tamil Nadu)—Kharif and Rabbi: March, 

April, May, July, August, September, and October. 

• Step 2: We calculated the average rainfall during the growing season for each state, using 
data from 1950 to 2008. 

• Step 3: We generated the rainfall deviation for each state, defined as the rainfall amount in 
the growing season (step 1) minus the long-term average (step 2). 

• Step 4: We took the absolute value of the deviation derived in step 3. 
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