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ABSTRACT 

Bt cotton remains one of the most widely grown biotech crops among smallholder farmers. Numerous 
studies, including those previously conducted in Pakistan, attest to its yield and cost advantages. 
However, the effectiveness of Bt toxin, which depends on many technical constraints, is heterogeneous. 
Furthermore, in Pakistan, the diffusion of Bt cotton varieties occurred despite a weak regulatory system 
and without seed quality control; evidence demonstrates that varieties sold as Bt may not contain the 
genes or express them effectively. We use data collected from a sample that is statistically representative 
of the nation’s cotton growers to test the effects of Bt cotton use on productivity in a damage control 
framework. Unlike previous studies, we employ five measures of Bt identity: name, official approval 
status, farmer belief, laboratory tests of Bt presence in plant tissue, and biophysical assays measuring Bt 
effectiveness. Only farmers’ belief that a variety is Bt affects cotton productivity. Although all measures 
reduce damage from pests, the biophysical indicators have the largest effect, and official approval has the 
weakest. For applied economists, findings highlight the importance of getting the data right concerning 
Bt. For policy makers, they suggest the need, on ethical if not productivity grounds, to monitor variety 
integrity closer to point of sale. 

Keywords:  biotechnology, cotton, damage abatement, Pakistan 
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1.  INTRODUCTION 

Bt cotton varieties are popular among farmers in both industrialized and nonindustrialized agriculture 
because they confer resistance to a major order of insect pests (lepidoptera). Following their initial release 
in the United States in 1996, experts predicted that Bt cotton varieties would boost yields especially in 
developing agricultural economies, where conventional methods of controlling these pests—which 
involve the repeated application of insecticides—are especially costly or poorly managed (for example, 
Qaim and Zilberman 2003). Subsequent reviews of economic analyses based on farm surveys (Qaim 
2009; Smale, Niane, and Zambrano 2010), as well as meta-analyses (Finger et al. 2011; Areal, Riesgo, 
and Rodríguez-Cerezo 2013; Klümper and Qaim 2014), have generally borne out this prediction. Perhaps 
the strongest evidence is that on a global scale, Bt cotton remains one of the most widely grown 
genetically modified (GM) crops among smallholder farmers in nonindustrialized agriculture (James 
2014). 

However, distinguishing whether it is the expression of the Bt toxin, the host cotton variety in 
which it is inserted, or superior management by adopting farmers that most explains the yield gains 
associated with growing Bt cotton is not a straightforward exercise (see studies by Huang et al. 2002 for 
China; Crost et al. 2007 for India; Areal, Riesgo, and Rodríguez-Cerezo 2013). First, Bt toxin is 
expressed across a range of values, not all of which may be lethal for the targeted pest. Second, farmers 
who grow Bt cotton varieties may manage them differently than they would non-Bt varieties. For 
example, Gruère and Sun (2012) concluded that prior to 2005 much of the documented growth in India’s 
national cotton yields was attributable to the use of fertilizer and cotton hybrids that preceded the 2002 
release of the Bt trait in cotton. Third, the host variety, or the brand, may itself convey greater (or less) 
yield potential than the genetic background of the non-Bt variety, either complementing or counteracting 
Bt expression. Finally, and most critical for the analysis presented here, is that Bt is a damage-abating 
rather than a yield-enhancing input. 

In Pakistan, analyses generated from household survey data have also consistently demonstrated 
that Bt cotton varieties generate higher yields and farmers who grow them use less pesticide (Ali and 
Abdulai 2010; Nazli et al. 2012; Kouser and Qaim 2013a, 2013b). Yet a salient feature of Bt cotton 
production in Pakistan is that the release and diffusion of Bt varieties occurred under a regulatory system 
that was weak in terms of both seed quality assurance and biosafety (Rana 2014; Spielman, Nazli, et al. 
2015). Evidence of Bt cotton cultivation was found as early as 2002, but it was not until 2010 that 
Pakistan’s National Biosafety Committee gave its first variety-specific approvals for the release of Bt 
cotton (Nazli et al. 2012). Even so, biosafety regulations pertain to the health and environmental safety of 
Bt cotton and not to seed quality. Between 2010 and 2014, there were 32 approved varieties of Bt cotton 
in Pakistan, although numerous other unapproved Bt varieties of possibly variable quality are thought to 
be available in the market (Spielman, Nazli, et al. 2015). 

In the absence of seed quality regulations, farmers are often unable to obtain full information 
about a seed’s genetic content and performance prior to cultivation based solely on visual inspection of 
the seed (Tripp and Louwaars 1997). This provides seed sellers with opportunities to market poor-quality 
seed bearing the Bt name but not necessarily expressing a sufficiently lethal level of the insect-resistance 
trait, further allowing them to capture rents accruing from this information asymmetry, especially where 
farmers have no recourse if defrauded (Spielman, Nazli, et al. 2015). 

Furthermore, the introgression of Bt (Cry) genes into cotton does not ensure that resistance to 
lepidopteran pests is effective, and the degree of effectiveness depends on many technical constraints 
related to plant breeding and genetic transformation methods (for example, Xia, Xu, and Guo 2005; 
Showalter et al. 2009). In Pakistan, breeders often develop Bt cotton varieties by backcrossing local 
genotypes with alien Bt varieties that contain the Bt gene through a Cry1Ac event that was not patented in 
Pakistan (Ali et al. 2012). Thus, the efficacy of the insect-resistance trait is influenced by the local 
genotype, the identity of the alien Bt variety, conditions in the laboratory where the transformation is 
conducted, and the backcrossing procedure. 
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Recent studies draw attention to the complexity of this challenge, indicating that some cotton 
varieties produced in Pakistan do not have sufficient Bt toxin expression or do not resist bollworms 
effectively. In a survey undertaken during the 2007/2008 season, Ali et al. (2010) found that 19 percent of 
seed samples drawn from farmers’ fields in Sindh and 10 percent of those collected in Punjab tested 
nonpositive for Bt toxin expression. In 2011, Ali et al. (2012) conducted a similar study with the seed 
samples obtained directly from the market and found that 30 percent of the varieties tested nonpositive for 
the Bt gene expression. In 2012, Cheema et al. (2015) collected Bt cotton seed samples from farmers and 
seed dealers in selected districts in Punjab and found sublethal concentrations of the Bt toxin in 98 
percent of the genotypes tested. 

Not only is the presence and efficacy of the Bt gene questionable in some varieties sold as Bt, but 
farmers are unsure about the integrity of the seed they purchase before planting. Here, the term integrity 
refers to seed’s being true to its type or true to its label. Variety integrity implies that the physical, 
physiological, and genetic characteristics of the seed are consistent in some specified manner that is 
measurable and recognizable to farmers (Sperling, Osborne, and Cooper 2004). To illustrate the issue of 
seed integrity in Pakistan’s Bt cotton market, note that household survey data collected in 2013 showed 
that more than 7 percent of farmers misreported whether they were cultivating a Bt or non-Bt cotton 
variety, a finding derived simply by comparing the variety named by the farmer against information about 
whether that variety was marketed as containing the Bt gene (Spielman, Zaidi, et al. 2015). 

The lack of, or ineffectiveness of, the Bt toxin in a so-called Bt cotton variety raises nontrivial 
issues for both Pakistan’s economy and the international cotton market. Cotton is an important source of 
rural income in Pakistan, with approximately 2.2 million farms directly engaged in cotton cultivation, 
accounting for 26 percent of all farms in the country (Pakistan Bureau of Statistics 2012). Cotton also 
accounts for more than 50 percent of foreign exchange earnings via the textiles industry (Pakistan, MoF 
2013). Globally, Pakistan has been consistently ranked as the world’s fourth-largest cotton producer and 
third-largest consumer (Pakistan. MoF 2013). 

Ineffectiveness of Bt cotton could potentially contribute to the natural evolution of pest 
resistance, encumbering farmers with greater losses and insecticide costs in the future. Kouser and Qaim 
(2013b) observe that while cotton growers in Pakistan apply less pesticide to plots where they plant Bt 
varieties, these reductions are small in comparison to those observed in studies from other developing 
countries. This is consistent with findings from China, where Huang et al. (2002) reported that despite 
reductions in pesticide application, overuse continued among cotton growers even after adoption of Bt 
cotton varieties. Pemsl, Waibel, and Gutierrez (2005) identified market and institutional failures as 
possible reasons for such practices, although more recent work by Liu and Huang (2013) attributes this 
problem to the risk preferences of cotton farmers. A competing hypothesis is that because the quality of 
the Bt cotton varieties may not be high enough to resist pests effectively, farmers continue to apply high 
levels of pesticides to ensure their crop is adequately protected from cotton bollworms. In Pakistan, one 
possible reason they can afford to do this is the relatively low cost of Bt cotton seed. 

In this paper, we examine how the integrity of Bt cotton varieties affects cotton yields and pest 
damage among cotton growers in Pakistan. We invoke five definitions of Bt integrity based on data from 
face-to-face interviews: (1) whether the variety identified by the farmer is named as a Bt or non-Bt variety 
by the supplier, (2) whether the variety as identified by the farmer is entered in the official catalog as a Bt 
variety, (3) whether the farmer believes the variety is Bt, (4) whether the presence of Bt is confirmed or 
rejected by laboratory tests of cotton tissue samples taken from the main plots of farmers’ fields, and (5) 
whether further laboratory tests indicate that the expression of the Bt toxin in the cotton tissue sample is 
effective in causing mortality in targeted insects by meeting a determined threshold level. 

These laboratory tests, although frequently employed in the biophysical sciences, rarely have 
been used in applied economics studies apart from Pemsl, Waibel, and Gutierrez (2005) and Hoffmann et 
al. (2013). In this study, two specific laboratory tests were employed to construct the fourth and fifth 
indicators, respectively: lateral flow strip assays (commercially known as ImmunoStrip tests or “strip” 
tests) to test for the presence of the Bt (Cry) protein, measured as a binary variable, and antibody-based 
enzyme-linked immunosorbent assay (ELISA) tests to assess the expression levels of protein, measured as 
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a continuous variable. Similar to Pemsl, Waibel, and Gutierrez (2005), we also conducted an independent 
bioassay to determine the lethal Bt toxin expression level for a common group of target insects (Spielman, 
Zaidi, et al. 2015). Only Bt varieties with ELISA test scores that surpassed the threshold determined by 
the bioassay are classified as effective. 

Our analysis contributes to the literature in two ways. First, as compared to previous applied 
microeconomics studies conducted in Pakistan (Ali and Abdulai 2010; Nazli et al. 2012; Kouser and 
Qaim 2013a, 2013b), we use data collected from a detailed survey of a nationally representative sample of 
cotton growers. Previous micro-evidence was not fully representative of the heterogeneity in both cotton-
cultivating households and the agroclimatic conditions under which they cultivate cotton. Second, as 
compared to previous analyses of the productivity impacts of Bt cotton (for example, Huang et al. 2002; 
Qaim and de Janvry 2005; Kouser and Qaim 2013a, 2013b), which differentiated Bt and non-Bt varieties 
based solely on name, we use farmer perceptions as well as results of laboratory tests in our analysis. 
Clearly, a variable based on name is appropriate if cotton varieties sold and/or planted as Bt consistently 
carry the Bt genes and consistently express themselves at lethal levels. If, as the evidence suggests for 
Pakistan, variety integrity is questionable or the quality of Bt cotton varieties is heterogeneous, use of a 
variable based on name could bias results. The application of a more accurate binary measure, such as the 
strip test, could alleviate this problem. An indicator based on a continuous measure such as the ELISA 
score could offer even greater insights because it contains more information about gene expression than a 
binary test. Finally, careful consideration of the differences between farmers’ beliefs and laboratory test 
results—and when we explore the relationship between these findings to the on-farm performance of Bt 
cotton in Pakistan—provides potentially valuable insights for the design and implementation of policies 
regulating the testing, approval, and distribution of Bt cotton. 

Below, we begin by presenting the modeling framework, with reference to key literature and 
previous findings. In Section 3, we present the elements of our empirical strategy, including the data 
source and variable definitions. Findings, including descriptive statistics, regression results, and 
robustness checks, are discussed in Section 4. In Section 5, conclusions are drawn, and implications for 
public policy in Pakistan and further research on this topic are discussed. 
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2.  EMPIRICAL STRATEGY 

Relevant Models 
In their landmark 1986 article, Lichtenberg and Zilberman distinguished the crop production roles of 
damage-abating and productivity-enhancing inputs. Farmers apply inputs such as fertilizer to augment the 
yields they expect to attain while they deploy pesticides to counteract yield losses relative to planned 
output. A major insight in this article was to show that conventional specifications of production 
functions can lead to biased findings concerning the marginal productivity and efficiency of pesticide use. 
Since their study, numerous adaptations and advances from the basic model, many of which have focused 
on model specification, have been proposed (for example, Fox and Weersink 1995; Saha, Shumway, and 
Havener 1997; Guan et al. 2005; Chambers, Karagiannis, and Tzouvelekas 2010). 

In these models, a damage control input can be understood not only as an input such as pesticide 
but also as a crop variety carrying genetic resistance to pests or disease, tolerance to abiotic stresses, or 
any other input that a farmer uses with the goal of mitigating yield losses (Horna et al. 2008). Thus, Guan 
et al. (2005) conceptualized the framework more broadly, referring to “growth” inputs and “facilitating” 
inputs. 

In the original notation of Lichtenberg and Zilberman (1986), the damage control function is 
defined as Y=F[(Z), G(𝐗𝐗)], where the vector Z includes productive, or “conventional,” inputs as usually 
modeled in a production analysis and the vector X consists of control inputs. G(X) is increasing in X and 
approaches an upper limit of 1, where Y=F(Z). As X decreases, G(X) and Y=F(Z, 0) approach the lower 
limit of 0, or a level that represents maximum destructive capacity. In empirical work, the function is 
generally simplified as a proportional one: Y=F(Z)G(X). A damage abatement effect is then understood 
as the proportion of the destructive capacity (represented as a cumulative density function valued between 
0 and 1) that can be offset by utilizing a given amount of a control input. Weibull, exponential, and 
logistic functions are commonly selected to represent the cumulative distribution function G(X), which 
lies in a [0,1] interval. 

 Consistent with this stream of literature, economists have recently applied the damage 
control framework to measure the impact of growing Bt cotton varieties in developing-country 
agriculture. Within this body of work, the most pertinent studies are those conducted by Shankar and 
Thirtle (2005); Pemsl, Waibel, and Gutierrez (2005) in China; Qaim and de Janvry (2005) in Argentina; 
and Kouser and Qaim (2013a) in Pakistan. We summarize their models next to introduce and highlight 
differences between their approaches and ours. 

Shankar and Thirtle (2005) employed a Cobb-Douglas functional form for F(Z) “due to the 
relatively small size of the available sample,” which included a cross-section of only 91 observations out 
of a sample of 100 smallholder cotton farmers in Makhathini Flats, KwaZulu-Natal, South Africa. Data 
collected on input use were also cursory in these initial years of Bt cotton use, including conventional-
inputs land (hectares), labor (days), total seed quantities (kilograms), and pesticides (kilograms). 

Shankar and Thirtle (2005) recognized that while strictly speaking, a damage abatement input 
such as a pesticide enters only the damage function, in the case of varieties with genetic traits that confer 
insect resistance, the genetic background of the variety into which the genes are inserted also could 
generate a productivity effect in F(Z). They state that at the one extreme, the new variety could affect 
output elasticities of each of the inputs included in Z. Comparing several models with increasing numbers 
of interactive terms, they find that in the most parsimonious models for F (fewer inputs interacting with a 
Bt dummy variable), conventional inputs have strong and expected signs. However, in none of the models 
is the Bt dummy statistically significantly as an interaction term with any of the inputs or the constant 
term. At the same time, the Bt dummy and pesticide use are highly significant in the G equation, 
regardless of model. Statistical tests on nested hypotheses (F, LR) support the simplest model with the Bt 
dummy included only in the damage function. From this point, the authors explored the efficiency of 
pesticide us by computing the value of the marginal product, concluding that farmers did not apply 
pesticides in response to pest pressures but in a predetermined, prophylactic way. Their analysis also 
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demonstrated that smallholders in South Africa underuse pesticides when growing either Bt or non-Bt 
varieties, so growing Bt cotton generated considerable advantages in terms of output saved from pest 
damage rather than savings in pesticide costs. 

Shankar and Thirtle’s (2005) analysis was one of the most analytically comprehensive of the 
initial studies published based on the Makhathini Flats sample. Another landmark study by Qaim and de 
Janvry (2005) on Bt cotton and pesticide use in Argentina was published in the same year. Given that Bt 
cotton had not been widely adopted in Argentina, the study used various methods to address a potential 
bias in estimated parameters resulting from self-selection by early adopters, including plot-based 
estimation for partial adopters, which controls for intrinsic, unobserved farmer characteristics. In addition 
to the damage abatement framework, the authors applied instrumental variables methods to estimate the 
effects of growing Bt varieties in an insecticide use function, also simulating the development of Bt 
resistance. 

Qaim and de Janvry (2005) found that growing Bt cotton varieties has a positive effect on output 
but argued that since Bt genes were incorporated in varieties that had never been grown in Argentina, it 
was likely that most of this effect was due to the Bt genes rather than to the “general germplasm effect” 
(p. 187). Their damage function also indicated a significant effect of growing Bt cotton on the reduction 
of pest damage, along with pesticides. In terms of model specification, they estimated a quadratic 
functional form (with corresponding squared terms), including several variables in addition to 
conventional inputs to represent farmer management skills (education, age) and production environment 
(climate, soils). 

Bear in mind, however, that in both of these papers, Bt use was measured as a binary dummy 
variable. Neither study described whether categorization was based on reported names, reported beliefs, 
or another form of verification. Pemsl, Waibel, and Gutierrez (2005) address this shortcoming in a key 
article published in the same year based on data collected in Shandong Province, China. The authors 
estimated a Cobb-Douglas model of damage control. Recognizing that “the variety dummy may include 
also non-pest control effects if other factors cannot be adequately controlled” (p. 47), they measured the 
Bt trait by selecting cotton leaf samples from the plots of the farmers they surveyed and examining the 
tissue for toxin “concentration.” They estimated the insecticide use function and Cobb-Douglas 
production function with damage abatement simultaneously, adding farmer experience, village fixed 
effects, herbicide, and crop rotation to labor and pesticide factors. A variety dummy was included in the 
model in addition to their variable measuring the concentration of Bt toxin. 

The findings of Pemsl, Waibel, and Gutierrez (2005) differ substantively from others reported in 
the initial years of Bt use by farmers in developing agriculture. The authors highlighted the lack of 
standards and market imperfections in China’s cotton seed market that accompanied the introduction of 
Bt cotton. Though common in other countries and contexts—a point emphasized in the collection of 
studies summarized by Tripp (2009)—it is a point that is rarely mentioned in economic analyses of Bt 
cotton’s impact. A striking finding reported by Pemsl, Waibel, and Gutierrez was that neither the 
coefficient on pesticide use nor that on Bt toxin concentration was statistically significant in their 
production model with damage abatement, contradicting previous work for China (Huang et al. 2002) and 
other work we cite here. They suggest that the variability in input quality, combined with the low 
variability in pesticide use and its generally high level of use, could explain this result. Further, the variety 
dummy was significant and positive in the insecticide use equation but of no statistical significance in the 
production function. 

In focusing on the measurement of Bt and variety integrity, we are influenced by Pemsl, Waibel, 
and Gutierrez (2005). Otherwise, the analysis by Kouser and Qaim (2013a), applied to data collected in 
Pakistan, is the most pertinent to our study. Like Qaim and de Janvry (2005), Kouser and Qaim (2013a) 
specified a quadratic form for the production function, reporting that similar results were obtained when 
other functional forms were employed (see their robustness checks in the online appendix). Aside from 
labor (hours/acre), fertilizer (kilograms/acre), pesticides (liters/acre), and conventional inputs, they 
included a qualitative variable for soil quality along with irrigation (hours/acre), human capital of the 
farmer (age, education), crop length (days), and seeding rate (kilograms/acre) in their production function. 



 

6 

Their Bt variable is a dummy variable, and the data they use was collected from a sample of 352 farmers 
located in four districts in Punjab, where 42 percent of the country’s cotton is produced. 

Kouser and Qaim (2013a) found that the Bt variety dummy increased cotton yield in both the 
production function estimated alone (actual output) and the production function component of the damage 
abatement model (interpreted as potential output) as well as reduced crop damage significantly. This 
finding suggests both a germplasm effect and a Bt-toxin effect, though as noted above, these are 
confounded in the binary variable measuring Bt. 

Shankar and Thirtle (2005), like Qaim and de Janvry (2005), chose the logistic distribution as the 
more suitable characterization for G(X) than either the exponential or the Weibull distributions. They 
noted that the exponential form implies concavity when G(X) is > 0, or that damage abatement increases 
at a decreasing rate, contending that a positive second derivative of the function is plausible; they also 
found counter-intuitive results when testing the models with a Weibull specification (Qaim and de Janvry 
2005). In contrast, Pemsl, Waibel, and Gutierrez (2005) and Kouser and Qaim (2013a) estimate their 
model assuming an exponential distributional form. Kouser and Qaim concluded that their findings were 
robust to form of the damage function. 

Specification 
We estimate the damage control model with nonlinear least squares, which imposes some restrictions on 
choice of more flexible functional forms because of its complexity. We assume that the potential yield 
function follows a conventional Cobb-Douglas production function and the damage abatement function 
follows an exponential cumulative distribution function form: 

𝐹𝐹(𝐙𝐙) = 𝛽𝛽0   �𝒁𝒁𝑖𝑖𝛽𝛽𝑖𝑖   
𝑖𝑖

 

𝐺𝐺(𝐗𝐗) = 1 − 𝑒𝑒−𝛾𝛾1𝑥𝑥1−𝛾𝛾2𝑥𝑥2  

where the vector Z consists of conventional inputs (labor, fertilizer, seed, irrigation), specified as 
logarithms. 

In our production function formulation, we test the effects of our Bt measures on the intercept 
term, specified in non-logarithmic values. In addition, we include the years of education of the household 
head to account for the effect of human capital and management capacity, land cultivated in the preceding 
year for scale effect, and the agroclimatic zones within the cotton-growing regions to control for 
differences in rainfall and temperature that could potentially affect cotton production. The scale of the 
farm operation, which is captured by land cultivated in the previous season to ensure that it is 
predetermined in the current season, may relate positively to productivity through improving access to a 
range of inputs and information (Feder and Slade 1984). On the other hand, larger scale may reduce the 
intensity of input use and management, detracting from per-acre yields. Insecticide use is also included in 
the initial production function estimation for completeness and purposes of comparison with the damage 
abatement model. 

In the damage abatement model, the vector X is composed of insecticide use and the same Bt 
variables. The vector Z′ in this model is identical to Z without Bt variables. We test multiple measures of 
Bt integrity (described in detail below) in separate models. Following the literature, we test alternative 
forms for each component of the model. Since Bt cotton in Pakistan has diffused broadly through 
unofficial channels and variety identity and the effectiveness of Bt expression are uncertain, the potential 
bias in parameter estimates from self-selection is unlikely to be important and also difficult to discern. We 
assume that selection bias is unlikely to be important due to the fact that Bt cotton was widely adopted in 
Pakistan at the time this study was conducted (estimated at more than 2.9 million hectares according to 
James 2014 and 85 percent of cotton farmers based on the survey data used for this study). We do 
recognize that the ability to discern self-selection is made difficult by the very issues of Bt variety 
identification posed in our study. 
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3.  DATA AND VARIABLES 

Data Source 
Data for this study are drawn from two sources: (1) a household survey and (2) a biophysical survey, both 
conducted during the 2013 kharif (monsoon) season when cotton is grown throughout Pakistan. The 
household survey was designed by the International Food Policy Research Institute and implemented by 
Innovative Development Studies. Data were collected in face-to-face interviews with 728 farmers who 
were selected in a statistically representative sample of all cotton-growing agroclimatic zones in both 
Punjab and Sindh Provinces, accounting for more than 99 percent of the cotton cultivated in Pakistan. 
Households were selected in a two-stage sampling procedure stratified by cotton-growing agroclimatic 
zones (Figure 3.1). In the first stage, 52 villages are chosen with probabilities that were proportional to 
farming population sizes. In the second stage, 14 cotton households are chosen from each village with 
equal probability of selection. 

Figure 3.1 Survey sites 

 
Source:  Authors. 

The detailed survey was conducted in three rounds during the course of the 2013 cotton-growing 
season. The first round was implemented at planting (April 2013) and obtained data on household, farm, 
and plot characteristics of cotton growers. The second round was implemented during or immediately 
following the first picking and obtained data relating to input use up to the first picking (October 2013). 
The third round was conducted in February 2014 after the harvest and obtained data on the harvest from 
each picking and the total sales of cotton. Of the original sample of 728 households, 46 chose not to grow 
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cotton in kharif 2013, 70 lost their crops to flood or other natural disasters, four migrated, eight dropped 
out in the second- or third-round surveys, and 29 did not participate in the corresponding biophysical 
survey. 

Summary statistics for those who remained in the sample and those who did not, which are 
available from the authors, demonstrate that the observable household characteristics of the two groups of 
farmers are not significantly different. One noteworthy difference is that those who dropped out of the 
sample had a significantly lower cotton yield in 2012, which may have contributed to their decision not to 
grow cotton in 2013. We believe that the sample retained sufficient coverage of the heterogeneity of 
cotton-growing households and cotton agroclimatic zones found in Pakistan. However, we recognize that 
the combination of household survey dropouts and households that could not be surveyed for either the 
first or second rounds of the biophysical survey does limit the size of the analytical sample. 

Fertilizer application rates and irrigation hours were elicited by plot. If more than one variety was 
sown per plot, it is not possible to ascertain how much of the input was applied to each. We restricted the 
analysis to plots with only one cotton variety to accurately measure the contribution of each input. An 
alternative might have been to weigh input use by variety area shares on each plot, although this 
procedure would have introduced measurement errors of a different nature. Complete information is 
available for a total of 535 households, with each household’s unique cotton variety in the main plot 
meeting these criteria. 

The second component of data collection—the biophysical survey—was led by the University of 
Agriculture, Faisalabad (UAF), and the National Institute for Genomics and Advanced Biotechnology 
(NIGAB), Islamabad, in collaboration with the International Food Policy Research Institute and 
Innovative Development Studies. In the biophysical survey, leaf and boll tissue samples were collected 
from the main cotton plots of sample farmers and were analyzed in the lab to detect the presence of Bt 
toxin by strip tests and to measure its concentration levels by ELISA tests. A total of two rounds of tests 
were conducted, the first at approximately 70 days after sowing (DAS) and the second at approximately 
120 DAS. The first round of data collection conducted through the biophysical survey, which was 
constructed in a way that is consistent with the procedure reported by Pemsl, Waibel, and Gutierrez 
(2005), is used here. Data collected in the second round at 120 DAS generated similar results. 

In the first round, the biophysical study team randomly selected five plants in the main plot of 
each sample farmer. They then collected leaf samples from among leaves of similar size, position, color, 
and age from each identified plant separately. These leaf samples were shipped to the lab, and two 
samples that were collected from different plants were randomly selected to conduct both strip and 
ELISA tests. Both UAF and NIGAB used the industry-standard equipment (EnvirologixTM QuickStixTM 
Combo Kits) for Bt toxin detection and followed the same statistical procedure to measure Bt toxin 
expression. To establish a threshold for Bt effectiveness based on the ELISA test results, the UAF team 
conducted a bioassay study in which cotton leaf samples from 25 cotton varieties with known levels of Bt 
toxin concentration were fed to 936 targeted insects (H. amigera or American bollworm) to determine 
mortality rates after three days of cotton leaf consumption. A logit regression of the mortality status over 
the ELISA scores suggests that any ELISA score greater than 0.60 micrograms per gram will kill the 
target insect with likelihood greater than 50 percent. Similarly an ELISA score of 0.74 micrograms per 
gram is associated with a likelihood of 60 percent mortality of the target insect, 0.88 micrograms per 
gram corresponds to a likelihood of 70 percent, 1.06 micrograms per gram 80 percent, and 1.34 
micrograms per gram 90 percent. We used these cutoff values to construct the Bt-effective measure in the 
analysis presented below.  

Measuring Bt 
One particular emphasis of the data collection effort was to measure the presence of Bt toxins as 
accurately as possible. Reflecting this emphasis, our objective here is to examine closely how the identity 
or quality of Bt expression (which we described earlier as integrity) affects cotton yields and pest damage 
among cotton growers in Pakistan. 
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A perusal of the applied economics literature on the impact of GM crops indicates that 
researchers have generally assumed that farmers know with certainty whether the variety they grow is 
GM or not. While this assumption may be valid in countries where GM varieties have been 
commercialized with well-articulated input supply chains, biosafety and seed marketing regulations, and 
labeling and packaging practices, it is less likely to be so in countries where farmers buy their seed from 
local informal and unregulated markets or acquire it from neighbors, friends, or acquaintances. As noted 
earlier, with the exception of Pemsl, Waibel, and Gutierrez (2005), studies on Bt cotton have not 
expressed concern with varietal identification and the validity of farmer-own identification. 

Several approaches were observed in survey instruments used in previous studies. One method is 
to ask farmers directly if they planted Bt cotton. A more sophisticated method involves asking the farmer 
if he or she has ever heard of Bt cotton. If the answer is negative, the enumerator provides a definition and 
then asks farmers whether they planted Bt cotton. A third approach is to ask the farmer to name the 
varieties he or she has planted and, with the help of local experts, classify the varieties as Bt or non-Bt 
based on reported names. 

As noted above, Pemsl, Waibel, and Gutierrez (2005) provide the first study that introduces a 
more objective method of assessing Bt quality. They do so by measuring Bt toxin concentration of the 
cotton planted by each survey respondent, in turn, using these concentration levels to generate a 
continuous variable measuring quality, along with a more rudimentary variable that classifies the Bt as 
either good or bad quality. 

In our analysis, we test multiple definitions of Bt integrity as an explanatory variable in the 
production function with damage abatement (Table 3.1). Our first definition, “Bt name,” is the farmer’s 
survey response when asked the name of the variety planted, combined with publicly available 
information about whether a named variety is Bt or not. This is the definition most frequently invoked in 
past research by applied economists. The second, “Bt official,” refers to whether the named variety is on 
the officially approved list of Bt varieties. Third, we include “Bt belief,” which reflects whether the 
farmer believed the variety he or she planted was Bt. 

Table 3.1 Summary statistics for variables measuring Bt gene expression, by main plot  
Variable Percentage Definition 

Bt name 85.4 Variety is sold as Bt cotton seed 

Bt official 54.8 Variety is officially approved as Bt cotton 

Bt belief 71.0 Farmer believes the variety is Bt cotton 

Bt presence 79.6 Strip test detects the presence of Bt toxin in a variety 

Bt effective  53.1 ELISA test score surpassed the Bt expression threshold 

Source:  Authors. 
Note:  Percentages are based on household survey responses and laboratory tests of cotton tissue samples taken from the main 

cotton plot of surveyed households (N = 535). ELISA = enzyme-linked immunosorbent assay. 

Our fourth variable, “Bt presence,” indicates the presence of Bt toxin in a variety if its leaf 
sample tested positive by strip tests and its ELISA reading was greater than or equal to .09 micrograms 
per gram, which is a conservative minimum for the Bt toxin’s detectable presence based on the 
experience of technicians in the biophysical study team. Our final variable, “Bt effective,” measures the 
effectiveness of a Bt variety in controlling targeted insects. We use an ELISA score of 0.88 micrograms 
per gram, corresponding to 70 percent likelihood that the target insect dies after three days’ of leaf 
consumption, as a threshold for a Bt variety to be effective. We believe this threshold value is adequate 
because (1) three days is a relatively short time period compared to a period of seven days or longer, 
which is more common in relevant studies (Li et al. 2011), and (2) some insects survived after three days 
because of cannibalization, that is, after realizing that the leaf samples are poisonous some stronger 
insects started eating other insects for survival (Spielman, Zaidi, et al. 2015). In a longer time period and 
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under a natural environment where cannibalization is rare, a leaf sample with a toxin concentration level 
of 0.88 micrograms per gram is likely to have a higher likelihood of resisting the target insect effectively. 
Pemsl et al. (2011) established a standard level of approximately 0.62 micrograms per gram that is close 
to the 50 percent value based on our bioassay study. We experimented with this reference level along with 
other threshold values from our study, and our final conclusions remained the same. 

Table 3.1 shows the percentage of varieties grown on main cotton plots in our sample, by each of 
our Bt definitions, in our sample. We can see that there are many more Bt varieties (by name) grown by 
farmers (85.4 percent) than officially approved Bt varieties (54.8 percent). The percentage of plots 
planted with varieties that farmers believed to be Bt (71 percent) was also lower than the percentage 
named as varieties that are classified as Bt based on publicly available information (85.4 percent). Despite 
about 80 percent of plots being planted with varieties for which the leaf strip test results showed presence 
of Bt, only 53.1 percent surpassed the threshold for effectiveness, based on the combination of ELISA 
score and bioassay results. 

The pairwise correlation coefficients among the variables measuring Bt are reported in Table 3.2. 
In general, all are significantly correlated (with p values less than 0.05) with two outstanding exceptions. 
First, Bt belief is correlated with Bt presence but not at all correlated with Bt effective (p = 0.7432); thus, 
farmers’ perceptions are not strongly associated with the performance of the material in terms of reducing 
pest damage when a combination of bioassay test results are used. Second, and even more disturbing from 
a policy perspective, is that Bt official is correlated weakly with Bt effective (p = 0.1412). 

Table 3.2 Correlation coefficients (p values) among variables measuring Bt gene expression 
 Variable Bt_name Bt_official Bt_belief Bt_presence Bt_effective 

Bt_name 1.000     

Bt_official 0.4546 1.000    

 (0.0000)     

Bt_belief 0.4484 0.2226 1.000   

 (0.0000) (0.0000)    

Bt_presence 0.2118 0.0904 0.168 1.000  

 (0.0000) (0.0366) (0.0001)   

Bt_effective 0.0255 0.0637 -0.0142 0.3614 1.000 

 (0.5557) (0.1412) (0.7432) (0.0000)  
Source:  Authors. 
Note:  P values for correlation coefficients are in parentheses. Figures are based on household survey responses and laboratory 

tests of cotton tissue samples taken from the main cotton plot of surveyed households (N = 535). 

Pairwise cross-tabulations provide some additional insights (Table 3.3). In our analytical sample, 
while 84 percent of varieties that tested positive for the presence of Bt were believed to be Bt by the 
farmer, 69 percent of those that failed the leaf strip test were also believed to be Bt. Bt belief is positively 
and significantly (less than 1 percent) associated with the likelihood of Bt presence, which is encouraging; 
nonetheless, these statistics confirm that farmers lack knowledge about the cotton varieties they grow. As 
constructed from a combination of ELISA test results and the LD50 threshold (the threshold at which 50 
percent of the insects died from a lethal dose) established by the bioassay, Bt effective is a much more 
stringent criterion. Consequently, 52 percent of varieties that surpassed the threshold for Bt effectiveness 
were also believed to be Bt, and 54 percent that did not were believed to be Bt. Likelihood differences by 
Bt belief are not statistically significant or meaningful for Bt effective tests. Considering the parallel 
figures for officially approved varieties, only 56 percent of varieties sampled from farmers that were 
classified as officially approved varieties were effective, compared with 50 percent that were effective but 
not officially approved. 
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Table 3.3 Farmers’ Bt beliefs about cotton varieties grown and Bt approval status, by presence and 
effectiveness of Bt 

 Variable  Variable description  Observations  Bt presence Bt effective  
     (no., %) yes yes 

Bt belief no n 107 84 
  % 69.03 54.19 
 yes n 319 200 
  % 83.95 52.63 

Pearson chi-squared (p value)  0.000 0.743 
     

Bt official no n 183 120 
  % 75.62 49.5 
 yes n 243 164 
  % 82.95 55.97 

Pearson chi-squared (p value)   0.037 0.141 
Source:  Authors. 
Note:  Figures are based on household survey responses and laboratory tests of cotton tissue samples taken from the main 

cotton plot of surveyed households (N = 535). 

Thus, when farmers plant approved Bt varieties of cotton, their chances of achieving Bt 
effectiveness are not far from a coin toss (50/50). In practice, Pakistani cotton farmers are obliged to rely 
on the names of cotton varieties, which could be false, or their own beliefs to determine if a variety is Bt 
or not and to plan accordingly for its cultivation. Lacking sufficient information, farmers’ beliefs may not 
be accurate, and therefore they may not make the optimal production decisions. 

These statistics are relevant to our analysis because we propose that farmers’ perceptions of what 
they grow affect how they manage their crops, such as the timing and quantity of insecticide applications, 
how well the crop performs in terms of harvested yield, and their capacity to control damage from pests. 

Other Explanatory Variables 
Summary statistics for other explanatory variables are shown in Table 3.4. We asked farmers about the 
use of pesticides in various forms and in different cultivation time periods and then aggregated them into 
a single measure. For fertilizer, we computed the quantity of nitrogen contained in each type of fertilizer 
applied to the plot during the entire growing season and divided by the plot area to obtain a rate of N 
nutrient kilograms applied per acre. For labor—a particularly important input given that cotton is a labor-
intensive crop—we asked detailed questions about the use of family labor, contracted labor, and hired 
labor, differentiating male and female labor. Here, to simplify our conventional input variables, we 
aggregated over categories to generate the total number of labor hours. For water and irrigation inputs, 
and given that many farmers rely on monsoon rains during the kharif season, groundwater, and canal 
water from Pakistan’s expansive Indus River basin irrigation system, we asked detailed questions about 
water management and calculated both the total number of irrigations by hours irrigated, aggregating to 
total time (hours) irrigating the plot. 
  



 

12 

Table 3.4 Summary of explanatory variables 
Variable (unit) Definition Mean Standard 

deviation 
Minimum Maximum 

Yield (kg/acre) Total harvest per acre  930.46 443.14 53 3,040 
Labor (hours) Total number of hours by family 

labor, hired labor, and contract 
labor (male) 155.43 89.12 21 968 

Seed (kg/acre) Quantity of planted seed per acre 6.79 2.60 2 16 
Insecticide 
(gram/acre) 

Insecticides per acre 
2,276.40 1,592.91 0 10,000 

N nutrients 
(kg/acre) 

Quantity of nitrogen from 
fertilizers per acre 83.29 37.05 0.00 246.79 

Irrigation hours 
(hours) 

Total time of irrigation 

12.95 13.31 0 83 
Land cultivated Total land cultivated in 2012 

(year preceding survey)  
9.13 17.76 1 253 

Education (years) Total number of years of 
education 

4.67 4.54 0 17 

Observations  535  
Source:  Authors. 
Note:  kg = kilogram. 

Finally, we consider agroclimatic zones among our explanatory variables to account for the 
potentially heterogeneous conditions under which cotton is cultivated in Pakistan. The distribution of the 
estimation sample by agroclimatic zone is shown in Table 3.5. The vast majority of farms are located in 
the Northern Irrigated Plains of Punjab, followed by the Southern Irrigated Plains of Sindh. The Sand Dry 
Deserts of either province, and the Sulaiman Piedmont, represent a minority given much lower population 
densities in these areas. 

Table 3.5 Distribution of sample by agroclimatic zone 
Agroclimatic zone Frequency Percentage Cum. 
Northern Irrigated Plains 298 55.70 55.70 
Punjab: Sand Dry Desert 58 10.84 66.54 
Punjab: Sulaiman Piedmont 22 4.11 70.65 
Southern Irrigated Plains 32 5.98 76.64 
Southern Irrigated Plains 94 17.57 94.21 
Sindh: Sand Dry Desert 31 5.79 100.00 
Total 535 100.00  

Source:  Authors. 
Note:  Cum. = cumulative percentage. 
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4.  RESULTS 

Production Function Estimation 
Estimation results presented in Table 4.1 illustrate several interesting points concerning alternative 
indicators of Bt cotton use. All five measures are binary. The coefficients of these variables are 
understood as estimates of intercept shifts, where the dependent variable, yield, is measured as a natural 
logarithm. None of the Bt measures is significantly associated with variation in cotton yields except for Bt 
belief. If farmers believe they are growing a Bt variety of cotton, yield increases by an average of 9 
percent. In other words, what farmers believe about what they grow could potentially affect expected 
yields. 

Table 4.1 Cobb-Douglas production function estimation results 

 Explanatory variable 
(1) (2) (3) (4) (5) 

Bt name Bt official Bt belief Bt presence Bt effective 
Bt name 0.035     
 (0.066)     
Bt official  –0.041    
  (0.046)    
Bt belief   0.088*   
   (0.052)   
Bt presence    –0.067 –0.038 
    (0.057) (0.061) 
Bt effective     –0.062 
     (0.049) 
      
Labor 0.315*** 0.322*** 0.309*** 0.322*** 0.318*** 
 (0.048) (0.047) (0.047) (0.047) (0.047) 
Seed –0.012 –0.004 –0.015 –0.017 –0.018 
 (0.059) (0.059) (0.059) (0.059) (0.059) 
Insecticide 0.010 0.009 0.010 0.009 0.009 
 (0.011) (0.011) (0.011) (0.011) (0.011) 
Nitrogen 0.105*** 0.104*** 0.103*** 0.103*** 0.105*** 
 (0.039) (0.039) (0.039) (0.039) (0.039) 
Irrigation –0.041* –0.040 –0.044* –0.039 –0.041* 
 (0.024) (0.024) (0.024) (0.024) (0.024) 
Cultivated land –0.032 –0.029 –0.041 –0.028 –0.030 
 (0.029) (0.029) (0.029) (0.029) (0.029) 
Education 0.010 0.010 0.010 0.011 0.011 
 (0.007) (0.007) (0.007) (0.007) (0.007) 

Constant 4.766*** 4.791*** 4.795*** 4.816*** 4.865*** 

 (0.238) (0.237) (0.238) (0.240) –0.275 

Observations 535 535 535 535 535 
R-squared .128 .133 .129 .130 .132 
Source:  Authors. 
Note:  All variables except Bt measures are logarithmic. Standard errors are in parentheses.* denotes p < .10, p <.05, and 

***p < .01. 
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Bt name is associated positively, but not significantly, with expected cotton yields. None of the 
other Bt measures (Bt official, Bt presence, or Bt effective) is significantly associated with expected 
cotton yields. These findings are consistent with the notion that the genetic background of Bt cotton 
varieties has no effect in and of itself on cotton productivity in Pakistan. Since Bt acts as a yield-
protecting input, we would not expect its presence or effectiveness to affect yields unless genetic 
backgrounds were systematically differentiated, which would be the case if Bt genes were inserted into 
superior varieties as discovered in the case of Bt maize in the United States (Shi et al 2013). However, our 
results also contradict those of Kouser and Qaim (2013b), who conclude that the adoption of Bt cotton in 
Punjab (when measured by variety name) has a significant effect on yield. 

Additional results indicate that consistent with theory, labor and nitrogen application significantly 
explain variation in yields. An additional hour of labor increases cotton yields by more than 30 percent in 
all models. The marginal elasticity of N nutrient kilograms per acre is about 10 percent across models. 
The effects of other inputs, such as irrigation and seeding rate, are either not statistically significant or not 
positively associated with the yield. Mitchell et al. (2009) find that farmers in the United States adopt a 
higher seeding density for GM maize to boost yield, while our results suggest that a higher density does 
not improve Bt cotton yield in Pakistan and therefore should not be recommended. The negative 
estimated coefficient for irrigation hours, although significant, may more be due to measurement error 
than imply that irrigation decreases cotton yield. Given the various sources of water and various time 
periods irrigated, it is hard for farmers to track the exact duration that they irrigated their plot each time. 
So we interpret this result as implying that irrigation does not improve cotton yield further at the current 
level in Pakistan. Not surprisingly, insecticide has no significant effect on expected yields when treated as 
a yield-enhancing input. As noted above, this type of result motivated the development of the damage 
control model. We find no evidence of a land size effect on cotton productivity; nor does farmer 
education predict higher yields. The F-test on the vector of dummy variables representing agroclimatic 
zone results in a failure to reject the hypothesis that they are jointly equal to zero. Thus, these are not 
included in Table 4.1. According to the Cobb-Douglas functional form, the sum of estimated input 
elasticities (less than 1) suggests decreasing returns to scale. This finding may reflect the particularly 
labor-intensive nature of cotton production on these smallholder farms. The mean values of the constant 
term suggest that without inputs, expected yields are close to 1 ton per hectare. The data show that mean 
yields across main plots are 2.2 ton per hectare. 

Damage Abatement Model Estimation 
In the second stage of the analysis we include a damage abatement component in the econometric 
estimation, following the specification described above. Examining this component first, we find that all 
Bt variables, in addition to insecticide use, positively and significantly reduce damage (Table 4.2). The 
marginal effects are greater for Bt use than for insecticide use and vary by different Bt measures. The 
strongest effect of all is the coefficient of the variable that measures Bt presence with Bt effectiveness. In 
this model component, we are able to see the strength of the experimentally defined Bt measures relative 
to Bt belief or Bt name. The weakest magnitude of effect among all Bt measures is for official approval of 
the variety. It suggests that public information from the government fails to capture the true status of Bt 
cotton varieties in Pakistan, which coincides with the findings of Ma and Nazli (2015). 
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Table 4.2 Damage abatement model estimation results 

Explanatory variable 
(1) (2) (3) (4) (5) 

Bt name Bt official  Bt belief  Bt presence Bt effective  

Labor 0.213** –0.060 –0.059 0.361*** 0.344*** 
 (–0.099) (–0.189) (–0.155) (–0.099) (–0.097) 
Seed –0.221* –0.292 –0.026 –0.024 –0.038 
 (–0.123) (–0.24) (–0.189) (–0.126) (–0.123) 
Nitrogen 0.117 0.102 –0.028 0.160* 0.162**  
 (–0.083) (–0.172) (–0.136) (–0.083) (–0.082) 
Irrigation –0.149*** –0.027 –0.016 –0.133*** –0.130*** 
 (–0.045) (–0.086) (–0.07) (–0.046) (–0.045) 
Land –0.110 0.055 0.002 –0.051 –0.047 
 (–0.083) (–0.171) (–0.14) (–0.084) (–0.082) 
Education 0.020 0.049* 0.009 –0.018 –0.015 
 (–0.015) (–0.029) (–0.024) (–0.015) (–0.015) 
      
Bt name 3.160***     
 (–0.439)     
Bt official  1.580***    
  (–0.197)    
Bt belief   2.025***   
   (–0.255)   
Bt presence    3.467*** 3.566*** 
    (–0.531) (–0.874) 
Bt effective      1.419**  
     (–0.691) 
      
Insecticide 0.196*** 0.159*** 0.163*** 0.217*** 0.212*** 
 (–0.009) (–0.009) (–0.009) (–0.009) (–0.009) 
      
Constant 6.562*** 8.063*** 7.861*** 4.994*** 5.027*** 
 (–0.683) (–1.372) (–1.112) (–0.679) (–0.659) 
      
Observations 535 535 535 535 535 
Adjusted R-squared 0.975 0.932 0.948 0.975 0.976 

Source:  Authors. 
Note:  All variables except Bt measures are logarithmic. Standard errors are in parenthesis. * denotes p < .10. **p < .05. ***p < 

.01. 

In the regression model that includes the variable combining bioassay results indicating Bt 
effectiveness as well as Bt presence, the estimated yield elasticity of labor is again on the order of 30 
percent and is highly significant, similar to the Cobb-Douglas production model. The elasticity of N 
nutrient kilograms per hectare is 17 percent, which is higher than in the basic Cobb-Douglas model, and is 
statistically significant. Both labor and nitrogen inputs are significant only in models where Bt is 
measured based on the biophysical studies but not in the models where Bt is measured either by public 
information (Bt official) or private information that farmers may access (Bt name and Bt belief). 
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In summary, we find that the integrity of Bt cotton varieties in Pakistan is closely associated with 
the abatement of damage to cotton from lepidopteran pests in Pakistan. However, these damage 
abatement effects translate into productivity effects only where the most stringent measurement criterion 
is used to define whether the variety is, indeed, Bt. These findings highlight the need for researchers—
and, more generally, proponents of Bt technology—to use greater caution in measuring the yield impacts 
of Bt cotton in Pakistan and in making the case that Bt cotton can contribute to yield improvement. These 
findings also highlight the utility of specific laboratory tests to measure the presence and efficacy of Bt 
gene expression when studying the economic impact of Bt cotton or other GM crops. 
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5.  CONCLUSIONS AND IMPLICATIONS 

Since its introduction in 1996, Bt cotton has diffused rapidly and broadly across cotton-growing regions 
of the world, including both industrialized and nonindustrialized agriculture. Most impressive has been its 
adoption by smallholder farmers in poorer countries, where accumulated evidence demonstrates its 
profitability, labor savings, and substantial reduction of damage from lepidopteran insects. 

One recurring yet relatively unexplored thematic thread in the literature has been the recognition 
that smallholder cotton growers in poorer countries are not well informed about Bt cotton or how to grow 
it. Proponents of the crop might argue that certain types of knowledge are of no real importance if the 
crop benefits farmers; those observers who are concerned about the ethics argue that empowering poorer 
farmers with knowledge is a social imperative. 

The term “variety integrity” is sometimes used to characterize a variety that grows true to its type 
or true to its label. We invoke that notion in this paper. Here, we take a pragmatic view that when a 
farmer does not know whether the seed he or she planted is Bt, and has no firm expectations concerning 
its effectiveness against pests, production plans are most likely to be suboptimal. In the aggregate, we 
would consider that such decision making has both private and social costs in terms of output and savings 
foregone, potential contributions to future epidemics related to the buildup of genetic resistance to Bt 
toxin, and negative externalities from continued, excessive use of pesticides despite the adoption of Bt 
varieties. 

Pakistan’s experience is particularly well suited for a test of hypotheses concerning farmer 
knowledge of Bt expression. In Pakistan, Bt cotton was disseminated to farmers before it was officially 
approved, and the Bt cotton industry is highly competitive, with a large number of small-scale firms’ 
selling seed in local markets. The analysis in this paper contributes to the existing literature by testing the 
effects of various definitions of Bt cotton on productivity and damage control. We follow closely the 
work of major previous studies in our overall specification of the models but introduce five definitions of 
Bt cotton based on the information sources or knowledge that a farmer or a researcher can use to ascertain 
Bt status: (1) variety name, (2) farmer’s belief, (3) official approval status, (4) presence of Bt, and (5) Bt 
effectiveness. The last two measures are based on measurements from laboratory tests, and the 
effectiveness variable is based on a combination of a continuous score and a threshold value from a 
bioassay. To our knowledge, previous studies, with the notable exception of work by Pemsl, Waibel, and 
Gutierrez (2005), have relied entirely on definition 1 in a binary treatment (Bt/non-Bt). 

The estimation of the Cobb-Douglas production function generates results that are broadly 
consistent with economic theory. The yield-enhancing inputs (fertilizer and labor) have a strong effect on 
cotton productivity. By contrast, insecticides, which are damage controlling, have no discernible influence 
on productivity. None of the Bt measures, except Bt belief, has a significantly positive effect on yields. 
Believing that a cotton variety is Bt may be associated with better management practices for which we 
have not already controlled in our covariates, or intrinsic management characteristics. The insignificance 
of other Bt measures attests to the notion that the genetic backgrounds do not differ systematically 
between Bt and non-Bt varieties in Pakistan, so that there is no independent yield effect due to 
background. This last possibility echoes what has already been stated in the literature: it is difficult to 
distinguish the Bt effect when the backgrounds into which the Bt gene is placed may differ. Observed 
yield effects may be the Bt gene, the genetic background, or the interaction of the two. 

Moreover, the damage abatement framework is the preferred method for estimating the effects on 
productivity of inputs that maintain yields against pests and disease rather than enhance yield potential. 
When we estimate the model in the damage abatement framework, we find that all Bt variables reduce 
yield losses alongside insecticide use and by a relatively large magnitude. However, the models with the 
biophysical measures are the most complete. That is, these retain the strong positive effects of 
conventional inputs as well as the effects of Bt gene expression. The marginal effects of these measures 
are also considerably stronger than that of Bt belief. 
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To our knowledge, our general finding regarding the variants of Bt and how these may 
differentially affect both farmers’ capacity to control damage effectively are unique in the applied 
economics literature about GM crops. The approach has highlighted the importance of getting the data 
right about input use in productivity analyses conducted in developing countries, particularly in the study 
of highly contentious, biotech crops. Based on our study, getting the data right suggests that applied 
economists seeking to measure the impact of Bt toxin expression use biophysical methods. 

The findings presented here also have implications for the design and management of Pakistan’s 
regulatory system governing both GM crops and seed more generally. The issues associated with seed and 
varietal integrity evidenced here suggest the need for more effective monitoring systems. While there is 
little to suggest that seed certification systems are effective in monitoring ensuring seed quality for 
farmers, there is likely more that can be done with point-of-sale monitoring and other forms of market 
surveillance (Rana 2014). This may be especially true if laboratory tests are used more routinely and if 
they become cheaper and faster to use. These findings are also applicable to the many developing 
countries beyond Pakistan where seed quality is at issue. 

In his insightful review of the global evidence on Bt cotton, Tripp (2009) concluded that adopters 
of Bt cotton will be not the poorest of the poor but those with more assets and knowledge; he emphasized 
that biosafety regimes and more investment in cutting-edge research are necessary but not enough for the 
crop to benefit poorer farmers, arguing the need for strong input markets and institutional design and, 
more germane to this study, empowering farmers through provision of information. We would certainly 
argue the same based on the statistics we have seen. Believing a variety is Bt cotton when it is not is 
likely to be a utility-enhancing situation, let alone a profit-maximizing one, for smallholder farmers. 

A number of years after the publication of Tripp’s (2009) collection of studies, the results shown 
here for Pakistan suggest some crucial differences. There is no evidence here that Bt cotton farmers are 
more advantaged than other cotton farmers in Pakistan, and the prices they pay for seed are relatively low 
by global standards. Yet there is considerable evidence that many growers may not know with certainty 
whether the varieties they purchase as Bt are actually Bt. While this may be cause for concern, our results 
confirm that no matter which definition we use, Bt cotton per se reduces damage significantly. On the 
other hand, none of the definitions except Bt belief is positively associated with cotton productivity. This 
finding suggests, although we cannot prove it based on our analysis, that unobserved factors such as 
farmers’ management of varieties they believe to be Bt may affect cotton yields. Thus, although public 
provision of information seems to be an ethical imperative, this type of investment may not necessarily 
improve cotton productivity. 
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