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1. Introduction

The introduction of crops genetically engineered to increase
agricultural productivity has the potential of dramatically increasing
returns in the agricultural sector and alleviating the problem of feeding
the growing world population (Fedoroff et al., 2010). Further advance-
ment and direction of biotechnology research and development (R&D),
as well as marketing of biotechnological innovations, depend critically
on current and potential foreign market opportunities.

The strengthening and harmonization of global intellectual property
rights via theWorld Trade Organization (WTO) rules, especially via the
TradeRelatedAspects of Intellectual PropertyRights (TRIPS) agreement,
may increase market potential in many parts of the world where,
heretofore, agricultural biotechnology has been only marginally
profitable (Isaac and Kerr, 2003; Nelson et al., 2001; Gisselquist et al.,
2002; Pew Initiative on Food and Biotechnology, 2004). Little is known,
however, about the potential profitability and marketability of
genetically modified (GM) crops in different parts of the world. In
most cases, we are certain only about the fact that the returns are highly
uncertain, in addition tobeingpoorly recorded and reported,mainly due
to unknown demands and the many controversies that surround GM
products (Pinstrup-Andersen and Cohen, 2001). Consequently,
methods should be sought that circumvent these data limitations.

In this article, we study marketing decisions of biotechnology firms
that hold exclusive ownership rights to GM crops. These large
companies are likely to have the capacity to realistically assess the
profitability (and uncertainty thereof) of their products in different
markets and regulatory environments. While not directly available,
some of this valuable informationmight be reflected in the firms' actual
marketing behavior. Consequently, the analysis is performed using a
real options framework that utilizes firm behavioral data from different
market and regulatory environments. In accordance with real options
theory, observed instances of market entry, or product introduction, are
viewed as outcomes of profit maximizing decisions based on compar-
ison of unobserved entry costs, expected future returns, and the value of
managerial flexibility, i.e., the right but not the obligation to enter a
market with a GM product. As different combinations of these
parameters result in different timing of product introductions (market
entry), simulation of this decision process and subsequent estimation of
the actual entry data may tell us something about GM crop profitability
in different world regions and about the volatility of these returns,
which can beof practical value. Our objective is thus to estimate amodel
that explains the observed market entry decisions of biotechnology
firms with GM crops across different countries (grouped into regions)



456 D. Nadolnyak et al. / Int. J. Ind. Organ. 29 (2011) 455–463
and to seek economic interpretation of the results. An important feature
of our analysis is that it does not require detailed firm-level information,
which is generally unavailable. In addition, the model does not treat
mere patent counts as indicators of R&D profitability, a practice that has
been referred to as the “Achilles' heel” of the empirical R&D literature
(Lanjouw and Lerner, 2000).

The modeling framework is loosely based on a model of patent
renewal in European countries originally specified in Pakes but has
some important differences due to the fact that we model entry, rather
than exit, options. In general, the real options methodology has been
successfully applied in many other areas. Expansion, contraction, and
abandonment options have been used to describe the behavior of
natural resource industries, R&D companies, and in the analysis of newly
introduced products in uncertainmarkets (Pindyck, 1988; Brennan and
Schwartz, 1985). In agricultural economics, certain farming decisions
have beenmodeledusing the option to defer investment (Titman, 1985;
Kulatiaka and Trigeorgis, 1994). In what follows, we develop and
formally specify a stochastic discrete-choice model of optimal market
entry by a generic firm owning a GM product. The model's parameters
are then estimated using data on market entry frequency by GM crop
ages defined as time between the date when a crop becomes available
for market entry and the actual introduction. Parameter estimates are
used as a means of explaining themarketing behavior of biotechnology
companies and the profitability of GM crops across selected regions and
crop types.
2. Model description

The pivotal assumption of our model is that biotechnology
companies that hold patents on GM crops can choose where and
when to market them.3 Different GM crops have different potential
profitability in different markets at different points in time. Entering a
particular market provides a flow of uncertain future profits, but
imposes sunk entry costs associated with building production, storage,
and retail capacities, securing regulatory approvals and local intellectual
property rights (IPR) protection, obtaining customer and producer
loyalty through PR, etc. Before entering aparticularmarket, the owner of
a GM crop must weigh the costs and benefits of this decision. The entry
decision involves not only comparing the entry cost with the expected
value of future operational profits, which cannot be observed, but also
accounting for the option value of postponing entry which can be
significant considering uncertainty about the profitability and safety of
bio-engineered products.4 Postponing themarket entry decision allows
afirm towait until new relevant information arrives; i.e., over time, new
benefits or hazards of a GM cropmay be discovered, consumer attitudes
may change, or more viable GM crops substituting the old ones may
appear. A firm that postpones entry can thus revise expected costs and
returns and make a more informed decision, albeit at the expense of
forgone current operational profits. A well-known result from options
theory is that option values increase with both the volatility of returns
and the option's time to expiration, i.e., the option, or product, life (Dixit
and Pindyck, 1994; Trigeorgis, 1999). When a product's profitability is
highly uncertain and a firm believes that new, clarifying, information
may arrive in the near future, the value of postponing entry into a
particular market may well exceed expected current returns from
entering immediately.
3 The distinction between patents on crops and broader patents on traits, events,
genes, or gene inserting techniques is irrelevant to our analysis, as the model is about
owning crops earning positive profits for a period of time as a result of patent
protection, regardless of its breadth, i.e., whether it is the crops themselves or the
traits from which the crops are derived. For a good review of IPRs in the industry, see
Marco and Rausser (2008).

4 Examples include inconclusive empirical research on profitability of Roundup-
Ready soybeans and Bt corn prior to their introduction to the US market.
Themain differences between ourmodel and that of Pakes (1986) is
that we model entry, rather than exit, option, and that neither returns
nor entry costs are observable which allows estimation of only their
relative values. The model is also more parsimonious in terms of the
number of parameters in order to accommodate the relative paucity of
the data. Consider a biotechnology firm that at time t=0 acquires an
option to market a GM crop that is protected by a patent of duration T.5

The patent provides the firmwith an exclusive right tomarket the crop,
and therefore earn monopoly profits, during the patent's lifetime. We
assume that, after the patent expires, theoperating profits are competed
away. At the beginning of each period t=0,1,2,3,…, T, the firm must
decide whether to introduce the crop (enter a market), provided it has
not already done so, or to postpone the decision for at least another
period. Upon introducing the crop at time t, the firm incurs a one-time
sunk entry cost Ct, and acquires a streamof current and uncertain future
operating profits realized each period over the lifetime of the patent, {Rt,
Rt+1, Rt+2,…,RT}. ThedistributionofRt+1 conditional on all information
known at time t is a function of the current profit Rt and time t.

Operating profits may be affected by two distinct classes of
significant market events, one unfavorable and one favorable. First,
with positive probability, operating profits may drop to zero and
remain there for the rest of the product life.6 This may occur, for
example, if the GM crop has been proven to have harmful health or
environmental effects, low yields, etc., or a new, superior substitute
GM crop is introduced by a competitor or by the firm itself, or the
market fails to honor property rights and producers take full
possession of the GM seeds (replant instead of purchasing). Second,
with complementary positive probability, operating profit remains
positive for at least one more period. In this case, the profit either
remains the same or rises to a new, higher level due to a favorable
change, such as unanticipated liberalization of regulations governing
the marketing of the GM crop or a surge in demand due to various
causes. Let

π Rð Þ = 1−exp −θRð Þ

denote the probability that revenue remains positive next period,
given that current revenue is R, and let

g R; Zð Þ = max R; Zð Þ;

with density f(z)=exp(−z /μ), denote next period revenue, given
that the current revenue is R, that the revenue remains positive, and
that a revenue shock ZN0 is experienced, so that

Rt+1 =
0 with probability 1−π Rtð Þ
g Rt ; Zt+1
� �

with probability π Rtð Þ
�

The returns frommarketing and the entry costs are only expressed
as relative to each other because the data on the actual values of both
are not available. The mean value of the initial returns is therefore
normalized to one, and their distribution is assumed to be log-normal,
with a scale parameter σ and location parameter −σ2/2 that ensures
normalization.

Instead of introducing a depreciation parameter for the revenues,
we make the model more flexible by introducing a depreciation/
appreciation parameter for the entry costs because, in the case of GM
crops, entry costs are likely to decline as more market entries of the
same crop occur setting precedence and the associated property
rights develop. Possible appreciation of the returns is complementary
to entry cost depreciation in this setup and is likely due to increasing
5 Possible patent renewals are ignored in this analysis because, as described in the
data section, hardly any of the patents on crops in our database have expired.

6 The Guardian, 2004a,b.
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crop diffusion and expansion of GMO markets. The entry cost is thus
assumed to evolve according to Ct=ρCt−1.7

Let Vit(R) denote the value of the patent at time t, given that the
current revenue is R and given that the crop has (i=0) or has not
(i=1) been introduced prior to date t. Then the biotechnology firm's
Bellman equation is

Vit Rð Þ =
R + δπ Rð ÞEZ V0t+1g R; Zð Þ; i = 0
max V0t Rð Þ−ρtC; δπ Rð ÞEZ V1t+1g R; Zð Þ

n o
i = 1

(

where δ=0.95 is the assumed discount rate.
This formulation of the Bellman equation is straightforward, but,

due to the presence of the “max” operator, possesses a “kink” that can
create difficulties when attempting to solve the equation numerically.
The Bellman equation may be recast in an equivalent but “smoother”
form as follows. Let Ṽit(R) denote the value of the patent at time t,
given that the current revenue is R, and given that the crop has (i=0)
or has not (i=1) been introduced on or prior to date t. Then,

Ṽit Rð Þ = R + δπ Rð ÞEZ Ṽ0t+1 g R; Zð Þð Þ; i = 0
δπ Rð ÞEZ max Ṽ0t+1 g R; Zð Þð Þ−ρt+1C; Ṽ1t+1 g R; Zð Þð Þ

n o
; i = 1

(

This is the form of the Bellman equation that we solve recursively
for the revenues that trigger entry (Rt*) using function approximation
in the Matlab code (Miranda and Fackler). Note that the critical
revenue for the introduction of the crop at time t is characterized by

Ṽ0t R�
t

� �
−ρtC = Ṽ1t R�

t

� �

The model is solved recursively for the value functions using the
method of Chebychev Polynomial Collocation by which the coefficients
of the value function approximants are fixed by requiring the
approximants to satisfy Bellman's equation not at all possible values
of R, but at n prescribed Chebychev nodes (Miranda and Fackler, 2008).
From the value functions, the critical revenues for each GM crop age
computed.8

Computation of the entry hazard rates (probabilities of market
entry at age t provided no entry in prior ages) using Monte Carlo
integration can be problematic in econometric estimation for a variety
of reasons. First, Monte Carlo integration generates inexact entry
probability approximations that vary from one integration to the next.
Second, Monte Carlo integration is computationally expensive, since
an integration must be performed each time the model parameters
are perturbed by the maximum likelihood routine. Third, Monte Carlo
integration can generate zero entry probability approximations,
causing the maximum likelihood estimation procedure to fail. We
propose an “exact” numerical integration method instead. Let pt
denote the probability that the firm will enter the market at t,
7 The assumption that the whole history of sunk costs is known by company from
period 0 is implausible in this context. Yet, it is a compromise needed for making the
model solvable and estimable. One way to reconcile the assumption with reality would
be to assume that the entry costs are a random walk with a (known) drift which,
however, would likely not change the ordinal values of the estimates.

8 Note that this specification guarantees the single-crossing property of the optimal
decision rule: the cumulative transition probability function describing the evolution
of Rt is increasing relative to the entry cost Ct as it can depreciate as well as appreciate.
As we don't have hard data on the entry costs, we only allow it to depreciate vs.
appreciate in time to fit the data.
conditional on information known at time 0. Then, the entry hazard
rate at t (probability of entering given has not entered in the past) is

pt
1−∑t−1

τ=0pτ
= 1−F R�

t

� �� �

where Ft(R) is the cumulative probability that revenue in period twill
be less than or equal to R, given that the firm has not entered the
market prior to period t. The cumulative distribution functions must
satisfy the recursive relation

Ft Rð Þ = 1
Ft−1 R�

t−1

� � ∫R�
t−1

0
½1−π ξð Þ+π ξð ÞPr ξ≤R and Z≤Rð ÞFt−1 dξð Þ

=
1

Ft−1 R�
t−1

� � ∫R�
t−1

0
1−π ξð Þð ÞFt−1 dξð Þ + G Rð Þ∫min R�

t−1;R
� �

0
π ξð ÞFt−1 dξð Þ

� �
;

�

subject to the initial condition

F1 Rð Þ = 1−π R0ð Þ; R b R0
1− 1−G Rð Þð Þπ R0ð Þ; R≥ R0

;

�

where

G zð Þ = Pr Z ≤ zð Þ = 1− exp −z = μð Þ

is the cumulative distribution function of Z. The cumulative distribu-
tions Ft are approximated using linear splines, which are computed
recursively via the method of collocation.

The log-likelihood function is specified as a product of the vector of
the actual hazard rates of market entry (entry frequencies) and the
vector of computed hazard rates of market entry. The vectors are
specified similar to Pakes, e.g., the data are grouped by cohorts
according to the GM crop origination year. In each cohort, zero entry
frequencies/probabilities that happen towards the end of the crop's
(option's) “life” are eliminated. Proportions (cumulative probabili-
ties) of non-entry over the lifetime are inserted at the end of each
cohort thus formed, and the cohorts are concatenated into a vector.
The computed hazard rates are constructed in the same way to match
the data (i.e., if cohort j has zero entry at age t, that entry is also
eliminated from the simulated vector for this cohort).

The model is estimated using simulated maximum likelihood
custom-written in Matlab. The procedure compares disaggregated
entry proportions to the hazard rates of entry implied by different
values of the parameters. This accommodates the right censored
nature of the data: the entry vector is truncated for each actual cohort
tomatch its length. Starting values for the parameters are chosen from
their reasonable intervals and by visual comparison with the data.

3. Data description

Even with the relatively light informational requirements of the
real options approach used in this analysis, identifying data that
adequately reflect the decisions of biotechnology companies to enter
foreign and domestic markets with their GM crops is no easy task, due
to both data scarcity and the fact that market entry is not a one-time
event, as it takes time to establish capacities, contract with retailers,
get approvals, and otherwise “prepare the ground”. However, certain
events are likely to indicate that an entry commitment has been made,
i.e., that the option to enter has been exercised. One such event is
getting a GM crop approved for production and/or consumption in a
country. Evidence suggests that the process of approval of GM crops
and/or food is costly and irreversible (Sheldon, 2004, 2007). Thus,
while recognizing that approval dates can contain a fair amount of



9 That way, an estimate for Brazil, for example, only indicates the relative
profitability of the entire pool of GM crops in Brazil.
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noise, we assume that these events are coincidental with market
entry. Details are discussed below.

The data for this analysis come from the GM crop database
maintained by the Center of Environmental Risk Assessment that
contains reasonably detailed and constantly updated information on
all existing genetically engineered plants (i.e., plants produced using
recombinant DNA technologies). In particular, the database provides
data on the approval of all currently existing GM crops in different
countries. A cursory examination of the data on GM crops that have
been developed so far reveals that, to date, 131 events of 21 crops
have been patented. The “most genetically modified” crops are:

– Corn (maize): 53 events, 8 of which are modified to be pest
resistant, 11 provide resistance to various herbicides, and 28 have
stacked traits producing combined pest and herbicide resistance,
indicative of the later trend of stacking the traits to take advantage
of all of the available crop attributes. Only one corn trait is for
ethanol production.

– Cotton: 21 events, 8 of which provide pest resistance, and 7
combined pesticide and herbicide resistance.

– Soybeans: 11 events altogether, 8 of which have herbicide
tolerance, and 3 have modified seed fatty acid content.

– Argentine canola: 15 events, 7 are herbicide tolerant, the rest
having modified seed fatty acid content (3) and stacked herbicide
tolerance and male sterility (5).

The remaining GM crops include alfalfa, carnations, chicory, flax/
linseed, melons, papayas, polish canola, potatoes, rice, squash, sugar
beet, tobacco, tomatoes, andwheat. Themain GM crop developers and
patent-holders are Aventis CropScience (Bayer CropScience), BASF
Inc, DOW AgroSciences LLC, Du Pont, Monsanto, Pioneer Hi-Bred
International Inc., and Syngenta Seeds, although numerous mergers
and acquisitions prevent identifying them as time-invariant entities
(Marco and Rausser).

In terms of the actual planting area, the pool of GM crops is much
less diverse. In 2009, 77% of the global transgenic crop area was
planted with GM soybeans, 26% with GM corn, 49% with GM cotton,
and about 21% with rapeseed (James, 2009). Production of the other
transgenic crops was negligibly small. Almost 90% of the global area
was shared among three countries: the United States, Brazil, and
Argentina that planted mostly corn, cotton, and soybeans, the
prevailing traits of which are herbicide resistance (30.5% of crops),
pesticide resistance (18%), and stacked pesticide and herbicide
resistance (32%) (James).

The data cover the period from 1989 to 2009. There are different
types of approvals: environmental, food, feed, and marketing. As
environmental approval is not sufficient for market entry (but is a
prerequisite for food, feed, or marketing approvals), we assume that
either food/feed, or marketing, approvals are both necessary and
sufficient for commercialization (e.g., market entry) in a country (see
Sheldon, 2004, 2007 for a discussion of the current regulatory
process). In total, there are 674 approvals, of which 631 are for
food, feed, or marketing which qualifies them as entry data. The set is
rich enough to define entry patterns for groups of countries (regions)
and, most importantly, for different cohorts, i.e., groups of crops
originated at the same time.

As for the date of GM crop origin, patent information is less
relevant for the purposes of this analysis because acquiring a patent
on a crop event does not imply acquiring the opportunity to market it.
Based on reviewing the literature and legislative documents, the date
of origin of the market entry option was identified as the ending year
of the GM crop's field trials that take on average 1.95 years as those
are a prerequisite for approval. Numerous GM crop approval
documents, such as the developers' petitions for approval and
deregulation in the U.S., EU Commission's decisions authorizing
marketing of GM crops/food, Risk Assessment Reports of the Japanese
Ministry of Environment, and other documents, contain information
on the field trial periods and indicate that an approval is conditional
on submission of satisfactory GM crop performance evaluation based
on the field trials. These legal documents are part of the GM crop
database used in this research and the data were identified based on
their careful perusal. The official nature of these documents speaks in
favor of the validity of the data that they provide.

The length of American, Canadian, European, and international
patents is 20 years and, as described in the previous section, it is
assumed that after patent expiration the profits are competed away.
Further assuming that thefield trials begin immediately after patenting,
we calculate the life of the option to enter as 20 minus the rounded
average length of the field trial period for a particular year.

Altogether, there are 20 cohorts. Only the data on major regional
pools of GM crops contain enough observations for each cohort. The
right censored nature of almost all of the cohorts (options that have
not expired) is accommodated by the construction of the likelihood
function described in the previous section.

As estimation requires a certain level of aggregation, we group
countries into regions assuming that, within a region, the evolution of
returns for all crop events is governed by the same parameter values.
As the same crop event may enter different countries at different
times in the same region, each is indexed not only by the event but
also by country. The corresponding returns that wemodel are indexed
in the same way: Rjt

i , where i is event and j is country index. The
assumption that the returns evolution within a region is governed by
the same parameter values implies that the critical entry values are
the same for all countries in the region and that Rjti ≠Rkt

i because of
differences in the initial returns (Rj0i ≠Rk0

i ). The size of the (initial)
pool of products is thus a product of the number of events and the
number of countries chosen for analysis. The crops from the pool that
never enter present the proportion of non-entrants. The smaller the
region analyzed for the same pool, the smaller the proportion of
entrants: analyzing a region assumes the whole pool of GM crops is
available, which allows estimation of relative profitability of thewhole
pool in this particular market.9 As the parameters that govern the
return evolution define both the shape of the entry hazard rates and
the proportion of non-entry, an alternative way to specify the data is
to consider only the crops appropriate for the country or region, like
soybeans and corn in the North and South America. The estimates
then apply to the returns from only this appropriate pool of crops and
not from the total pool.

Table 1 summarizes the number of approvals by country. The US
and Canada have a great lead in the number of early approvals, which
suggests that the common obstacles to marketing are less pronounced
there (Sheldon, 2004). In particular, intellectual property rights on
patented innovations in these countries are honored, regulatory
approval is less costly, consumer attitudes are generally more
accommodating, and producers are more receptive to agricultural
innovations (Hoban, 2000). This implies that the returns are greater
relative to costs and, probably, less volatile.

Fig. 1 summarizes the frequencies (proportions) of approvals
(market entries) by GM crop age measured by the number of years
since the end of the field trials and averaged over cohorts for which
they are observed. Based on our assumptions, this interval shows how
long a crop owner waited after the firm had effectively acquired an
option to enter a market before exercising it. The plot does not
indicate immediate approval and market entry. Approvals happening
some time after the opportunity to enter appears may be indicative of
its positive value. In other words, in the presence of uncertainty,
flexibility in decision making presents economic agents with a non-
negative option value, whichmakes themwait for new information to
arrive so that they can estimate the expected returns more precisely
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Fig. 1. GM crop entry frequencies (hazard rates) worldwide. (non-entry: 59%).
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and make better marketing decisions. Another feature suggesting
positive option values is that, although the frequency of approval
declines with the patent age, which can be attributed to declining
returns due to depreciation, the decline is significantly less steep
during later product ages: as the patent's time to expiration declines,
so does the option value, which provides additional incentives to
enter.

These observations can be refined by dividing the world into two
regions — the industrialized and the developing countries. Assuming
that the same influences are present within either of the two subsets,
such division should highlight the differences in magnitude and
volatility of the returns and thus in the value of the GM crops between
the two regions. Assigning Brazil, Burkina Faso, China, Colombia,
Czech Republic, El Salvador, India, Mexico, Paraguay, Philippines,
Russia, South Africa, Taiwan, and Uruguay to the second region and
Australia, Canada, European Union, Japan, Korea, Netherlands,
Switzerland, United Kingdom, and the United States to the first, we
get entry (approval) patterns presented in Fig. 2.

It is obvious fromthefigure that,while in the industrialized countries
most of the events are approved relatively sooner after patenting, the
overwhelming majority of approvals in developing countries occur just
after theage of 5 years. One canhypothesize that this difference signifies
that average net returns frommarketingGMcrops relative to the cost of
market entry are higher in the industrialized world. However, it is
Fig. 2. GM crop entry frequencies: industrialized vs. developing world. (non-entry:
Industrialized=75%, Developing=86%).
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unclear whether the volatility of these returns is also higher in the
developing world. While higher volatility implies higher value of the
entry deferral option, and therefore delayed introduction, higher option
value can be offset by higher expected returns.

4. Results

The purpose of simulating the market entry process is to verify
whether patterns of actual data on the marketing of genetically
modified agricultural crops can be estimated, and therefore explained,
using a model grounded in real options theory. In addition, wewish to
examine and interpret the differences between the estimates of the
return evolution process for different market and regulatory environ-
ments, as well as the crops' characteristics.

The model is simulated using the Matlab software. After
computing the optimal entry policy for a set of parameters, entry
probabilities conditional on no previous entry (hazard rates) are
generated, analogous to entry frequencies defined as shares of the
product pool whose marketing is initiated at each GM crop age. The
estimated entry vector is then truncated to eliminate zero entry
observations in the data and the non-entry frequencies are appended
for each cohort. The resulting estimates of cohort-specific entry
frequencies are then concatenated according to the number of cohorts
forming a vector corresponding to the data vector constructed in the
same way. The product of the two is the log-likelihood function used
in estimating the parameters of the model.

Simulation outcomes across a wide range of parameter values
show that the minimal returns that trigger market entry (Rt⁎'s) exhibit
a general tendency to first decrease and then increase with product
age t, as they are influenced by two factors. As time progresses, the
decreasing value of the remaining expected returns increases the
critical return values Rt⁎. At the same time, decreasing value of the
entry option works in the opposite direction, i.e., it has a depressing
effect on Rt⁎ (higher option values must be offset by higher current Rt
to trigger entry). In the early stages of the product life, it is mainly the
value of the option to enter that affects the critical returns and, as the
value of the option declines with t, so do the Rt⁎'s. Later on, however,
the option value declines to a level at which it is no longer a decisive
factor influencing the critical returns. The critical returns then start
increasing with t as the expected net present value (NPV) of the
revenues decreases significantly in later product ages.10

Estimation results are presented in Table 2. Parameter estimates
are accompanied by standard errors andmean squared error (mean of
squared differences between simulated and actual entry frequencies)
compared to the variance of the data.11 First are the estimates of the
model parameters for the whole dataset. These characterize the initial
return distribution, and subsequent evolution, of the entire pool of
GM crops in all markets (countries). All estimated parameters are
significant, and the mean squared error compares favorably to the
variance of the data.12 The fit of the model is shown in Fig. 3, which is
pretty good apart from failing to capture the second mode noticeable
in the data. Because of the nature of the data and model setup, the
estimates only show the values of entry costs and returns relative to
each other and describe thewhole pool of GM crops to date. The initial
10 However, the path of Rt⁎'s can also be monotonic (either decreasing or increasing
over the product life), depending on the relative values of the parameters.
11 Due to the paucity of the data for smaller subsets, the MLE routine in Matlab could
not calculate standard errors for those (reported as NA).
12 Note that our model assumes independence in the evolution of returns across
countries in the group (for a given crop event). If this assumption is wrong and there
are correlations in returns across countries, then our likelihood can be interpreted as a
partial likelihood (Wooldridge, 2002, Section 13.8). In this case, our point estimates
are still consistent, but the estimated standard errors of these estimates are likely
biased downwards.
entry cost (C) is about 23 times the mean of R0 (initial revenue from
marketing), and declining at the rate of 4.2%/year (ρ). The variance of
the initial returns specified by the parameter σ, (the mean normalized
to 1), is small (0.7726) whichmay reflect the fact that the estimates of
the product's initial profitability relative to costs when all the existing
markets are considered may not be very far apart.13 The downward
return volatility θ, specified as the probability of absorbing state of
zero returns, is rather high: 12.25% each year suggesting that,
worldwide, quite a few GM crops have been expected to lose
their value, either because of crowding out by the new arrivals
(stacked traits) or because of lack of demand/markets (golden rice).
The positive shock distribution parameter μ=E[Z]bE[R0] implies that
Pr(ZNE[R0])=39.6% suggesting that the positive shocks also play a
major role in the evolution of returns. At the aggregate level, it seems
that the main driving forces behind diffusion of GM crops are the
upward and downward return volatility (with higher probability of
positive shocks), the distribution of initial returns and, to a degree,
declining market entry costs (alternatively, increasing revenues).14

However, this specification assumes that crops in all countries follow
the same process, which is a very strong assumption. We next relax
this assumption, allowing the stochastic process to differ between
countries.

The actual and estimated reentry patterns for the developed and
developing countries, as described in the previous section, are shown
in Fig. 4. Parameter estimates show most notable difference in the R0/
Cost ratio which is higher in the developing countries (costs are lower
and/or revenues are higher). Given that we consider the whole pool of
GM crops, it is natural to expect more return volatility in the regional
markets. Depreciation of the relative entry costs is very similar,
witnessed by the very close values of ρ. This suggests that the
(international) diffusion effects on entry costs/revenues work in
similar ways in different environments. The upward volatility of the
revenues (returns) is a very significant driver of return evolution but
lower in the developing world: Pr(ZNE[R0])=36% vs. 54% in the
industrialized countries. At the same time, the downward volatility
expressed as the probability of the absorbing state of zero returns is
notably higher in the developing than in the industrializedworld: 25%
vs 18%/year. This might be due to the neglect of property rights or due
to the nature of the traits of the majority of GM crops that were
developed mainly for large-scale commercial farming — trying them
out in countries with more traditional agriculture may not always be
lucrative. Higher negative volatility of return evolution, together with
the lower revenue to cost ratio, accounts for the observed lower
aggregate adoption rates in the developing world. The variance of the
distribution of the initial (expected) crop revenues is a little higher in
the developing world (0.33 vs. 0.24). The overall impression is that
the initial GM crop revenues to the developer are higher and more
homogeneous in the industrialized world and, more notably, the
environment there is much more optimistic.15

Narrowing the definition of the industrialized world, we estimate
the model for the top cluster of GMO adopting countries: Australia,
Canada, Japan, and the US. The pattern in Fig. 5 is quite different from
the panel (a) of Fig. 4 in that the entry probability becomes virtually
zero since the age of 10. In terms of the parameter differences, this is
due to the higher value of the upward volatility parameter μ (Pr(ZNE
[R0]=0.66 vs. 0.54) indicating that positive shocks play a major role in
returns evolution which, together with higher entry cost depreciation,
offsets the 60% higher initial entry cost. Also, the negative shock
13 Something like a E[ROE0] requirement for a new product.
14 Initial return distributionwas also amajor determinant of option exercise behavior in
the Pake's model.
15 The scarcity of the data (regional) does not permit visual comparisons between
plots for inferring the intuition behind option values and the general nature of
uncertainty (as in Pakes who had a much larger dataset).



Table 2
Parameter estimates.

C ρ σ μ θ

Worldwide 23.42 0.96 0.76 1.07 2.10
SE 0.346 0.013 0.083 0.097 0.084
MSE 1.51e−05 Var[R0]=0.773
Var(data) 4.85e−04

Industrialized countries 30.38 0.90 0.46 1.62 1.71
SE 0.064 0.012 0.002 0.083 0.076
MSE 1.08e−05 Var[R0]=0.2378
Var(data) 2.60e−04

Australia, Canada, Japan, and the U.S. 48.92 0.78 0.48 2.40 0.71
SE 1.560 0.055 0.125 0.091 0.114
MSE 1.51e−05 Cambridge, MAVar[R0]=0.2542
Var(data) 2.05e−04

Developing Countries 26.81 0.88 0.53 0.97 1.37
SE 4.566 0.059 0.160 0.311 0.150
MSE 1.68e−06 Var[R0]=0.3249
Var(data) 4.59e−05

Argentina, Brazil, and the U.S. (soybeans, maize, cotton) 25.10 0.99 0.61 1.01 2.51
SE NA NA NA NA NA
MSE 2.87e−06 Var[R0]=0.3731
Var(data) 1.07e−04

Argentina, Brazil, and the U.S., (soybeans, maize, cotton, herbicide tolerance) 31.47 0.99 0.00001 1.30 4.70
SE NA NA NA NA NA
MSE 2.43e−5 Var[R0]=0.001
Var(data) 6.24e−04
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parameter θ implies a disaster probability of 49%, which is rather
puzzling. The intuition is that big and early positive shocks are enough
to recuperate the expenses in the long run but are not enough to accept
at later crop ages, hence the lower entry later on. Besides, it is likely that
the rate of GM crop obsolescence due to introduction of newer traits
and events is higher in the four (leading) countries. These estimates
portray an environment that is most expensive to enter and most
volatile but relatively more optimistic, which might correspond to the
description of the GM crop markets in these countries.

Argentina, Brazil, and the U.S. account for almost 80% of the total
area planted with GM crops (James). The three countries have been
the fastest adopters of GM crops and definitely represent a distinct
market for the crop developers. Besides, the three countries grow
mostly GM soybeans, maize, and cotton, almost all of which are
herbicide tolerant, pest resistant, or both (stacked traits) making this
an interesting case. Panel (a) of Fig. 6 shows the fit of the model
estimating entry frequency of the entire pool of GM crops in the three
countries, whereas panel (b) shows estimation of the entry hazard
rates of only herbicide tolerance traits from the sub-pool of soybeans,
Fig. 3. Market entry hazard rates worldwide. (non-entry: data=59%, sim=61%).
maize, and cotton. The estimates thus describe evolution of returns of
different pools of GM crops. Both models provide a good fit and some
interesting observations.

Entry cost depreciation/return appreciation in the region is
(relatively) very low for both the whole pool and for the sub-pool
of the three crops, most likely because of the initially low entry costs
as all the three countries did not have strong biases against GMOs,
particularly against herbicide and pesticide tolerant GM crops, leaving
less room for later reductions in the entry cost. In terms of the slightly
lower return appreciation of GM corn and soybeans, it is probably
indicative of smaller “economies of scale” in the GM crops' acceptance
and diffusion. The costs of entry relative to the initial returns in the
region are noticeably lower for the aggregate pool of GM crops than
for the sub-pool that was likely designed for commercial farming in
the region. These initial cost/return estimates might be offset by
higher upward, and significantly lower downward, return volatility.

Interestingly, for the three most prolific GM crops marketed in the
Americas, the upward volatility of the returns is higher than in the
general pool. This might have something to do with successful
exploration of new markets for the crops (chances of discovering and
expanding corn and soybean farming to areas unprofitable for farming
traditional crop varieties). The variance of the initial return distribu-
tion of the sub-pool (soybeans, maize, and cotton) of the herbicide
tolerant crops planted in the Americas is miniscule. It is indicative of
the homogeneity/similarity of marketing potential of the traits
developed primarily with these countries/regions in mind. Likewise,
the annual “disaster” risk of absorbing zero returns of the sub-pool of
GM crops in the region is very small: 1% vs. 8% for the whole pool (but
also in the region), which is not surprising considering the
overwhelming commercial success of the three crops.

The model presented in this paper may be less appropriate for the
European data because (1) it is scarce (43 entries by ourmethodology,
b3% entry ratio) and (2) approvals in Europe are delayed because of
elevated opposition to GM crops and for bureaucratic reasons making
the approval data less representative of actual market entry.
Nevertheless, our data suggest that market entries in Europe are
few and scattered over crop ages. Likewise, the Chinese approval data
are less amenable to estimation as there are only 24 entries and the
pattern appears to be chaotic and suggesting that the approval data is
not the best indicator of market entry in China.



Fig. 6. Market entry hazard rates in Argentina, Brazil, and the U.S.

Fig. 5. Market entry hazard rates in Australia, Canada, Japan, and the U.S. (non-entry:
data=81%, sim=81%).

Fig. 4. Market entry hazard rates in the industrialized and developing countries.
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5. Conclusions

Introduction of crops genetically engineered to increase agricul-
tural productivity has the potential of dramatically increasing returns
in the agricultural sector and alleviating the problem of feeding the
growing world population. However, little is known about the
potential profitability and marketability of GM crops in different
parts of the world. Yet it is largely the profitability of agricultural
biotechnology products that determines the future direction of R&D,
the pattern of GM crops diffusion worldwide, and thus the magnitude
and distribution of the gains. In this article, we study market entry
decisions of biotechnology firms. Observed instances of market entry,
or product introduction, are viewed as outcomes of profit maximizing
decisions based on comparison of unobserved entry costs, expected
future returns, and the value of managerial flexibility, i.e., the right but
not the obligation to enter a market with a GM product. The market
entry process is estimated using a model grounded in the real options
theory.

Estimation results indicate that the costs of market entry
depreciate relative to the expected returns from entering in the
global markets and in all the regional markets considered.Worldwide,
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the cost of entry and its depreciation are relatively small and market
entry is determined mostly by the stochastic process (uncertainty)
behind the return evolution. Comparison between the industrialized
and developing countries shows a most notable difference in the
return to entry cost ratio which is higher in the developing countries.
However, depreciation of the relative entry costs is very similar
suggesting that the diffusion effects on entry costs/revenues work in
similar ways in different environments. The return volatility is more
negative in the developing world and the initial revenues are less
homogenous, which also accounts for the lower aggregate entry rates.
Estimation of market entry data for the top GMO adopting countries
suggests that positive shocks, together with higher entry cost
depreciation, play a decisive role in returns evolution which offsets
the high entry cost. This defines an environment that is expensive to
enter and highly volatile but much more optimistic.

Estimates for Argentina, Brazil, and the U.S that account for almost
80% of the total area planted with GM crops show that entry costs in
the region decline very slowly, most likely because of the initially low
entry costs as all the three countries did not have strong biases against
GMOs, particularly against herbicide and pesticide tolerant GM crops,
leaving less room for later entry cost reductions. Higher entry costs for
the three dominant crops are offset by higher upward, and
significantly lower downward, return volatility which is consistent
with the overwhelming commercial success of the three crops in the
region. The low variance of the initial return distribution is indicative
of the similarity of the marketing potential of the traits developed
primarily with these countries in mind. The scarcity of the data, and
less transparent regulatory regimes, do not allow the estimation of
market entry in other interesting regions, such as the EU and China.
The model also has certain limitations that can be overcome by fine-
tuning and by expanding the set of explanatory variables.
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