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Biotechnology Adoption Over Time In the Presence of Non-Pecuniary
Characteristics that Directly Affect Utility: A Derived Demand Approach
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North Carolina State University

Generally, new production technologies are adopted because
they will increase profits, mostly due to lower production costs
ceteris paribus. In the case of the first-generation crop biotech-
nologies, however, additional factors play a role. These factors
affect the utility functions of individual producers directly, as well
as possibly affecting their utility functions indirectly through prof-
its. This article considers the effect that embodied non-pecuni-
ary factors have on the derived demand for a new, first-
generation crop biotechnology over time. We show that the
derived demand for the biotechnology will increase (shift out) at
first and then begin to become more inelastic to price increases
as adopters get accustomed to, and value more highly, the non-
pecuniary benefits. We consider the convenience embodied in
the Roundup Ready® soybean system as an example. Then, as
empirical support for the transformation of the elasticity of
derived demand, we examine Roundup Ready® soybean sys-
tem costs and adoption over the period 1996-2007. The data
suggest that, despite recent increases in the system costs of the
technology, adoption continued to increase, signaling a rela-
tively inelastic demand response.

Key words: biotechnology, non-pecuniary, derived demand,
technology adoption, demand elasticity.

Introduction

Generally, when we think of new production technol-
ogy, we think of a new product or technique that will
increase profits, mostly due to lower production costs
ceteris paribus. In the case of the first-generation crop
biotechnologies (the so-called “agronomic” traits), how-
ever, additional factors are in play which are, at least in
part, non-pecuniary in nature. Consider the convenience
factor, for example. Adopters have long touted the con-
venience provided by biotech crops. Studies have found
that producers place a value on the additional conve-
nience afforded by some of the first generation biotech
crops above and beyond the time savings. These studies
are summarized in Marra and Piggott (2006). For exam-
ple, consider the convenience aspects of Roundup
Ready® soybeans. Adoption of this biotech technology
allows over-the-top herbicide applications that consist
of using a spray boom that can spray up to 20 rows at a
time, and at a much higher ground speed, when com-
pared to a post-directed application, which is the only
post-emergence option for conventional soybeans.
Spraying over the top as opposed to a post-directed
application is less costly, simpler, and reduces the worry
of applying the herbicide within a narrow window of
time. The post emergence, over-the-top spray is more
convenient than any other weed control option in the
soybean production system. The value of the producer’s

time saved is part of the story and enters his utility func-
tion through increases in profits. However, features such
as having a simpler system to operate and less worry
about timing and precision of pesticide treatments are
components of convenience that affect the producer’s
utility function directly.

An Everyday lllustration

To illustrate what we mean by the effect of components
of convenience that enter one’s utility function directly,
consider the mobile phone. The proliferation of mobile
phones in the past few years and the convenience this
technology bestows on users is unquestionable. The
consumption of mobile minutes continues to increase
today because of the utility that a consumer derives
from the freedom of being able to place a call using this
technology from almost anywhere, compared with plac-
ing the call using non-mobile technology that has a lim-
ited geography (less convenient) but is often
substantially cheaper. Furthermore, consumers have
become so accustomed to having access to the world on
their mobile phones that it is commonplace to keep
these phones on or near one’s person at all times. For
seasoned mobile phone users, ask yourself the following
question: How responsive would your demand for an
additional mobile minute (or set of mobile minutes) be
now if the cost increased compared to how you would



respond when you were considering adopting this tech-
nology (acquiring your first phone)? For most mobile
phone consumers we expect the answer to be that their
demand response has become more inelastic to price
increases.

Purpose of the Article

This article shows the effects non-pecuniary factors
embodied in new technologies have on the derived
demand for these technologies over time. Our hypothe-
sis is that, with the embodied non-pecuniary factors,
such as increased convenience, in play, the derived
demand for these technologies will increase (shift out)
at first and then begin to become more inelastic to price
increases as adopters get “used to” and value the addi-
tional convenience more highly. The specific argument
we develop in the remainder of the article is that, as
adopters get accustomed to the convenience a biotech
technology affords them, their demand responsiveness
to price increases becomes more inelastic, leading to a
kinked derived demand curve for this technology. A key
insight into the ideas developed in this article is to view
the biotech technology as a factor of production, with
the conventional technology being the alternate factor,
and the demand for an additional acre of the biotech
technology as a derived demand. The remainder of the
article is organized as follows. After a brief review of
previous research, we present a theoretical model with
some comparative statics, followed by a graphical repre-
sentation of technology adoption in this setting. Empiri-
cal support for the theoretical results is presented, and
then the conclusion follows.

Background

Several approaches have been taken to analyze agricul-
tural technology adoption. The first was the seminal
work of Griliches (1957) in which he modeled the tech-
nology diffusion curve (adoption path) of hybrid corn as
a function of economic variables, such as the factors
affecting the innovation’s profitability. He found that as
such factors differ across space and time, the slope and
ceiling of the adoption path will differ as well. His mod-
eling approach was to fit a logistic curve to the adoption
data for hybrid corn over time, making the slope and the
adoption ceiling functions of the economic variables.
Others have modeled the probability that an individual
decision-maker will adopt the new technology using a
random utility framework (sometimes directly and
sometimes implied), which results in the probability of
adoption as a function of economic variables, including
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farm and producer characteristics (Bosch, Cook &
Fuglie, 1995; Rahm & Huffman, 1984; Shapiro,
Brorsen, & Doster, 1992). These studies used cross-sec-
tional survey data. Still others focused on the timing of
adoption in a temporal framework (Feder & Slade,
1984; Lindner, Pardey, & Jarrett, 1982; McWilliams,
Tsur, Hochman, & Zilberman, 1998; O’Mara, 1971).
The goal of these studies was to determine why some
producers are early adopters and some are laggards.

Another line of research has focused on the role of
information and learning in technology adoption. These
studies followed Griliches’ approach of modeling a
logistic diffusion curve as a function of the variables of
interest (e.g., Lindner & Pardey, 1979; Warner, 1974) or
as the probability that an individual will adopt (Fischer,
Arnold, & Gibbs, 1996; Goodwin & Kastens, 1996;
Marra, Hubbell, & Carlson, 2001). Substantial literature
also exists that examines the role of risk in the adoption
of a new technology (e.g., Foster & Rosenzweig, 1995;
Goodwin & Kastens, 1996; Just & Zilberman, 1983;
Shapiro et al., 1992). These studies modeled the deci-
sion to adopt in an expected utility framework, assum-
ing output price, output revenue, or input price is
uncertain. The role of characteristics of the innovation
that can affect utility directly has been examined in only
a few studies (see Batz, Peters, & Janssen, 1999, for an
example and a review of this literature). These studies
have taken the probability-of-adoption approach to ana-
lyze the effect of such non-pecuniary characteristics as
the relative flexibility or the risk characteristics of the
innovation. The Batz et al. article also uses cross-sec-
tional data collected in two time periods, introducing
some of the dynamic aspects of the adoption decision.

This article is an extension of the technology adop-
tion literature in that we consider in a derived demand
framework the characteristics of the innovation as fac-
tors in the decision-maker’s adoption decision, while
also incorporating the role of learning and developing
skills with the innovation into the adoption model. We
derive theoretical results in this framework and examine
specifically the role of the non-pecuniary characteristics
of the innovation. We then consider changes in the
derived demand for the biotech technology over time.
Specifically, we examine how the price elasticity of
demand transforms over time in the presence of an
embodied non-pecuniary characteristic of a new tech-
nology.
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A Model of Biotech Technology Adoption
Over Time, Accounting for Characteristics
that Directly Affect Utility

This section presents the theoretical results derived from
our modeling framework. In order to develop a model of
biotech technology adoption over time and derive the
results in this section, we rely on the following assump-
tions:

1.

Producers are utility maximizers whose optimization
problem involves a sequence of independent static
optimization problems. Thus the decision of how
many acres are allocated to each technology in any
given period is dependent only on the circumstances
and economic conditions of that period. At any time,
a producer can disadopt the technology or a non-
adopter can adopt. That is, there is no systematic
link between past, present, and future decisions
regarding consumption or adoption levels.

Perfect competition exists in the factor markets.

Both technologies, conventional and biotech, are
scale-neutral. This assumption holds for both tech-
nologies when the decision is to plant one more acre
using either technology, and holds globally for the
biotech technology. All other variable inputs (types
and levels) are predetermined, once the choice of
total acres (4,) is allocated to each technology (A,B
for a biotech acre and Atc for a conventional acre;
AB+4=4,) is made. That is, a producer chooses a
production “system” with each acre allocated to one
of the two technologies in a given period ¢. Thus, the
cost of allocating an additional acre (4,2 or 4,°) out
of the total acres to be planted to the crop, 4,, to
either technology is constant at a particular point in
time ¢ and equal to rtB for the biotech technology and
to r,c for the conventional technology.

The biotech technology has an additional non-pecu-
niary characteristic (e.g., convenience), g, associated
with its adoption that enters the producer’s utility
function directly and not through profits (i.e.,
q= q(AtB , 1), while the conventional technology does
not. Because ¢ is associated with each acre of the

biotech technology (AtB), as adoption increases,

%_ . o). The
47
utility value of each unit of ¢ is also increasing over

higher levels of g are achieved (i.e.,
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time (i.e., Z—qz 0). The utility function exhibits
t

positive marginal utility with respect to ¢ (i.e.,

U, = 5% > (0)- The marginal utility of the consump-
oq
tion good (U ) with respect to g is zero (ie.,
U, = Uy — () because g is a non-pecuniary com-
t aq

ponent of utility and so, therefore, does not affect

consumption. The marginal utility of the consump-

tion good (U ) is assumed to be diminishing (i.e.,
t

U,, = oU, <() and this diminishing marginal
't xl
utility is constant with respect to time (i.e.,
oUu
&% ).
ot

. We assume that the adoption costs (r,B) per unit of

output associated with the biotech technology
declines at first due to endogenous factors, such as
increasing skill levels with the technology through
learning. This decline continues for a few seasons

(say, up to #") and then these costs may increase due
to exogenous factors such as input price increases or
the advent of some loss of productivity due to some

other external factor. These assumptions can be cap-

tured by imposing a structure on r,B over time of

rtB :rtB (rOB, f), where rOB is the initial adoption cost

o o

at time period ¢, <0 for t<¢t", and

87’13
ot

>0 fort>1t.

. For clarity of exposition and without loss of general-

ity, we further assume producers are risk-neutral and
that their discount rate is zero.

Under these assumptions, the producer’s utility max-

imization problem for each period, ¢, can be written as:
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max U,(x[, q(A,B,t))

X A

St
B B, B B Cc (C
ptxxt:ptyf(At’Atc)_rt (ro . )4, —1 4

B c
AP+ af =4 W

where U t( ) is a producer’s utility function defined
over consumption of market goods (x;) and the non-

pecuniary characteristic affecting utility directly that is
associated with an acre of biotechnology and period of

time q(AtB , t) for time period ¢. The utility function is
subject to a budget constraint whereby the amount spent
on market goods (p;'x;) is equal to the profit from the
total acres available (4,) in any given period ¢. Profit is

equal to the value of production p; f (AtB ,Atc ), where
p; is the market price of the output produced according
to the production function f(4,5, AtC), less the cost asso-

ciated with choice of acres 1% (2, 1)47 + r© 4. The
optimization problem can be restated more simply by
forming the following Lagrangean equation:

max JI=U, (xt, q(AtB,t))

B
X, A4,

+ 4P AtB ,Ap) - ”tB (’”OB )] AzB

- ’”tC [4, 'AtB] -pi Xl ©)

The first-order necessary conditions (FONC) for this
maximization problem can be written as

03

By, - 4p =0
o (3a)
03 U y B, B C|_
A~ B qqAB—i_ﬂ’t pthB_r} (”0 3t)+rt =0
04, ‘ ‘ (3b)
03 B BB ~ 4B

_ Y
—=p/f LA ) -1 (g, 0)A
a/lt t (AZ t) t 0 1

1| 4, - 4P |- pix =0, (30)
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The sufficient second-order conditions for a constrained
maximum is that the bordered Hessian determinant of
the second partials of J be positive, which can be writ-
ten as

~ ~
R XX, \le Atb‘ S,
_ | o~ o~
0<D= Sare Sarar S
~ ~ ~
\sﬂ’rxz J/’L,A,B \sﬂ'z/it
X
Ux,x, 0 —P:

B, B C
0 UATEATB +//i7.ptyf4543 p;}fATB -h (FO ,t)+’} .

b PS5 i 0
“)

Condition 3a is the standard result, which shows that
the optimal level of x, is chosen where the marginal ben-

efits (U x, ) equals the marginal cost (/@ ptx ) of an addi-

tional unit of x,. The same is true for the optimal level of

AtB in Condition 3b but it takes some rearranging to

make this transparent. Rearranging Condition 3b we can
write

quAzB +/11ptyfAlE :/1t|:rtB(VOB’t)_rtC:| (5)

where the left-hand side (LHS) of Equation 5 represents
the marginal benefit and the right-hand side (RHS) of
Equation 5 represents the marginal cost of adopting one

more acre of the biotech technology (AtB). Noteworthy

of the LHS is that it is comprised of two components:
(1) a direct utility component, the marginal utility from
an additional acre of biotech technology through the

non-pecuniary factor, g (qu 48 ); and (2) an indirect
utility component, the value of the marginal product of
an additional acre of the biotechnology ( pifys )

which, when multiplied by the marginal utility of an
additional dollar (4,), converts this component measured

in dollars to utils. Therefore, we also have the standard
result for the optimal level of AtB that the marginal ben-
efits must equal the marginal costs of an additional unit

of 4.

Piggott & Marra — Biotechnology Adoption Over Time



We are interested in solving for the demand func-
tions for market goods (x,) and an acre of biotechnology

(AtB) implied by the system of Equation 3. These three
equations contain the terms x,, AtB, Ap 0P Ap rOB, rtc,
P, t. Under the terms of the implicit function theorem,

this system can be solved for the variables x,, 4,5, and 4,

in terms of the remaining terms p/, 4,, rOB , r,C, pi, and

t. The simultaneous solution of the FONC in Equation 3
reveals the following results:

— B C
X X (pty’At'rO T :ptx, t) (6a)
B _ 4B B _C
At _At (pty,At,rO 1 :ptx»t) (6b)
B C
A =4W] Ay P ) (6¢)

Equations 6a, 6b, and 6¢ indicate the chosen levels of
market goods (x;) and acres of biotechnology (AtB) for
any given level of prices (p/, o5, rC, p/") and the
amount of total acreage available (4,) at a given period
of time ().

The Maximum Utility Function Over Time

Given that the focus of the article pertains to the impact
of learning and the non-pecuniary factor over time, it is
of interest to understand how the maximum value of util-
ity is affected by time ¢. If the optimal solutions for the
choice variables are substituted into U (x,, g(4 tB , 1)) we
obtain the following maximum utility function defined
over the exogenous parameters of the problem p/, 4,,
rOB, roLpi, tas

U (Pz ’At’ro rz ,pz’ )

U 2 Aot ). | (0 A 1))

0 (s (). q(Af*(a)’f))v Y

where o = (p, 4,, 7,5, r,C, p7, ). The function U’(or)
gives the maximum value of utility for any given level of
prices (p/, o5, r,C, p/*) and amount of total acreage
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available (4,) at a given period of time (¢), because it is

precisely the optimal levels of x, and 4 tB that maximize
utility subject to the two constraints spelled out in Equa-
tion 1. Using the envelope theorem (Silberberg, 1990),
we can derive the following condition:

U (a) o3

ot ot 4’ (a) ®

U, (@) 5, ()%

From Equation 8 and using Assumption #4, we can
denote the following refutable hypothesis concerning
the sign of the maximum value of utility function for any

given level of prices (p/, r?, V,C, p/") and amount of

total acreage available (4,) over time as

Fort<t"
oU” (a) _ oq o’ s
T_Uq( )at A (a)— P’ (a)>0. (9a)
For¢> 17"
@), e o
— 2=y —— -+ 0
L, @0 @) % ()
oq ., or®
if Uq5>lta_tt[4t3. (9b)
Fort=t >¢
oU” (a) oq o’ p. o\
ot _Uq( )8t t(a) ot Az( )_0
B
r U, S5, S gt ©0)
Fort>1¢
GU*(Q) oq or’ B
= -1 —/A4 )
Py U,(a) o (@) P’ (a)<0. (9d)
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Figure 1. The maximum value of utility over time.

Equation 9a states that during the interim ¢ < #" when
adoption costs (rtB) per unit of output associated with

B
or,

the biotech technology decline (i.e., < () due to

t
endogenous factors, such as increasing skill levels with
the technology through learning or through system cost
decreases, the maximum value of the utility function is
increasing with respect to time. Equation 9b states that

during the interim ¢ > ¢ when adoption costs (/%) per
unit of output associated with the biotech technology

> (), due to exogenous

. . . artB
begins to increase (i.e.,
0

factors such as system cost increases or the advent of
some loss of productivity due to the development of pest
resistance, the maximum value of the utility function is
still increasing with respect to time during subsequent
periods as long as the marginal benefit of the non-pecu-

niary characteristic U q 6_(] more than offsets (exceeds)

the marginal cost associated with the additional cost of

B
a;fl AP. When this is multiplied by

the marginal utility of an additional dollar (4,), this addi-

the biotechnology

tional cost measured in dollars converts to utils (i.c.,

oq
ot
the interim ¢ > ¢, at some time period ¢ = t*, the rate of
change of the maximum value of utility function will
become zero when the marginal cost in utils associated
with the additional cost of the biotechnology

B
o

8r,B

U > 2, AtB ). Equation 9c states that during

A, AtB equals the marginal benefit in utils of the

. i 0 .
non-pecuniary characteristic U, a—z . Equation 9d states

that when ¢ > 7", the marginal benefit is less than the

marginal cost, meaning U *(OL) is decreasing with respect
to time. Figure 1 provides an illustration of the relation-
ships shown in Equation 9.

The Price Elasticity for the Derived
Demand for Biotechnology Over Time

The focus of this article is to understand how the
derived demand function for the biotech technology is
affected by changes in the cost of this system in the
presence of learning and non-pecuniary factors at play.
In particular, we are interested in whether there are any
refutable hypotheses with respect to the elasticity of
derived demand and how it changes over time. To do so,
we first must investigate whether there are any refutable
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Figure 2. Changes in the demand for the biotech technol-
ogy (AtB) as adoption increases.

B
hypotheses with respect to aAf—(a), since the elasticity
artB
of derived demand is equal to
B B
N = (Mt—(a)r[—' Inspection of Lagrangean
o a’”tB AtB (a)

function in Equation 2 reveals that r,B only enters the

first constraint, meaning no refutable hypotheses are
implied by the maximization hypothesis alone (Silber-
berg, 1990). This fact is reinforced by deriving this com-
parative static result (see the Appendix for details)
which can be shown to be equal to

o4 (@) U Hpty Lp = t)+rtC)AtBJ—p§‘ Ap
o D |

(10)

Assuming diminishing marginal utility of consump-
tion goods (U, < 0) (see Assumption #4) the demand
function for the biotech technology is, indeed, down-
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B
t

B
Tt

write the following expression for the elasticity of
demand for the biotech technology:

ward sloping (i.e., < 0). Using this result we can

o4/ (a) #°
61;3 AtB(a)

[UX,x, [—(szf/f -G, t)+i;C) Af}—pfﬂ,pf} 2
) D (o)
(11

Differentiating Equation 11 with respect to ¢ reveals
the following result (see the Appendix for details):

see footnote below for equation 12 ! (12)

where Z(“):(PtyfAB -rBad, t)+rtC)A,B <0.

Using Equation 12 we can further establish (see the
Appendix for details) the following conditional refut-

able hypothesis concerning M y5,0(a)| of
ot
677 BB
A’a’f (D] 0 fors> 7 (13)
t

The result in Equation 13 states that for the interim
t > ¢", which occurs when adoption costs increase (i.e.,
61’,3

ot
becomes more inelastic to price increases. This results

>0 for t > ¢), the elasticity of derived demand

in a kinked derived demand curve after 7.

A Graphical Representation

Figure 2 illustrates the results derived in the foregoing
section as they relate to the derived demand for acres of

1. Equation 12:

‘67714/»,'3(&)‘: ot

{V,BUM o, (U”’z(ay (ri) 4)%} (-4 (a))—(Ux,X/z(a)+ () 4,){_5;:/1,3 (a)- D

o4f ()

I

[-D4f (a )T
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Figure 3. United States Roundup Ready® soybean system
costs, 1996-2007. (Source: dmrkynetec, Inc.)

the biotech technology, 4 ,B . The initial demand function
for AtB is designated as D, in Figure 2. The intersection
of Dy and rlB indicates the quantity of AtB demanded at

time 7, just before rtB begins to rise AIB Dy, rlB). As the
value of the non-pecuniary factor, g, is realized (see Fig-
ure 1) the demand for 4,2 shifts outward to D,, resulting

in an increase in the demand for 4 tB at every price and at

rlB the quantity demanded is A,B (D,, rlB). Then, the

demand for AtB becomes less elastic so that, as r,B

increases, the response to the price increase is not as
great as it would have been. The difference is the
response with the original demand elasticity compared
to the new lower demand elasticity, and is shown in Fig-
ure 2 as AtB (D5, 1) - A,B (D,, r,%). Therefore, as the
cost of the biotech technology increases, coupled with
the non-pecuniary factor’s effect, we would expect the
producer’s rate of adoption to slow or even reverse
slightly, depending on the relative magnitude of the
changes in both cost and the non-pecuniary factor. The
key point is that the demand response in the presence of
the non-pecuniary factor is significantly dampened
when compared to the case where a non-pecuniary fac-

tor is not present, due to the kinked demand curve after

t> ¢ when r8 increases.

Empirical Evidence

As empirical support for the relationships above, con-
sider the cost of herbicide and seed expenditures,

Figure 4. United States adoption of Roundup Ready® soy-
beans, 1996-2007. (Source: dmrkynetec, Inc.)

including technology or royalty fees, for Roundup
Ready® soybeans over the period 1996-2007, shown in
Figure 3. As the fitted second-order polynomial trend
line reveals, during the period of 1996 through 2004,
these system costs declined and then began to rise over
the period 2005-2007. This second-order polynomial
trend line mimics our theoretical path for »,? described
in Assumption #5 with ¢ corresponding with 2005, the
period that system costs began to rise. Figure 4 illus-
trates the adoption of Roundup Ready® soybeans over
this same period with a fitted third-order polynomial
trend line depicting the adoption path over time. Notable
is the rapid adoption over the period 1996-2004 when
the cost per acre was declining. As evidence of the elas-
ticity of derived demand for biotechnology having
become quite inelastic to price increases, Figure 4 also
reveals that, despite the increase in costs shown in Fig-
ure 3, aggregate adoption of the technology in 2005-
2007 continued to increase, but at a much slower rate.
This illustrates that the demand response to the price
increase appears to be relatively inelastic.

Additional factors are probably affecting the curves
in Figures 3 and 4. The first is the development of tech-
nical skills with the biotech technology that come with
practice. This learning over time, discussed earlier,
would have increased the rate of decline of the total user
cost (Figure 3) and make the adoption path steeper in
the time period up to 2004 (Figure 4). The second is the
increasing value of the non-pecuniary factors, such as
convenience, as adopters get “used to” having them.
That adopters place a value on these non-pecuniary fac-
tors has been demonstrated in various studies, summa-
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rized in Marra and Piggott (2006). For example, it was
estimated that, in 2001, five years after the initial com-
mercial introduction of Roundup Ready® soybeans, the
convenience factor was worth on average from $3.33 to
$4.18 per acre per year to producers who adopted
Roundup Ready® soybeans. Although we do not have
empirical evidence that would verify that this value is
increasing over time, it is intuitively plausible, as was
illustrated by the cell phone adoption example earlier.
The increasing value of the non-pecuniary factors also
tends to make the demand for the biotech technology
less elastic to price increases over time, further enhanc-
ing the result in Equation 13.

Conclusion

This article has illustrated the effects that non-pecuniary
factors embodied in new technologies have on the
derived demand for these technologies as the adopter
gains experience with them. A simple model where pro-
ducers are utility maximizers whose optimization prob-
lem involves a sequence of independent, static
optimization problems is developed. The technology
adoption process is modeled by recognizing that the
innovation is a factor of production in final output and
incorporates the role of learning and developing skills
with the innovation into our framework. The model
establishes the refutable hypothesis that, with embodied
non-pecuniary factors in play, the derived demand for
the new biotech technologies over time will increase
(shift out) at first and then begin to become more inelas-
tic to price increases as adopters get “used to” and value
the additional non-pecuniary factors more highly. This
leads to a kinked derived demand curve.

The implications of this analysis are two-fold. The
first is that as the biotech technology is adopted on more
and more acres, the prices of the unique components of
the technology system will increase due to increased
aggregate demand for them and the system cost will
rise, but the demand response to the higher cost will
become smaller. This effect is, of course, self-limiting
due to competition from other technology sellers. The
second is that producers may be more reluctant to
switch away from a new biotech technology, such as
Roundup Ready® soybeans, and the reluctance becomes
stronger over time, even if continued use of the new
technology results in an effect such as weed resistance
build-up (an implicit increase in the cost of the system
due to additional spraying costs associated with weed
resistance and perhaps a negative externality if the resis-
tance spreads off-farm).
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NOTE: Appendix is in a one-column format to allow for longer equations.

Appendix

Substituting Equation 6 into Equation 3 results in the following FONC:

Uy (% (@). a( 48 (@), 1))~ 2 (@) 5 =0

(Ala)
B B, B
U (xt (a). q(At (a),t))+ A (a)[ptyfAtg (a)-r" Gy, 1)+ ’?C:| =0 (Alb)
B B, B B B
1 (4P (@) 4 )= 0 04f (a)-1€ [At s (a)}pfxt («)=0. (Alc)
AL
Derivation of B
ors
B
To derive aAtB , differentiate Equation A1 with respect to rtB , which can be written in matrix form as
o
" ox, ]
B
Ux,x, 0 _ptx art 0
y y B, B C aAtB
0 UAIBA:B +ﬂtpt fA[BA/B D; fA,B_”t (ro,t)+rt aB = ﬂ’t
"t B
-pl pify - Pl 0+ ¢ 0 o2, 4
Lo’ | (A2)
. , oAP . . .
Applying Cramer’s rule to solve for A results in the following expression:

or,
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Ux,x, 0 _ptx
0 y) yf _ B( B t)+ C y _ B/ B C
t Pi A:B s T /11‘ bi fAB i (VO at)+rt 0 ﬂ’t
XX, t ' B
oA |-p A 0 |4 0 A
67;3 D D

U, [—(ptyfAf AL GC)AZB ] -0 Ap!

= . A3
D (A3)
67] BB
Derivation of _A(e)
ot
O 012 (a)
To derive a—’ it is useful to first write 7.4°,%(«) as follows:
t
2 2 B
Usx, [—(p,yfAB -2, t)+rtC)AtB]—(ptx) A B {_lex,z(a)_(ptx) ﬂz}’t
' L= <0, (Ad)

T ” D AP (a) AP ()

where Z(a)Z(pnyAs —rtB(f”oB,f)""”zC)Af <0.

In addition, since 7 AP (a) < 0 it is also convenient to first multiply both sides of Equation A4 by (-1) which

results in

Uypz(@) (o) 4 i”| |Uz(@)+ (p7) 40 |1
[ DAtB(:) } z[ —DAtha) } | (#3)

1, (@)| = (-1)

Differentiating Equation A5 by ¢ results in the following:
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A : 27, 0(-DaF (@)
| | p +{Ux/x/z(a)+(pt) 45; (—DA, (a)){lex[Z(a)Jr(p[) 4,[ (ax)
on 55 () _
| ot | [DAtB(a)T

|:rtBUth1 aza(?)Jr(Uxtx,Z(a)“L(Pf)z ﬂ,jagf}(—DA,B (a))—(Uxtx,Z(aH(Ptx)z /@j[—aa?flzg (a)_DaAtat(a)}

[-047 (@)]
(A6)
Differentiation of the FONC Equations 3b and 3¢ with respect to ¢ results in following two expressions:
N I W
Py 4| o
oA (a)r B8 . Cl_ 0" 5
e [Pt Jap =1 0y O JzﬁAt (). (A7)
. . . oz(a)
Using Equation A7 we can establish the result for p as
t
Gz(a) y afAB al"tB B B, B C 6AtB (a)
= —— 4 a—(y -1 r,t+r)
ot {pl o o JA @) pi g e 0 )=
oU, B
1 994" o B
=—|— — A (a)-——4; (a
- @
1 aquAzB artB B r
:[—|:7t:| o —7 At (O()<Of01't>t . (A8)
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Evaluating D reveals

X
Uxtx, 0 —P:
B, B c
D=| 0 UAZBAIB+/1tptyfAlBA[B ptyfAtB—Vt (Vo,t)+l"t
x B, B C
=P P Sy (g D+ 0

y y B, B C y
UAzEAxB +ﬂ’tpt fAfAf D fArE -1 (7‘0 ,t)+}"t . 0 UAIBA[B +ﬂ’tpt fA[BAlE

— Py
% B, B B, B C
Pl Sy =1 0+ 0 NN PR SO
) B, B c\ (. x\? y A9
=-U,, (Pt fA,B -y, D+1 ) +(Pz ) (UAIBAZB + 4, p; fA,BAf)>O' (A9)
Differentiating Equation A9 with respect to ¢
oD BB o\ o r
8—=Uxx2(p,yng—r, 8. 0+, ) T|>0fore> (A10)
t ™M "

Using Equations A8, A9, and A10 we can make the refutable hypothesis for Equation A6 as

20| [)-(H)[]

‘ ot ‘ - [+

<0 fort>1t". (A11)
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