The Option Value of Scie ntific Uncertainty on Pest -  Resistance Developme nt of

Trans genic Crops

by

Justus Wessele r

Ass is ta nt Profess or

                                                                                      Environmental Economics and Na tural Res ources Group,

                                           Socia l Sciences Department, Wage ningen University, Hollandseweg  1,

6706KN Wageninge n, The Ne therlands

                                                                                                                     Phone: +31 317 482300, Fax: +31 317 484933,

e - ma il: justus. wesseler@alg.shhk. wa u.nl

Paper prepared for presentation at the

                                                               2

                                                                         nd
                                                                                     World Congress of Environme ntal and Res ource Economists

M ontere y, CA USA

J une 24 - 27,  2002

                               Abs trac t.  In this pape r the option value  of waiting unde r s cientific

                               unce rtainty will be  derived using the diffe rence betwe en the geometric

                               Brownian motion a nd the mean re verting process by applying contingent

                               claim analysis.  The  results  will be c ompa red with those gene rate d by

                               either using a  geometric Brownia n motion or a mea n - reve rting process

                               only.  An e xample base d on the decision problem whether or not to release

                               herbicide  tolera nt rape see d in the EU will be us ed to illustrate the

                               diffe rences.  The pa per contributes to the s ugges tion ma de by biologis ts  to

                               furthe r ana lyze the sens itivity of the res ults using the re al option approach,

                               provide s ins ights about the ma gnitude  of e rror that c an be made  by

                               choos ing the  wrong process, provides  a  s olution  to the problem and

                               highlights  the implication for the  de cis ion of whethe r or not to release

                               tra nsge nic crops. The res ults show that scie ntific uncertainty is  less

                               important tha n one would expec t at firs t hand.

                               Ke ywor ds : biotechnology, cos t - benefit analys is, rea l option, scie ntific

                                                                                                           uncertainty.

                               JEL:  Q, D81, D61.

     The Option Value of Scie ntific Uncertainty on Pest -  Resistance Developme nt of

Trans genic Crops

1. I ntr oduction

Ec onomis ts  ha ve proposed the real option the ory for the ex - ante valuation of co sts  and
benefits from trans genic c rops. Farrow, M orel, Wu and Cas man (2001) in their pa per
mode l the uncertain incre mental net - benefits  from trans genic  crops  by us ing a
geometric Brownian motion process
1

. The build up of pest res is tance is included by
addi ng a j ump process des cribing the  deca y of resis tance.  Irrevers ibilities, I , a re
explaine d by poss ible  gene drifts from trans genic  crops. Wesseler and We iche rt

(1999) and Wesse ler (2002) used a lmos t the same  approach. Wesseler (id. ) included
in the later pa per the possibility of irrevers ible bene fits,  R . Irrevers ible bene fits  were
defined as  the reduction of irreve rsible cos ts  of the alternative technology. Gilligan

(2002) in a  review of Farrow et al. (id.) and W esse ler (id.) argue d that further
discuss ion o n the sensitivity of the res ults  is needed in a dialogue with biologis ts. One
ass umption made in both papers  is tha t res istance is ine vita ble.  This doe s not
necessa rily ha ve to be the case.  As Gilligan (id.) clearly pointed out ge ne drift may
le ad to invas ion but invas ion may not lea d to persis tence and pest resistance ma y
occ ur but ma y als o break down again over time. Tha t is to say that there is not only
unce rtainty a bout the economic variables but also uncertainty about the biologica l
processes. This add s unce rtainty to the models use d by Fa rrow et al. a nd W esse ler and
will have two effects. On the one ha nd, this will lead to uncertain irre vers ible cos ts;

on the other hand it will affe ct the inc reme ntal ne t - benefits from trans genic crops.

1

     The increment al net - benefits are the differences bet ween transgeni c and non - t ransgeni c crops.

                                     Le t´s  ignore fo r a  while the uncerta inties  a bout the irreve rsible costs  by

ass uming they are constant

2
, and concentrate on the incremental net - benefits.

                                     If the  incrementa l net - bene fits  of a tra nsge nic crop will be ne gatively affe cte d

over time due  to inva sion, they will dec rease,  if not,  it c an be  ass umed they will

continue to grow. Both s ituations a re not unfamiliar to ec onomists. A ge ometric

Brownian motion c an mode l the  uncertain growth as has been done  by Fa rrow e t al.

(id. ) and Wesse ler (id.). If pes t resistance  occ u rs, the dec rease over time can be

mode led by using a  mean reve rting proce ss. The  problem the n would be to decide

which kind of process to use.

                                     A s olution to the proble m would be  simple if by us ing an appropria te

ec onometric method time  se ries  data could b e tes ted to decide which process to us e.

As Dixit and Pindyck (1994) and others  (e.g.  Gjolberg a nd Guttorms en,  2002) have

pointed out the results  are ambiguous.  De pending on the  time  frame us ed,  the tests

either lead to a rejection or acceptance  of a non - s ta tiona ry process. They re commend

choos ing the process not based on time series analysis but base d on theoretica l

grounds . This is a s tra ightforward re commendation, if scientists  can agree about the

relevant theory.  But as the case  for transgenic crops sho ws (Gilliga n id. ), the re is no

scie ntific ce rtainty about the s tochastic be nefits from trans genic crops. Scientists a re

aware  of the proble m, but have no me thod ava ila ble tha t te lls  them which mode l to

choos e. This is wha t in this context will be ca lle d sc ie ntific uncertainty.

                                     From a decis ion ma kers point of vie w this may not be important if diffe rent

processes  do not lea d to diffe rent recommendations. As  Wesseler (2001) has  pointed

out,  the c hoice  of a  stochas tic process  may but not necessarily will lea d to different

rec omme ndations.  Figure 1 shows a  c omparison between a geometric Brownian

2
     That  thi s is a useful assumpt ion has been expl ained by Wesseler (id.) .

motion a nd a  mean reverting proc ess and the decision to release transgenic crops,
where it is  ass umed that eac h process  repres ents a  scientific belief or view about the
benefits from tra nsge nic c rops.  The s itua tions de picted unde r quadra nt I a nd quadra nt

IV le ad to une quivocal de cisions : either immedia te release, quadra nt I,  or dela ying the
releas e, quadra nt IV. On the othe r, ha nd the situations  depicte d in qua drant II an d III
are  equivoc al: depending on the stoc has tic  processes  either immediate release or
delaying the rele ase is e conomical. Spe cifically the s itua tion in qua drant III is  of
importanc e as the ge ometric Brownia n process  dominates the mean reverting process
by  a lmos t firs t degree of stochas tic domina nce (FSD).

3

                                             GB

                                                                  1

                                             M R

                                                                     2

I

                                                                                                   Release

Release

V
³

 V*

GB

Ù

 V
³

 V*

MR

II

Dela y

Release

V
£

 V*

GB

Ù

 V
³

 V*

MR

                                             GB

                                             M R

III

                                                                                                   Release

Dela y

V
³

 V*

GB

Ù

 V
£

 V*

MR

IV

Dela y

Dela y

V
£

 V*

GB

Ù

 V
£

 V*

MR

                                                                    1

                                                                         GB: geometric Brownian motion;

2

MR: mea n reve rting process.

                      Figur e 1: Possible Combinations  of Results Under Differe nt Belief Systems

(Wesseler, 2001).

                                     These obs erva tions lea d to a n importa nt ques tion: Do we  hav e to choose
between different pr ocesses  or  is  it possible to c ombine the  pr o cesses  to als o capture

3

     For a definiti on of almost  first degree of st ochasti c domi nance see Anderson et  al. (1989).

the  uncertainty about the  choice of the s toc hastic pr ocess ?  This is wha t will be

discussed in this paper.

                                     In the following, the option va lue of waiting unde r sc ientific  unce rtainty a s

illus trated in quadrant III of figure 1 will be  d erived us ing the difference be tween the

geometric Brownian motion and the mean reve rting proc ess  by applying c ontinge nt

claim analysis.  The res ults will be compared with those  ge nerated by either using a

geometric Brownian motion or a me an - reve rting proc es s  only.  An e xample based on

the  decision proble m whether or not to re lease  herbic ide tole rant ra pe s eed in the EU

will be use d to illustrate the differences. The paper contributes to the s uggestion ma de

by Gilligan (id.) to further analyze the sens itivity of the  res ults  by Farrow et al.  (id. )

and Wessele r (id.), provides insights about the magnitude  of e rror that can be made by

choos ing the  wrong proc ess, provides  a  s olution to the problem and highlights  the

implication for the decision of whe ther or not to  release trans genic crops.

2. The Option Value Under Sc ientific Uncer tainty

The  full value of owning the  right to re lease  a specific tra nsge nic c rop, F(B,t),

depe nds on the  inc reme ntal net - bene fits  B  from releas ing the transgenic crop.

Exe rcis ing the opti on to re lease provides  a be nefit stream
p
(B, t)  to the holder of the

right

                             4
                                    and produc es  not only irrevers ible  c osts but also irreve rsible benefits  as

discussed in detail in Wesseler (2002). The  owner of the  option,  the decision make r,

likes  to know the va l ue of the option and if to exerc ise immediate ly tha t is allowing

releas ing the trans genic  crop for planting. Let´s als o assume the decision maker likes

to re lease the trans genic crops without bea ring any economic risk. By replicating the

unce rtain returns with known values from the marke t will derive the riskless value of

the  option to release trans genic  crops. This  is  one of the basic  ins ights of re al option
the ory.

                                            5

                                                  As Fishe r (2000) has  demonstrate d this is e quivalent to the  quas i - option
approach in envir onme ntal economics by Arrow and Fishe r (1974) and He nry (1974)
and further deve loped by Fis her and Ha nema nn (1986) and Ha nema nn (1989).

                                     If it is assume d that the incrementa l ne t - bene fits  B  of releas ing tra nsgenic crops
follow a  mea n reverting process,  they  s hould be re lease d immedia tely if B  is  grea ter
tha n the  identified hurdle rate  for a mean reverting process
*

MR

B . As B  may als o follow
a ge ometric Brownia n motion tha t dominates the mean reve rting process the
additiona l unce rtainty of th e difference be tween the two stochastic  processes, the
scie ntific uncerta inty,
*

SU

B , ca n be adde d, res ulting in a hurdle rate
*

SU

MR

B

+

:

*

SU

                                                                                                               *

                                                                                                               MR

                                                  *

                                                                     SU

                                                  MR

B

                                                                                                     B

                                        B
×

                                                                                        =

                                                               +

 (1)

                                     The  hurdle for tra nsge nic crops under a mean - reve rting pro ce ss  has bee n
ide ntified and dis cusse d already elsewhere  (e.g.  Wessele r, 2002). Now,  the s teps  to
derive the rea l option va lue under scie ntific unc erta inty and henc e the hurdle for
scie ntific unce rtainty will be  presente d. Following Dixit and Pindyck (1994 , pp.  20 -

21) a  portfolio c an be  cons truc ted that replicates  the risk of releas ing transgenic crops
which c onsists of n  units of inc reme ntal net - bene fits  from tra nsgenic c rops,  nB,  and
one Euro inves ted in a ris kless  asse t.  If this  portfolio will be hold ov er a s hort time
interval, dt , the  value of the  portfolio will change  depe nding on the  rate of return, r,  of
the  ris kless asset and the change  in value of nB . The change in value of nB  may pa y a
dividend,
                                                               d

                                                                       ,  from holding it over the short time inte rval n
d

Bd t  a nd an uncertain return
ndB . dB  follows a process  which is the differenc e betwee n a geome tric  Brownia n

4

     Thi nk, e.g., of t he EU - commissi on acting as the represent ative of EU citizens, si mil ar to the manager
of a private compan y act ing on behal f of the st ock owner s.

5

     The semi nal book b y Di xi t and Pind yck (1994) demonstrat e t he wide appli cati on possi bilities of the
real option approach. Nobel laureate Robert C. Mert on (1998) provi des an overvi ew of the application

process  a nd a mea n reve rting process, where the ge ometric Brownian process

dominates the me an re verting proc ess by FSD:

( )

Bdz

Bdt

B

B

Bdz

~

                                                                                   Bdt

                                       dB
s
h

                                                                                                                       s

                                                                         a -

-

-

                                                                                                            +

                                                             =
 (2)

wit h  B : incre mental net - benefits of tra nsge nic crops,

                                               a
                                                         : growth ra te of incremental be nefits ass uming geometric Brownia n motion,

                                                s

                                                   ~

                                                               : varia nce rate of the geometric Brownian motion,

                                               h
                                                        : speed of revers ion,

                                                s
                                                                : vari ance rate of the mean - reve rsion process,

                         B : reve rsion le vel,

 dz: Wiener process

                                     The  e xpected value of a pe rcentage c hange in inc reme ntal ne t - benefits  over a

s hort time inte rval is

( )

B

B

-

- h
a
 which is  not c onstant as  it depe nds on B  which

fluc tuates  stochastically. Therefore, as B  has to provide an expec ted rate of return

equa l to the  ris k a djus ted rare of return,
m
,  derived from the capital asse t pricing

mode l as otherwise it would be more  ec onomic ally to re allocate inve s tme nts, the

expecte d return of the  inve stment has  to equal

( )

d
h
a
m +

-

-

=
B

B  a nd hence
d

depe nds on B ,

                                                                                                        ( )

( )

B

B

                                                                                                             B

-

+

-

= h
a
m

                                                                                             d
 (Dixit and Pindyck 1994, 147 - 150).

The return pe r Euro inve sted in the whole portfolio is:

( )

( )

nB

1

Bdz

Bdt

B

B

Bdz

~

Bdt
n

                                                                                                                       Bdt

                                                                                                       n

                                                                                 r

                                  nB

            1

                                           dB

                          n

    r

+

-

-

-

+

+

                                                                                           +

                                                                   =

                      +

              + s
h
s
a

                                                                                                               d

                                  s

                                     This c an be rearra nged to provide:

                                                                                                            ( )

                                                                       ( )

( )

dz

nB

1

~

nB

dt

                                                                                                                      nB

                                                                                                1

B

B

                                                                                                                 B

                                                              n

                                        r

+

-

+

                                                                                                           +

+

-

                                                                                        -

                                                  + ss
d

                                                                                                  h

                                                                         a

.  (3)

of opti on pri cing t heor y outside financial  economic s. Th e book b y Amram and Kulatil aka (1999)

i ncludes several  case studi es of real  opti on pri cing.

s olutions will be  c onsidered.  Solving the quadratic equation provides the following
s olution for
                                                                             q

                                                                                     :

                                                                                           ( )

2

2

2

2

r

2

2

1

B
r

B
r

                                                                  2

                                                                  1
s
s

h
a
m
s

h
a

                                                                                                m

                                      q +
ú
û

ù
ê
ë

é

-

-

+

-

+

+

-

                                                                                                             -

                                                                              +

                                                    =

 (13)

Third, the  sec ond bracke ted te rm can be  trans formed into a hyperge ometric
diffe rential equation by the subs titutions

2

B

2
x
s

h

-

=

,

( ) ( )
x
g

B
h
=

,
x

2
B

g

B

2
h
s

h

-

=

,

                                                                                                                  xx

                                                                                                2

                                                                      2
          BB

                                                                                                         g

                                                                            B

                                                            2

  h ÷

                                                                                         ø

                                                                                         ö

                                       ç

                                       è

                                       æ
                                                -

                            =

                                                         s

                                                                   h

:

                                                                                  ( )

0
g
g

                                                                                                              x

                                                                                      b

                                        xg
x

                                                        xx

=

-

                                                                                                 -

                                                                      + q

 (14)
where

                                                                                                        ( )

2

B

                                                                                                            r

                                                                                                2

                                                                2

                                       b
s
h
a
m

                                                                      q -

+

                                                                                                                      -

                                                                                    +

                                                   =

Fourth, the solution to equation 14 is the conflue nt hyperge ometric function

                ( )

                                                 b

                                             ,

                             ;

                      x

   H
                                  q

                                                                 (s ee  Dixit a nd Pindyck 1994, p.163) which re sults in the following s olution
to equation 6 6 :

                                                   ( )

÷
ø

ö
ç
è

æ
-

                                                                           =
b

,

;

B

2

                                                                                                                     H

                                                                                         AB

                                                        B

                                        F

2

q
s

h

                                                                                                             q

 (15)

The  values for A  a nd the critica l value B*  where  the rele ase could be justified ca n be
found numerically us ing the two rema ining boun dary conditions  F(B*) = B* - I+R  a nd

F

          B

                (B) = 1 .

3. Application of the mode l

The  growth rate
                                                                                                                      a

 and the varia nce rate
s

~

 we re es timate d by computing the
ma ximum likelihood es timator ass uming c ontinuous  growth (Ca mpbell et a l., 1997,

6

     Note the difference to the result provi ded by Di xit and Pi ndyc k f or a mean - reverting process, where x
i s posi tive.

Chapt er 9.3). The estimators  for
a
 a nd
s

~

 in closed form for a nnual returns, g,  ove r t

=  n  years a re:

                                                                                         å

                                                                                              =
-

÷

÷

ø
ö

                                                                                                                       ç

                                                                                                                       ç

                                                                                                                       è

                                                                                                                       æ

                                                               =

                                                                                               n

                                                                                                   1

                                                                                           t
1
t
t

g
g

                                                                                                           ln

                                                                             n

                                                                              1

                                                   �

                                                a
 (16)

( )

( )

                                                                                                                       ( )
                                                                                                    å

                                                                                                          =

-

-

                                                                =

                                                                                                          n

                                                                                                               1

                                                                                                      t

2

1
t
t
a�
g
g
ln

                                                                                         n

                                                                                         1

                                                    �~

                                                s
 (17)

The  estimators  for the mea n reverting process are

( )

,
b

�

1
ln

�
,
b

�

a

�
g

�
+

-

=

-

= h
 and

                                                                                 ( )

                                                             ( )

                                                                                                                       1

                                                                                     b

                                                                                       �

                                                                1

                                                                                                          b

                                                                                                           �

                                                                                    1

                                                                     ln

                                 �

     �

                                                                                                  2

                                                                                                            -

                                                                          +

                                                                                              +

                  =

                                         e

                             s

 s
, where  a�  and b

�

 are  estimators  of the linear regre ssion

                      ( )

t

1
t

                                                                   1

                                                           t

                                    t
g

                                                                                                                      b

                                                                                               a

                                                  g

                           g

  ln
e

+

                                                                                                          +

                                                                                  =

-

                                                              -

 and

e
s

�

 is  the  standard e rror of the re gression. a and b

are s ubstitutes for

                                                                                    ( )

h

                                                                                                                     -
                                                                                                 -

                                                             =
                                                                                                             e

                                                                                       1

                                                                          g

                                                 a  (18)

                                                                        ( )

1
t
g

                                                                                                                1

                                                                            e

                                                b

-

                                                                                     - -
                                                            = h
 (19)

of a first order autoregress ive  process  (AR(1)) with a  normally distribute d error term

with mean zero a nd va rianc e

( )

h

e
h
s

s 2

2

2
e

1

2

-
-

=
.

                                     The  same  estimators can be  used for the pa rame ters  of the c ombine d pr ocess  of

equa tion 1. dB  can be decomposed in dB = dB

BM

 -  dB

MR. .

                                     The  parameters  to ca lculate  the different hurdle ra tes  will be estimated from

FAO time s eries  da ta for ra pe see d in France. Rape seed was  chosen as  he rbicide

tolerant s eed varieties  exist that  show a  high adoption rate  in the  Unite d States  a nd can

be expec ted to be tec hnica lly suitable for Fra nce as  well whe re ra pe see d is  grown on

a large sca le.  The a verage return per hec tare for rape seed in France over the  period

1970 to 1995 a re provide d by  FAO (2002). As  the FAO s tatis tics  provide only

nominal prices,  the da ta were transferre d into re al prices in US dollar (USD) us ing the

Unite d Sta tes Department of Agric ulture  (Sha ne, 2000) rea l exc hange rates  for rape
seed.  The  data to es timate the mean - r eve rting process  have  been sc aled down by
dividing the  annual gross  revenue  from rape  seed by the  estimated long - run ave rage
le vel,  which was estimated to be about 5510 USD per hectare. These data  have been
used for the estimation of the pa rame ter values s hown in ta ble 1 a nd table 2.

                                     In addition to the  estimated paramete r values  the risk free interest rate, r , is
ass umed to be about 4. 5%, which is  equiva lent to the inte res t rate a t the Europe an

Central Ba nk for the month of December 2000.  The risk adj usted rate of return

m

 is
ass umed to be 8%. For s implicity it is  a ls o ass umed tha t the net irre vers ible  costs

I ˘  R = 1 .

                                     In the case of rape  seed the  immediate  inc reme ntal ne t - bene fits  a re about 32% if
the  results from Canada are  applied to the EU ( Serec on Mana gement Consulting Inc .

and Koch Paul Associates , 2001,  Table 4.4).  In this  cas e modeling incrementa l net -
benefits B  by a  mea n reve rsion process  would result in a hurdle rate  of
*

MR

B  = 1.296
and passed by B = 1.32.  The  va lue of scientific  uncertainty with 1. 009 is low and
inc reas es  the hurdle rate  to about
*

SU

MR

B

+

 = 1. 308, which will als o be passed by B . If a
geometric Brownian motion would be ass umed the hurdle rate would be
*

GB

B  = 2.43
and not be passed . Ignoring the  sc ientific  unce rtainty about the underlying stochas tic
process  would in this  c ase result in the wrong de cis ion to not release tra nsge nic crops,
if a geome tric Brownian motion would be assumed.

                                                          Ta ble 1. Pa rameter es timations for the geometri c Brownian motion and the

me an reverting proc ess.

                                                                                         Geome tric Brownian motion  Mean reve rting process

                                                                                                            a
                                                                                                                �  = 0.0473  a� = 0. 2635

                                                                                                             s

                                                                                                                �

                                                                                                                ~

 = 0.2871  b

�

= - 0.2635

e
s

�

= 0. 2728

h �
= 0. 3059

s

�

= 0. 1824

       Ta ble 2. Pa rameter values chosen for the calculation of imme diate minimum benefits

B*

                                                                   Paramete r (annual)  Value  Source

growth ra te

                                                                             a �
0.047  FAO (2002)

ri s k - free ra te of return r  0.045  Europe an Central Ba nk, De c. 2000

s tanda rd deviation

                                                                                                                        s

�~
0.287  FAO (2002)

ris k adjus ted rate of return,

 m 0.080  ass umed

conve nienc e yield,

                                                                                                                       d 0.033
(
m
-
a �
)

                                                                                                                       b 1.453  equa tion (9)

                                                                                                   b /(b - 1) 3.207

2.429  geometric Brownian motion

1.296  me an reverting proc ess

1.009  scie ntific uncerta inty

                                                                                                                    B*

                                                                ass uming I ˘  R = 1

1.308  inc luding sc ientific uncerta inty

4. Conc lusion

In this pape r we  have addresse d the proble m of scie ntific uncertainty defined as  the
proble m of identifying the c orrect s tochastic process of inc reme ntal net - bene fits  from
tra nsge nic crops.  Combining a me an reve rsion a nd ge ometric Brownian process
reduced the  problem of scie ntific unce rtainty. An applica tion of the  a pproach to the
releas e of ra pe seed indicated only a  small impact of s cientific uncerta inty.  Ignoring
scie ntific uncerta inty on the  other ha nd ma y lead to a wrong decision. It still has  to be
s hown if that in gene ral is the case.

Acknow le dge ments

I am grateful t o Chris  Gilligan a nd Joã o Filipe  of the Departme nt of Plant Sciences,

Univers ity of Ca mbridge  and their colleagues for the fruitful dis cussions on
epidemiologic al a nd economic aspects  of transgenic crops. This rese arch was
s upported by the King´s College  R es ea rch Center a t Cambridge  and by a tra vel grant
from Wageninge n Univers ity.

References :

Amram, M. and N. Kulatila ka. 1999.  Re al Options . Boston,  MA: Harvard Bus iness

                                     School Press.

Anders on, J.  R., C. J.  Findlay and G. H. Wan.  1989.  Are modern cultivars  more ris ky?

                                     A question of stochastic efficie ncy. In J ock R.  Anders on and Perte r B. Haze ll

                                     (eds.) Varia bility in Grain Yields. Baltimore, USA: J ohn Hopkins University

                                     Press.

Arrow,  K.J.  and A. C. Fisher.  1974.  Environme ntal Preserva tion,  Uncertainty, and

                                     I rreve rsibility. Quarter ly Jour nal of Economics  88: 312 - 319.

Campbell, J.Y., Lo, A.W. and M acKinlay,  A.C. (1997). The Econometr ics of

                                     Financial Markets.  Princeton: Princeton Univers ity Press.

Dixit, A. K.  and R. S. Pindyck.  1994. Investme nt Under  Uncer taint y.  Prince ton:

                                     Prince ton University Pre ss.

FAO 2002. Sta tis tical Data base.  <http://a pps. faor. org/cgi - bin/nph - db.pl> (20 M arc h

                                     2002).

Farrow, S., B. M orel,  F. Wu,  a nd E. Cas man.  2001.  Pes ticide  Res is ta nce,  the

                                     Preca utiona ry Principle, a nd the Re gulation of B t Corn: Real and Rational

                                     Option Approaches to Dec ision - Making.  Res ources for the  Future  Confe rence

                                     on ^Economics of Resis tanc e~ , April 5 - 6, 2001, Airlie Hous e, Virginia.

Fis her, A. C. 2000. Investme nt Under Uncertainty and Option Va lue in Environmenta l

                                     Ec onomics. Resource and Ener gy Ec onomics  22 (3): 197 ˘  204.

---  a nd W.  M.  Hane mann.  1986. Option Value and the Extinction of Species. In V. K.

                                     Smith (ed.) Adv ances  in Applie d Micro ˘  Ec onomics.  Greenwic h, UK: J AI

                                     Press.

Gilligan,  C. A. 2002. Ec onomics of Tran s genic  Crops  and Pes t Resis tanc e: An

                                     Epidemiological Pers pective.  In R.  Laxminaraya n (e d.) Ec onomics  of

                                     Resistance . Washington, D.C. : Resources for the Future.

Gjolbe rg, O. and Guttormsen, A. G.  2002.  Real options in the fores t: what if prices a re

                                     me an - reve rting?  Forest Polic y a nd Ec onomics 4:13 - 20.

Hanemann, W. M.  1989. Information and the  Conc ept of Option Value. Jour nal of

                                     Env ir onme ntal Economics and Manage ment  16: 23 - 37.

Henry,  C. 1974.  Inves tment Decision under Uncertainty: The Irrevers ibility Effect.

                                     Americ an Economic Review  64:1006 - 1012.

Merton,  R.  C. 1998. Applica tion of Option Pric ing Theory: Twenty - Five Ye ars  La ter.

                                     Americ an Economic Review  88 (3):323 - 349.

Serec on Manage ment Cons ulting Inc. a nd Koch Pa ul Assoc iates . 2001. An

                                     Agronomic  and Ec onomic  Ass essment of Trans genic Ca nola.  Ca nola Council of

                                     Cana da <http://www.c anola - counc il. org> (20 March 2002).

Shane,  M. 2000. Annual Nominal and Re al Exc hange Ra tes (1995=100) for 79

                                     Countries  Important to U.S. Agriculture. Ec onomic  Research Se rvice, United

                                     S ta tes De partment of Agriculture (USDA): W as hington D.C.

                                     <http://us da.mannlib. cornell.e du/data - sets /internationa l/88021/ axrates. wk1>

Wesseler, J. 2002. Resistanc e Economics of Trans genic Crops.  A Real Option

                                     Approach.  In R. Laxminarayan (ed. ) Ec onomics  of Resistance . Was hington,

                                     D.C. : Resources for the Future.

--- . 2001. Assess ing the Ris k of Trans genic Crops ˘  The Role of Scientific Belief

                                     Systems.
                                                                                                       In M.  Matthies,  H.  Malchow, and J.  Kriz (eds. )  Integrative Systems

                                     A pproaches to Natural and Social Sciences -  Systems Science 2000,  319 - 327. Berlin:

                                     Springer - Verlag.

---  and M.  Weiche rt. 1999.  Der Wert zusätzlicher Informatione n be i

                                     Inves titionsentsc heidunge n mit einem hohe n Grad an Irreve rsibilität. Schr iften

                                     der  Gesellschaft für  Wirtschafts -  und Sozialwissensc haften des  Landbaus  e. V. ,

                                     Band 35, S. 293 - 301. M ünster - Hiltrup: Landwirtschafts verlag.