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Farm-Level Effects of Adopting 
Herbicide-Tolerant Soybeans in the U.S.A. 

Jorge Fernandez-Cornejo, Cassandra Klotz-Ingram, and 
Sharon Jans 

ABSTRACT 

This paper estimates the 011-farm impacts of ~~dopt inp  herbiciclc-tolerant soybcan on her- 
bicide use, yields. and farm profits, using an econometric model that corrects for self- 
selection and sinii~ltarieity and is consistent with profit max~tnization. The model is csti- 
mated ~~: , inp  nationwide Farm-level survey data for 1997. Given that the use of 
herbicide-tolerant soybeans in\.olves the substitution of a particular he~.hicide-priin2iriIy 
glyphosatc-fol- other herbicides, we explicitly conkider this substitution process in the 

model. 

T h e  deve lop~nen t  of ; ~ g r i c ~ ~ l t u r a I  chemicals  

and new crop  varieties offering enhanced 

yields and pest resistance has  contributed t o  

unp re ceden t ed  agr icu l t i i ra l  p roduc t i v i t y  

growth in the U.S. during the past century.  

These  seed and  chemical  technologies have  

been widely atlopted by farmers,  a l lowing 

them to  increase yields and  reduce production 

costs. Howevel; the potential ha/.ard of chem-  

ical pesticides t o  human health and the  envi-  

ronment  have causeci increased concern.  Mod-  

ern biotechnolugy techniques, such  :is genet ic  

engineering. '  can increase the efficiency and  

The authol-s are with the Economic Research Ser-vice, 
U.S. Lkpartment of Agriculture. 1800 M Street, Koorn 
4052, Washirlgton. DC' 20030-5831. Thc view5 ex- 
prc"\ed at-e those of thc authors and do not necessarily 
correspond to thc views or policies of the U.S. 1 3 -  
partlnent of Agriculture. The authors are especially ap- 
preciative to Ralph He~mlich, Kitty Sn~ith. Bill Mc- 
U~itle. and two anonymous I-eviewers for- their helpful 
comlnents. 

I Genetic engineerins (gcnetic modilication of or- 
ganisms by recombina~~l DNA technique>) i:, used lo 
develop crol,\ containing penes that irnpart a crop with 

precision of introducing improved traits into 

important c rop  varieties and often have  been 

embraced as a potential iiieans fo r  maintaining 

agricu1tu1-a1 productivity while  decreasing the  

use o f  harmful cheniicals. 

The first generation of genetically engi- 

neered (GE'I crops comlnercialized a re  those 

with enhanced pest management  traits, such as 
herbicide tolerance and insect resistance. Her- 

bicide-tolerant crops contain genes that allow 

them to survive certain herbicides that previ- 

ously would have rlestroyed the c rop  along 

with the targeted weeds.' This  allows farmers 

the :tbilily to express desirable traits, allowing the tar- 
geting o l  single plant traits and Facilitating the devcl- 
olxnent of ch:~ructeristich not 1,ossible through tritdi- 
tional plant breeding tcchniclues. 

2 The most common herbicide-tolerant crops are 
Ro~~ndup Keacly"" crops resistant to glyphosatc, an her- 
bicide effective on m:uny species ol' grasses, broadleaf 
weeds, and sedge:,. Glyphosatr toler ;~~~ce has bcen in- 
corporated into soyhe:tn<. corn, canola, and cotton. 
Othcr genetically modified herbicide-(olerant crops in- 
clucle corn resistant to gl~rfosinute-arn~no~liu~n.  and cot- 
ton resi\tant to brornoxynil. Thcrc are also traditionally 
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to use more effective postemergent herbicides, 

expanding weed management options (Carpen- 
ter and GianesG).' Adoption has risen dramat- 
ically in only a few years since commercial 
availability. particularly for herbicide-tolerant 
soybeans. Herbicide-tolerant soybean varieties. 
for example, became available to farmers in 
limited quantities in 1996. Its usage quickly ex- 
panded to about 17 percent of soybean acreage 
in 1997 to more than 60 percent of the soybean 
acreage in 2000 (USDA, 1999a. b, 2000). 

A major element in assessing the farm-lev- 
el impacts of GE crops is their microeconomic 
impact. Faced with reduced return.; to crop 
production caused by low commodity prices. 
farmers examine biotechnology as a potential 
means for reducing costs andlor increasing 
yields. thereby improving tinancial perfor- 
mance. Rapid adoption of herbicide-tolerant 
soybean varieties by U.S. farmers suggests 
lhat the perceived benefits of these technolo- 
gies have outweighed the expected costs. Her- 
bicide-tolerant soybeans provide a broad spec- 
trum of potential benetits and appeal to 
farmers because they promise to simplitjl and 
increase the effectiveness of pest management. 
reduce its costs, and increase flexibility in field 
 operation^.^ 

However, estimation of the benefits and 
costs associated with the adoption of herbi- 
cide-tolerant soybeans is complicated because 
those benetits and costs vary by region. de- 
pending on soils. weather; weed infestations, 
the development of popular regional crop va- 
rieties containing these genes to ensure yield 
advantages, seed costs, and technology fees. 
Moreover, i t  is difficult to isolate the impact 
of GE cmps because the impact is often con- 
founded with the effect of other production 
practices (such as conservation tillage, crop 

bred herbicide-tolerant crops. such as soybeans resis- 
tant to sulhnylureu. 

' For example, hcrbicide-tolerant crops may alle- 
viate any prohlelns arisinf from the carryover of her- 
bicides. F:trmers may be able to practice strip-cropping 
( a  practicc where corn and soybeans arc grown in al- 
terliating rows). Also, farmers that use protluction 
practices such as notill may benetit if the adoption of 
herbicide-tolerant crops allows them to uhe a more ef- 
fective herbicide treatment system. 

rotation. other pest-management practices), 
and management ability. 

The health and environmental impacts 
stemming from changes in pesticide use as- 
sociated with adoption are surely another im- 
portant element in assessing the effects of GE 
crop adoption (Royal Society, Henry A. Wal- 
lace Center). A poll of farmers and consumers 
in August 1999 indicated that 73 percent of 
consumers were willing to accept biotechnol- 
ogy as a means of reducing chemical pesti- 
cides used in food production. Also, 68 per- 
cent said that farm chemicals entering ground 
and surface water was a major problem (Farm 
BureauIPhilip Morris Gap Research). And 
more recently, a survey of consumer attitudes 
suggested that 70 percent of consumers would 
be likely t o  buy a variety of produce "if it had 
been modified by biotechnology to be pro- 
tected f'~-om insect damage and required fewer 
pesticide applications." (IFIC Foundation). 

Although farrners using herbicide-tolerant 
crops continue to use chemical herbicides, the 
herbicides that are used. particularly glyphos- 
ate. often require a smaller number of appli- 
cations and are more benign than many of the 
traditional herbicides (Roberts, Pendergrass. 
and Hayes: Culpepper and York: Marra, C a r -  
son, and Hubbell). Therefore. proponents 
claim that the use of herbicide-tolerant crops 
may benefit the environment by reducing the 
use of' potentially harn~ful synthetic herbicides 
that could be transported into waterways or 
lead to residue inlon food. However, some sci- 
entists and many consumer and environmental 
groups are not convinced that the use of these 
crops would decrease herbicide use and argue 
that herbicide-tolerant crops could foster farm- 
ers' reliance on  herbicide^.^ 

Many ti eld-test and enterprise studies have 
examined the yield and cost effects of using 
genetically engineered crops.s In the case of 

-' Another concern is that exten\ive use of these 
crc~ps coultl lead to the development o f  weed rexis- 
tance. Concerns have also been raised that herbicidc- 
tolcrant crops n ~ a y  pass their genes to weedy relatives. 
thereby linking thosc weed\ resistant to liel.bicidcs. 

For example, Arnold. Shaw. ancl Medlin: Culpep- 
per nncl York; Delnnnay rr trl.: Ferrell. Witt. :mcl Slack: 
Golclman P I  r r l . :  Keelinp (,I (11.: Robert\. rJendergra\s. 



soybeans, except for the study by Delannay et 
~ 1 1 .  who found no yield effects, the results in- 
dicated that the use of herbicide-tolerant soy- 
beans haci a positive effect on yields. Most of 
the studies based on experimental data also 
found greater net returns with the use of her- 
bicide-tolerant soybeans, indicating that in- 
creased yields and savings in herbicide costs 
were enough to outweigh higher seed costs 
and the technology fee.h However, while find- 
ings based on experimental data have mostly 
shown that herbicide-tolerant crops compared 
favorably to conventional varieties, results 
from producer surveys have not been defini- 
tive. Research using data from 1997 and 1998 
cost-of-production surveys in Mississippi sug- 
gested that pesticide coxts were lower with 
Roundup Ready soybeans, but these lower 
pesticide, costs did not cover the added tech- 
nology fee (Couvillion). McBride and Brooks 
compared mean seed and pest-control costs es- 
timated from a 1997 national survey of soy- 
bean producers. Results of the comparison did 
not show a cost advantage or disadvantage for 
herbicide-tolerant versus conventional soy- 
bean varieties. 

While farm surveys have the potential to 
provide realistic results under farm conditions, 
many of the studies based on these type of 

and Hayes; Vencill). However. few survey-based stud- 
ies have been reportcci on the economic and chemical 
use effect of adopting these crops (Fernander.-Cornelo 
and Klotz-Ingram; Marra, Carlson, and  Hubhcll; 
McBride and Brooks. 7-000). 

Data from field trials in West Tennessee were 
i~sed in an economic analysi\ of Roundup Ready soy- 
beans (Roberts, Pendergrass, and Hayes). Comparing 
per-acre net returns from 14 trials, the returns from the 
Roundup systcrn were 1.3 percent higher than the re- 
turns for the second most profitable system. Higher 
returns from the Roundup Tystem resulted from both 
higher yield< ant1 lower herbicide costs. Research re- 
sults from experimental trials in Missisyippi (Arnold, 
Shaw, and, Medlin) nl.io showed higher yields and net 
returns from Roundup Ready soybe;rns versu\ conven- 
tional varieties. Other partial budgeting results also 
showed higher returns from Roundup Ready vcrsus 
conventional weed control for soybeans (Marri~. Carl- 
son, and Hubbell; Reddy and Whiting). However, re- 
search using experin~ental data on Roundup Ready and 
conventional corn varieties in Kentucky did no1 show 
a significant difference in returns above seed, herhi- 
cide, and fixed costs (Ferrell. Witt, and Slack). 

data have been limited to comparing means of 
adopters and non adopters. However, a com- 
parison of means may be misleading when us- 
ing data from "~~ncontrolled experiments," as 
is the case with farin-survey data. Conditions 
other than the "treatment" are not equal in 
farm surveys. Thus differences between mean 
estimates for yields from survey results cannot 
necessarily be attributed to the adoption of GE 
crops since the results are influenced by many 
other factors not controlled for, including ir- 
rigation. weather, soils. nutrient and pest-man- 
agement practices, other cropping practices, 
operator characteristics, pest pressures. etc. 
This limitation can be overcome using econo- 
metric methods that statistically control for 
factors considered relevant. That is, differenc- 
es in economic conditions and crop, manage- 
ment practices, and operator characteristics are 
held constant so that the effect of adoption can 
be observed. 

This paper presents the first econometric 
estimate of the farm-level effects of adopting 
herbicide-tolerant soybeans based on nation- 
wide farm-level survey data. In particular, we 
estimate the effect of herbicide-tolerant soy- 
beans o n  herbicide use, crop yields, and farm 
profits using an econometric model that cor- 
rects for self-selection and simultaneity. Given 
that the use of herbicide-tolerant soybeans in- 
volves the substitution of a partic~~lar herbi- 
cide-primarily glyphosate-for other herbi- 
cides, we explicitly consider this substitution 
process in the model. 

Empirical Analysis 

This section presents the empirical evaluation 
of the effect of adopting herbicide-tolerant 
soybeans on herbicide use, yields, and farm 
profits, using 1997 nationwide survey data. 
After briefly showing survey results on the 
reasons given by farmers for adopting these 
crops, we present the econometric model used 
t o  examine the impact of adoption. 

Recl.vons for Adoption Acc~orzling to Fctrrners 

The majority of farmers surveyed (65 percent 
of adopters) indicated that the main reason 
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they adopted herbicide-tolerant soybeans was 
to "increase yields through improved pest 
control." The second top reason, stated by 
nearly 20 percent of adopters, was "to de- 
crease pesticide costs." All other reasons com- 
bined amounted to about 15 percent of adopt- 
ers. These results confirm other adoption 
studies pioneered by Griliches who showed 
that expected profitability positively influences 
the adoption of agricultural innovations. 
Hence, factors expected to increase profitabil- 
ity by increasing revenues per acre (price of 
the crop times yield) or reducing costs are 
generally expected to positively influence 
adoption. Given that an objective of pest man- 
agement in agriculture is to reduce crop yield 
losses, there is a high incentive for innovations 
that reduce these losses. 

The model takes into consideration that farm- 
ers' adoption and pesticide-use decisions may 
be si~-nultaneous. due to unmeasured variables 
correlated with both adoption and pesticide 
demand. such as the size of the pest popula- 
tion, pest resistance. farm location, and grower 
perceptions about pest-control methods (Bur- 
rows). The model also cosrects for self-selec- 
tivity to prevent biasing the results (Greene, 
1997). Finally, the model ensures that the pes- 
ticide demand functions are consistent with 
famiers' optimization behavior, since the de- 
mand for pesticidal inputs is a derived de- 
mand. 

To account for simultaneity and self-selec- 
tivity we use a two-stage model. The first 
stage consists of the rtdoptioti dec,isiatz rnod- 
pl-for the adoption of herbicide-tolerant 
crops as well as for other weed management 
practices that might affect herbicide use. The 
adoption decision model is estimated by probit 
analysis. The second stage is the irnpac.r rnotlrl 
that provides estimates of the impact of using 
herbicide-tolerant crops on herbicide use, 
yields, and farm profits. To achieve consisten- 
cy. the herbicide demand and supply functions 
are derived from a profit function and esti- 
mated together as a system with the profit 
fi~nction. 

The Adop t ion  Dec,i.viorl Morlel  

The adoption of a new technology is essen- 
tially a choice between two alternatives, the 
traditional technology and the new one. Grow- 
ers are assumed to make their decisions by 
choosing the alternative that maximizes their 
perceived utility (FernandeA'ornejo, Beach, 
and Huang; Fernandez-Cornejo, 1996, 1998). 
Assuming that the disturbances are indepen- 
dently and identically normally distributed. 
their difference will also be normally distrib- 
uted and the probit transformation can be used 
to model the adoption decision. Thus if F de- 
notes the cumulative normal distribution, the 
probability of adoption of technology k is P(1, 
= 1 )  = F(6;Z,) and the adoption equation is 

I, = 6LZ, + k,, where 1, denotes the adoption 
of a herbicide-tolerant crop ( k  = I), and (to 
control for in the second stage) weed manage- 
ment techniques such as scouting (k = 2 ) ,  oth- 
er weed management practices like changing 
plantinglharvesting dates, alternating herbi- 
cides, changing row spacing. and mowing (k 
-: 3), and Z, is the vector of explanatory var- 
iables.' 

The factors or attributes influencing adop- 
tion included in the vector Z, with the rationale 
to include them in parentheses, are ( i )  farm 
size (other studies show that operators of larg- 
er farms are more likely to adopt innovations). 
( i i )  farmer education (more educated farmers 
are often found to be more eager to adopt in- 
novations), (iii) experience (older farmers are 
more reluctant to accept newer techniques), 
(iv) weed infestation levelsltarget pests (farm- 
ers expecting worse infestation levels are more 
likely to take advantage of glyphosate. thus 
adopting it), (v) crop price (operators expect- 
ing higher prices are also more likely to expect 
higher margins and are more likely to adopt 
agricultural innovations), (vi) seed price (high- 
er prices reduce margins), (vii) use of conven- 
tional tillage (expected to negatively influence 
adoption, as those operatio~is using conven- 
tional tillage have less need for herbicides 

' As Rurro\vs note.;, it is convenient to interpl-et this 
equation as the probability. conclitional on Z. that a 
part~ci~lnr grower will adopt. 



Table 1. Sample  Means  and  Definition of  Main  Val-inbles-Soybean Producers. 1997  

Variable Description Mean 
-- 

Variable profits Pel--acre revenues minus per-acre variable costs, S; per ac1.e. 25 1.3 
V, . ~ ~ ~ , t b l e  :. costs the filrmcrs that adopt the herbicide-tolerant 
soy beans 

Yield Soyhean yield measured in bushels per acre 39.92 
Her-bicide usc Average number of applications, calculated by dibiding the i: 
Ingredients sum (over all ingredie~lts active in the given herbicide t'ami- 

ly) of the treatment acres by the n ~ ~ m b e r  of acl-es ti-ea~ed 
Size Dummy variable = I if annual sales are greater than or cclr~;ll 0.08 

to 9500,000 
Education Dummy val-iable = I i l '  operator had some college or more 0.43 
Experience Operator experience. Act~ial number of years operating a k ~ r m  25.3 
Inkstation level I, ? Dummy variable = I if infestation levels for weeds Type 1 0. I Y O .  1 1 

(mostly annual grasses like foxtail) or Type 2 (perennial 
gl-asses, broadleafs) wel-e worse than normal 

Seed cost A c t ~ ~ a l  cost of soybe;in seed. .R pel- acre 16.86 
Debt-to-assets ratio Dummy variable = 1 if the actual ratio is greater or c q ~ ~ i ~ l  to (1.14 

0.4 
Contract Percent of soyhc:tn revenucs under contract 0.053 
Con\vntionul tillage Durn~ny variable = 1 if farmer 11sed conventional tillage 0.54 
Crop price Actual price of \oybe:~ns, $ per bushel. 6.59 
Price of he~-bicide~ Weighted avel-age price of active ingr-edients of a given herbi- 2 

cide family 
Rvtatio~i Ilummy variable = I if crops in the field were rotated in the 0.56 

last 3 yei~rs 
Herbicide tolerant Binary variable = 1 if herbicide-tolerant seeds were adopted in 0.1 I 

the tield 
Scouting Binary variable = I if ~vecd scouting wa\ performed in the 0.77 

field 
Othcr wccd control Rin:~ry variable = 1 i l '  other weed control practices were 0.43 

adopted in the fiald 

4: Vector that includes \e\.e~-:~l \-ari:lhles. one fo1- each fanlily 

comparcd to  operators ([s ing conservat ion o r  
no-till practices). (viii) contractual arrange- 
~ n e n t s  for  the production/marketing of the c rop  
( c u ~ ~ t r a c t s  often speci ty the acreage t o  b e  
grown 01- quantity and  quality of product t o  b e  
delivered and  may also require application of 
selected inputs). and ( ix)  the debt-to-asset ratio 
used a s  a proxy for  risk (as  risk-averse far me^-s 
are less likely t o  adopt  agricultural innova- 
tions, Feder  et a].. 1985). Variable definitions 
and  sample rneans a re  presented in Tablc I .  

Unlike the traditior~al selectivity model  in 
which the  effects are calculated using the sub- 
samples of adopters  a n d  nonadopters  separate- 

ly, the impact   nod el uses all the observ  a t' ions 

and  is known a s  ;I "treatmcnt effects nlodel," 
~rseci by Rarnow, Cain ,  and  Goldbergel-).  In 
this model the observed  indicator variable, I. 
indicates the presence o r  absence of s o m e  
treatnlrnl (e.g., use  o f  herbicide-tolerant crops)  
(Greene,  1995). 

Formally, given thc  ~ ~ n o b s e r v e d  or latent 
variable 14' = S'Z + p and  its observed  coun-  
terpart I (such that I = 1 if 1::: > 0 and  I = 0 
if 1''' 5 O), the treatment-effects equation 
which is the basis f o r  o u r  impact  ~noclel is Y 
p'x - a1 + E. 

Following Maddala (p .  260) and Greene 
(1995. p. 642, 643) w e  can  obtain consistent 
estirnates of  p and a by regarding self-selection 
a s  3 source of cndogenity. Thus  there are two  
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sources for the elldogeneity of the variable I, 
namely the simultaneity discussed earlier (farm- 
ers' adoption and herbicide use decisions are si- 
multaneous) and self-sclcction. Because of this 
endogeneity (of I ) ,  we can not use the actual 
adoption values of I in the impact model. For 
this reason we use the predicted probabilities of 
adoption, obtained from the probit equations, as 
instruiiiental variables for I. As indicated in the 
previous section, in our adoption decision model 
we have three indicator variables and conse- 
quently three probits, a s  I,, k = I ,  2, 3. 

To examine the impact of using herbicide- 
tolerant soybeans on herbicide use, yields, and 
farm profits, we specify the herbicide demand 
functions. the supply function. and the vari- 
able prolit function as a simultaneous system. 
To model explicitly the substitution of gly- 
phosate by other herbicides we specify three 
herbicide demand functions considering three 
herbicide families (Table 2): ( i )  acetamides 
(acetochlor, alachlor. metolachlor-, and pso- 
pachlor). which are mainly applied as pse- 
emergence herbicides; (ii) glyphosate; and (iii) 
othcr synthetic hel-bicides. which include 2,4- 
D, acifluorfen, bentazon, metribuzin, irnazeth- 
apyr, and pendimethalin, several of which are 
being replaced by glyphosate. 

Using a normalized quadratic restricted 
profit function (Diewert and Ostensoe; Fer- 
nandez-Corne.jo, 1996, 1998), considering 
land as a fixed input and a single output (soy- 
bean). imposing symmetry by sharing param- 
eters and linear homogeneity by normaliza- 
tion; using the price of labor as numeraire and 
appending disturbance terms. the per-acre prof- 
it function (%), per-acre supply function (p), 
and the three pel--acre herbicide demand func- 
tions (vector with three components, 2, for the 
acetarnides, X? for glyphosate, and x3 for other 
herbicides), become: 

where P and W are the oi~tput and input pric- 
es-A, C, E, k: and G-are parameters. The 
vector of other factors R includes weed infes- 
tation levels (expected to negatively affect prof- 
its), rotation and ti1 lage (cropping practices 
known to affect the use of herbicides).The 
vector R also includes the predicted probabili- 
ties of adoption (obtained ti-on~ the probit cqua- 
tions) of herbicide-tolerant soybeans as well as 
other weed-management practices that might 
affect the use of herbicides. 

Data and Estimation 

The model is estimated using data obtained 
from the nationwide Agricultural Resource 
Management Study (ARMS) consolidated sur- 
veys developed by the Economic Kesearch 
Service (ERS) and the National Agricultural 
Statistics Service (NASS) of USDA and con- 
ducted in 1997. Thc ARMS survey was de- 
signed to link the resources used in agricul- 
tural production to technologies and farm 
financialleconomic conditions for selected 
field crops. In particular, ARMS survey data 
can be used to link the adoption of genetically 

Tillage choice (i.e. conventional vs. conservation 
tillage) was considered as an exogenous variablc because 
of previous r.esults: Soule and Klotz-Ingram, using the 
Wu-Hausman and 1997 data, tested the hypothcscs that 
(i) the tillage use decision is exogenous to the adoption 
of herbicide-tolernnt soyheans and (ii) that the adoption 
of herbicide-tolerant soybeans is exogenous to the tillage 
decision. While they rejected the hypothesis (ii), exoge- 
neity of the adoption of herbicide tolerant soybeans in the 
tillage decision model, they co~tld rrnt r~jec.t hypothesis 
(i) exogeneity of the tillage variable in the model for 
adoption of herbicide-tolerant soybeans. These results are 
also consistent with the rather high degree of adoption of 
conservation tillage (more than 50 percent of the soyhean 
acreage) in 1995, the year bcfore herbicide tolerant soy- 
beans were introduced into the ~narket, given that tillage 
choice is usually long term (fanners that adopt period t 
are also likely to adopt period t+ 1). 
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Table 2. Major Herbicides Used on Soybeans, 1997' 

Herbicide Active Rate per 
Ingredient Area Applied Applications Crop Year Total Applied 

A L etconirtes 
Metolachlor 
Alachlor 

G!,pl?o.strte 
O t h r ~ .  I~~>r/~ ic ides  

Pendimethalin 
Trill~~ralin 
Rentazon 
Cloniazone 
2, 4-D 

Acifl~lorfen 
Metribuzin 
Ilna~ethapyl. 
Sethoxydirn 

Percent Number' LbsIAcre 

Total 

' Plantcd acres: 66.1 tliillion acres for the I9 stales surveyed. 
' Nunlbcr o f  times a treated acre receives the particular ;~clivc ingredient. 

Inclucles o ther  herbicides 11ot listed. 
Source: USDA. 1998. 

engineered crops with yields. other manage- 
ment techniques, chemical use, and profits. 

The  data were obtained using a three-phase 
process (screening, obtaining production prac- 
tices and cost clata, and obtaining financial in- 
fhrmation) (Kott and Fetter). The 1997 survey 
was  conducted through on-s i te  in terviews 
based on a probability sample, drawn from a 
list frame based on all known commercial soy- 
bean growers of the states selected. The 1997 
soybean survey covered 19 states, which ac- 
count for 93 percent of the U.S. soybean pro- 
duction. The third phase included 17 states- 
Arkansas,  I l l inois,  Indiana,  Iowa,  Kansas ,  
Kentucky, Louisiana, Mississippi, Michigan, 
Minnesota, Missouri, Nebraska, North Caro- 
lina, Ohio, South Dakota, Tennessee, and Wis- 
consin .  After excluding observat ions  with 
missing values, 1444 observations from 17 

Million Lbs 

three families. In addition to pesticide use, the 
survey included questions on yields, prices, 
cl-opping practices, and use of other inputs. 
The survey also included questions regarding 
the use of herbicide-tolerant varieties. 

For the empirical evaluation, the three 
probit e y ~ ~ a t i o n s  are estimated separately as 
there is no gain in estimation efficiency by us- 
ing a seemingly unrelated regression (SUR) 
framework when the regressors are the same 
across all the equations and there are 110 the- 
oretical restrictions for the regression coeffi- 
cients (Dwivedi and Srivasta\~a)." However, 

% bivvriate prohit model was considered in pre- 
liminary runs. These ehtimates hhowed that the corre- 
lation coefficient between the disturbances of the two 
probit equations was not significant. implying that the 
disturbances associated with the probit equations were - 

states were available for analysis. not related and that separate probit equations could be 
used to obtain the predicted probabilities used in the 

The survey include' a section o n  pesticide 
stage of the model, ~ i v c n  these results, conhid. 

Use by active ingredient. In this study we ,ring that there are no efficient techniques to estimate - 
grouped the herbicide active ingredients into a multinomial prob~t w~th more than two choice, 
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Table 3. Estimates for Adoption, Per-acre Herbicide Demand, and Supply Ecluations-U.S. 
.. . - 

Soybean Producers. 1997 

Probit E4timates 

Adoption of 

Herbicide-tolerant Weed Scouting Other Weed Control 

Variable Puratncter Estimates 

INTERCEPT 
Size 
Education 
Experience 
Infestation level I 
Infestation level 2 
Seed price 
Debt to assets ratio 
Contract 
Conventional tillage 
Crop Price 
Price of acetnmide herbicides 
Price of other herbicides 
Price of glyphosate herbicides 
Infestation level 
Rotation 
Conventional tillage 
Prob. adoption, herb. tolerant 
Prob. adoption, scouting 
Prob. adoption, other weed 
$::@:% , :,: % , * Significant at the I-percrric, 5-percent and 10-percent level. 

the equations for the second stage (equations 
1-5) are estimated together to gain estimation 
efficiency. That is. the pel--acre supply and 
three demand ecluations are estinlated together 
with the per-acre profit function in an iterated 
seeming1 y i~t i re la ted  regression ( I T S U R )  
framework (Zellner). 

The impact of adoption of herbicide-toler- 
ant soybeans on herbicide use is calculated 
from equations (3)-(5). For example. from 
equation (4) the impact of using herbicide-tol- 
erant soybean on glyphosate herbicide use is 
i~g,/dR, - E2,  The elasticity of glyphosate 
herbicide use with respect to  the probability of 
adoption of herbicide-tolerant soybeans is 

(Greene. 1997) other than Ilorfman's method based on 
Gibbs sampling and taking into acco~lnt the econo- 
metric issues arisiny with the use of Dorf~nlan's tech- 
nique because of self-$election (Wu and Babcok), we 
discarded the use of ~nultinomial probit. 

E,,(R,/X,). Sirnilat-ly, the elasticity of "other 
herbicides" use with respect to the probability 
of adoption of herbicide-tolerant soybeans is 

< i f  
Unlike Burrows. who used expenditures 

(because of lack of data) in the pesticide dc- 
mand equation. this paper uses the number of 
herbicide applications per year. which is a bet- 
ter measure of pesticide use. The average 
number of applications per year is calculatecl 
by dividing the sum (over all active ingredi- 
ents in the given herbicide family) of the treat- 
ment acres (number of acres treated by a n  her- 
bicide active ingredient times the number of 
treatments of that herbicide during the year) 
by the number of acres treated (receiving one 
o r  more applications of the given herbicide ac- 
tive ingredient)."' For conlparison, w e  also use 

"' The average n~~mbcr of application\ per year may 
be a n y  positive number, not necessarily :un i~icepen 



Table 3. (Extended) 

TTSUR Estimates 

Acetamides Glyphosate Other Herbicides Per-Acre Soy bean 

Dernand Demand Demand supp ly  

t-Value t-Value Parameter Parameter 

Parameter Estimates Parameter Estimates Estimates t-Value Estimates t-Value 

an alternative measure, the total pounds of 
herbicides applied per acre in a given year. 
Both measures are practically proportional 
when considering a single herbicide active in- 
gredient." However, when dealing with a pes- 
ticide family we prefer to use the average 
number of herbicide applications per year be- 
cause adding pounds of different active ingre- 
dients is questionable (Fernandez-Cornejo and 
Jans) since i t  implicitly assumes that a pound 
of any two ingredients has the same potency 
and other characteristics." The definition and 

I '  For a single active ingredient, pounds per acre 
per year are equal to the number of applications times 
the application rate. Thcrc is less variability in the ap- 
plication rate\ because those rates "are recommended 
by the manufacturer of the product" and those rec- 
ommendations "are generally followed." (USDA, 
1998). 

Typically, each pesticide active ingredient has a 
different potency, and, consequently, is applicd at a 
different rccommcnded rate to provide a given level of 

means of the main variables are presented in 
Table 1.  

Because of the complexity of the survey 
design (the sample is not a simple random 
sample), a weighted least squares (WLS) tech- 
nique is used to estimate the parameters using 
full-sample weights developed by the National 
Agricultural Statistics Service (NASS) of the 
USDA. A delete-a-group jackknife method is 
used to calculate the variances and standard 
errors because of the survey design and also 
because the conventional variance formulas do 
not apply to this type of model (Lee, M a d d a l a ,  

and Trost). The method follows the logic of 

pest control. A pesticide application, on the other hand, 
is designed to provide a certain level of pest control 
for a given target pest. and, thus, each application ap- 
proximately provides a similar level or dcgree of con- 
trol. Farmers will often adjust the number of applica- 
tions to maintain the pest population below a threshold 
level. 



the standard jackknife method except that a 

group of observations is deleted in each rep- 
lication. I t  consists of partitioning the sample 
data into r groups of observations (r = 15 in  
this survey) and resampling, thus forming 15 
replicates and deleting one group of observa- 
tions in each replicate (Rust; Kott: Kott and 
Stukel). A set of sampling weights is calcu- 
lated by NASS for each replicate. The model 
is run first with the full-sample weights to ob- 
tain the parameter estimates b. The model is 
then run 15 additional times (using each of the 
15 replicate weights) and the vector of param- 
eters obtained in each case b(k)  is compared 
to the fi~ll-sample parameter vector b in order 
to calculate the standard errors se(b):  

where k = 1. 2 ,  . . . 15 and 

(. = 14/15 

Results 

Soybean production in the U.S. uses a large 
amount of herbicides, and 97 percent of the 
66.2 million acres devoted to soybean produc- 
tion in the 19 major states were treated with 
more than 78 million pounds of herbicides in 
1997 (USDA, 1998). As Table 2 shows, pen- 
dimethalin was the top herbicide, as farmers 
applied Inore than 17 million pounds of this 
chemical in 1997. Glyphosate was second (I 5 
million pounds), followed by trifluralin (12 
tnillion pounds) and tnetolachlor (9 million 
pounds). 

Table 3 presents results from the probit re- 
gressions of the adoption of herbicide-tolerant 
soybeans and other weed-management practic- 
es. Among the statistically significant vari- 
ables in the adoption of herbicide-tolerant soy- 
beans, the size and education coefficients are 
positive, corroborating other tindings (Feder, 
Just. and Zilberman) that larger operations and 
more educated operators are nlore likely to 
adopt agricultural innovations. Crop price is 
significant and positive, as expected, because 
Inore protitable operations are more likely to 

adopt agricultural innovations.I3 Another sig- 
nificant factor is the use of conventional till- 
age. This factor has a negative association 
with adoption as expected, since farmers using 
conventional tillage have less of a need to use 
herbicides compared to operators using con- 
servation or no-till practices. Other significant 
factors include infestation levels and seed 
price. This last factor was positive, implying 
that users of herbicicle-resistant soybeans buy 
more expensive seeds, even excluding tech- 
nical fees. Factors not having a significant in- 
fluence o n  adoption include the proxy for risk 
(debt-to-assets ratio) and the use of produc- 
tionlmarketing contracts. 

Tdbles 3 and 4 present the results of the 
adoption impacts model using the ITSUR es- 
timation framework. The model has 45 esti- 
mated parameters and almost 40 percent of 
them are significant. Focusing first on the re- 
sults for herbicide use, the use of "other her- 
bicides" is negatively related to the adoption 
of herbicide-tolerant soybeans (xignilicant at 
the I -percent level). The elasticity of demand 
of other herbicides with respect to the proba- 
bility of adoption of herbicide-resistant soy- 
beans (calculated at the mean) is -0.13 (Table 
5). That is, a 10-percent increase in the prob- 
ability of adoption of herbicide-resistant soy- 
beans would decrease the average number of 
applications of other herbicides by 1.3 per- 
cent.IJ This is 1111 inlportant result given that 

" Adoption is expected to increase with expected 
crop price5 because yicld gains due to the new tech- 
nology become more valunblc with higher prices and 
allow farmers to afford to pay higher seed prices (tcch- 
nical fees) up-front. to be recovered latcr with prolits 
arising form higher reyenues (due to the higher yields) 
andlor lower herbicide costs. Similar price effccts have 
been found Ihr the adoption of other agricultural in- 
novations, as higher cvpectcd mal-gins allow farmcrs 
to invest more in information search efforts about the 
new tech~~ology (Feder, Just, and Zilberman). 

Result\ are typically cxpresseti as a unitless mea- 
wre,  an elasticity-the percent change in a particular 
effect (herbicide use, yieltls, or profits) relative to a 
small percent change in adoption of the technology 
from current levels. Thc results can bc viewed in terms 
of the aggregate effect (acres\ an entire agricultural 
region or sector) from aggi-egate increases in adoption 
(as more and more producers adopt the technology). 
Howcvec it1 terrns of a typical farm-that has eithtil- 



Table 4. ITSUR Parameter Estimates of the 
Profit Function U.S. Soybean Proclucers, 1997 

Parameter Standard 
Variable Estimates Errors t-Statistic 

A0 

Ay 
A l 
A2 
A3 
C I 
C 2 
C3 
C4 
C5 
C6 

GYY 
Gyl 
Gy? 
Gy3 
GI l 
G 12 
G 13 
G22 
G23 
G33 

Fy 1 
Fy2 
Fy3 
Fy4 
Fy 5 

Fy6 
El I 
t 1 2  
El3  
E2 1 
E22 
E23 
E3 1 
E32 
E33 
E l 4  
El5 
E l6  
E24 
E25 
E26 
E34 
E35 
E36 

Table 5. The Impact of Adoption of Herbi- 
cide-Tolerant Soybeans, 1997 

Elasticity with 
Respect to 

Probability o i  
Elasticity of Adoption 

Yields +0.03 
Variable Profits 0 
Herbicidt, ~t.sc 

Accta~nicle herbicides 0' 
Other synthetic herbicides -0.13 
Gly phosate i 0 .37  

p~ 

' I~~signiticant underl! inp coltfticienrs. 

"other herbicides" constitutes by far the most 
important herbicide "family" in terms of total 
amount used annually. Use of other herbicides 
amounted to  nearly 50 million pounds out a 
total of 7 8  million pounds for all herbicides in 
1997 (Table 2). 

On the other hand. use of glyphosate is 
positively related to the adoption of herbicide- 
resistant soybeans (also significant at the 1 -  
percent level), which is expected given that 
glyphosate is the herbicide that most herbi- 
cide-tolerant soybeans have been engineered 
to resist. The elasticity of demand of glyphos- 
ate with respect to the probability of adoption 
of herbicide resistant soybeans is 0.37. While 
the elasticity for glyphosate is comparatively 
high, the increase in the arnount of glyphosate 
is not very large because of the relatively 
small base amount. A s  expectecl, the use of 
acetarnide herbicides is also negatively related 
to the probability of adoption of herbicide re- 
sistant soybean, but the col-responding coeffi- 
cient is not significant. 

Table 3 also shows that the effect of adop- 
tion of' herbicide-resistant soybeans on yields 
is positive and significant at the 5-percent lev- 
el, but sniall. The elasticity of yields with re- 
spect to the probability of adoption of herbi- 
cide-resistant soybeans is 0.03 (Table 5). 

adopted or not-the elasticity is usually interpreted as 
the (marginal) Farm-level effect associated with an in- 
crease in the probability of adoption. Moreover, as with 
most cuscs i l l  economics. elasticities examine sma11 
chanzes (say, less than 10 percent) away from ;I given. 
e.g., current levcl of adoption. 
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Finally, the effect of adoption of herbicide-tol- 

ernnt soybeans on variable profits is calculated 
by taking the derivative of equation 1 with re- 
spect to the probability of actoption (iITililR,) 
using the ITSUR parameter esti~nates of the 
profit function (Table 4). The adoption of her- 
bicide-resistant soybeans does not have a sta- 
tistically significant effect on variable profits. 

For comparison, and to examine the ro- 
bustness of the results. we also estimated the 
model using poundslacre-year as an alternative 
measure of herbicide use. The results are sim- 
ilar: the elasticity of yields is about the same 
(+0.03) and the elasticity of profits continues 
to be insignificant. The elasticity of herbicide 
use for the acetamide family remains insignif- 
icant; for glyphosate (+0.19) it is significant 
but smaller than the elasticity obtained using 
the average number of herbicide applications 
per year ;IS a measure of herbicide use, and 
the elasticity for other herbicides is also small- 
er in absolute value ( -0.09). Using these elas- 
ticities at the mean, we ; ~ I s o  estimate the sub- 
stitution of glyphosate for other herbicides. 
Since the total amount of glyphosate used i n  
soybeans in 1997 was 14.9 million pouncis 
(Table 2 ) ,  rnuch lower than that of other her- 
bicides (49.9 million pounds. Table 2). we es- 
timate that the annual reduction in other her- 
bicides associated with a 10-percent increase 
in adoption is 0.45 million pounds, slightly 
greater than the increase in glyphosate (0.3 
million pounds) that replaces them. 

Concluding Comments 

This paper estimates the on-farm impacts of 
adopting herbicide-tolerant soybean on herbi- 
cide use, yields. and farm profits using an 
econometric model that corrects for self-selec- 
tion and simultaneity and is consistent with 
profit maximization. The model is estimated 
using 1997 national survey data. 

Herbicide use (except for glyphosate) is 
negatively related to the adoption of herbicide- 
tolerant varieties in soybcan production. These 
results confirm anecdotal evidence that a large 
nuri~ber of soybean farmers are substituting 
glyphosate for other herbicides and that the 

total amount of herbicides used on soybeans 
is being reduced slightly. 

The environmental and health implications 
of this substitution are not entirely clear, as 
active ingredients vary widely in toxicity and 
in their persistence in the environment. How- 
ever, the possible healthlenviromental effects 
of changes in herbicide use associated with the 
adoption of herbicide-tolerant soybeans (sub- 
stitution of glyphosate for other herbicides, 
such as imazethapyr, bentazon, metribuzin, 
pendimethalin, Table 2) may be explored ob- 
serving that glyphosate has a half-life in the 
environment of 47 days, compared with 60- 
90 days for the herbicides it replaces (Heim- 
lich et al.). Moreover, using a chronic risk in- 
dicator based on the EPA reference dose for 
humans (USDA, 1997, pp. 122-75). the her- 
bicides that glyphosate replaces are 3.4 to 16.8 
times more toxic than glyphosate (Heimlich et 
al.). Thus the substitution enabled by herbi- 
cide-tolerant soybeans results in glyphosate re- 
placing other synthetic herbicides, which are 
at least three times more toxic and persist in 
the environment nearly twice as long. 

The market ramifications of increased gly- 
phosate use are already being felt by co~npet- 
ing chemical producers. Glyphosate's market 
share of the soybean herbicide market has ex- 
panded and glyphosate prices a\ well a\ prices 
of other herbicide competitors have fallen \ub- 
stantially (Hayenga). Glyphosate prices are 
expected to fall further because its patent 
(Roundup) expired in 2000. 

Our results show that there was a small 
yield advantage associated with farmers adopt- 
ing herbicide-tolerant soybeans. but, on aver- 
age, profits are not (statistically) significantly 
affected by adoption. Unlike the finclings of 
economic analyses based on experimental 
clata, which have mostly shown that the eco- 
nomics of herbicide-tolerant crops compare fa- 
vorably to conventional varieties, our results 
are more in line with analyses based o n  farm 
surveys, which have not been as detinitive. 

Perhaps the biggest challenge raised by 
these results is how to explain the rapid adop- 
tion of herbicide-tolerant soybeans even 
though positive financial impacts could not be 
clemonstrated. Why would farmers still choose 
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t o  adopt  herbicide-tolerant soybean  if profits 

a re  not higher  than under  traditional herbicide 

systems? Other  research has suggested that  the  
increased plant ing flexibility a n d  simplicity o f  
the  herbicide-tolerant program (not  completely 
captured by  o u r  model  because o f  rneasure- 
tnent difficulties) have  been the  pr imary  rea- 

sons  that g rowers  a r e  adopting (Carpenter  and  
Gianessi).  Also ,  g rowers  m a y  have  initially re- 
sponded t o  the  potential sav ings  f rom herbi- 
cide-tolerant soybeans  that have  s ince been di- 
m i n i s h e d  b y  p r i c e  c u t s  o n  c o n v e n t i o n a l  
herbicides. 

T h e  economic  potential o f  herbicide-toler- 
atit c rops  is  difficult t o  assess. Returns f rom 
herbicide-tolerant soybeans  a re  realized on ly  
if the weed  infestation levels and  prices a re  
such that the  gains f r o m  increased yields and/  
o r  reduced herbicide costs  exceeds  the  pre- 
m i u m  paid f o r  the seed.  T h i s  recl~lires fa rmers  
t o  forecast input  a n d  output  prices a n d  infes- 
tation levels  because the  adoption decis ion 
mus t  b e  m a d e  before planting. S i n c e  condi-  
tions across  the  U.S. a r e  f a r  f r o m  homoge-  
neous,  it is likely that herbicide tolerant-soy- 
beans may  have been used o n  s o m e  acreage 
where  the  value o f  increase yields and/or re- 
duced herbicide costs  w a s  l o w e r  than the  seed  
premium. Possible  reasons f o r  this "over- 
adoption" a re  annual  variations in wea ther  
and  poor  forecasts  o f  input  a n d  output  prices 
and  yield losses  d u e  t o  infestations. 

T h e  implications o f  these results s h o ~ ~ l d  be  
regarded carefully and  only within the  con-  
straints o f  the analysis.  A s  ment ioned  before, 
the economic  impacts  o f  adopting GE crops  
may  vary with several factors, mos t  notably 
pest infestations, seed  premiums,  prices o f  al- 
ternative pest-control programs,  and  a n y  pre- 
m i u m s  paid f o r  segregated crops.  T h e s e  fac-  
tors have  changed ,  a n d  will l ikely cont inue t o  
c h a n g e  over  t ime a s  technology,  market ing 
strategies f o r  G E  a n d  conventional  crops,  a n d  
consumer  percept ions o f  GE crops  cont inue t o  
evolve.  Finally, this s t ~ ~ d y  h a s  t w o  limitations. 
T h e  n iode l i~ ig  o f  the  substitution possibilities 
between pesticides a n d  o ther  purchased inputs, 
particularly fertilizers, is incomplete  a n d  pro- 
duct ion risk w a s  excluded f r o m  the  model .  In 
the  first case,  the  limitations a r e  attributable to 

t h e  l ack  o f  farm-level pr ice input d a t a  f o r  

s o m e  inputs. Panel  da ta  would  b e  needed t o  

address  the second  issue satisfactorily. W h e n  

bet ter  data  b e c o m e  avai lable ,  these limitations 
will b e  surmounted ,  hclping t o  improve  o u r  
understanding o f  technology adoption in ag-  
riculture. 
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