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Partial Adoption of Divisible Technologies in Agriculture

Philip I. Szmedra, Michael E. Wetzstein, and Ronald W. McClendon

Abstract We have developed o dynamac theoretical
model to investigate technology complements where
the degree of adoption 1s a fitnction of producers' prior
technology levels Based on this model, we used an
ewpirical application to assess the adoptfion of mite-
grated pest management (1PM) with and without vrri-
gation Results indicate that the degree of new tech-
nology adoption may depend on the extent of the risk
For eanample, strongly risk-averse producers who use
dryland technology wmay only parthally adopt IPM
And producers who irrigate to sigiafricanily decrease
variation wm yield and returns may also only partially
adopt IPM

Keywords. Pest management, vrrmgatron, svmalation,
soyheans, technology adoption

Conventional theoties deseribing technology adoption
In agriculture have addiessed constramnts to adoption
associated with profitability, riskiness, and divisibility
These constraints generally deal with farm tenure
arrangements, aveision to 11sk, imperfect information
mat kets, inadequate faim size, and lack of credit (8) !
Availabihiy of technologies has been investigated for
mappropriate infrastructure, chaotic supply of comple-
mentary inputs, and absence of equipment to relieve
labor shortages () Removing these constrants, how-
evel, has generally not resulted in immediate adoption
which focuses attention on complexity and how it influ-
ences new technology adoption

Theoretical 1esearch and empirical research attempt to
1solale the characteristics of separate technologes as
the key determinants of the adoption decision (5)
Byeilee and de Polanco provide evidence that farmers
adopt 1n a sequential manner, 1 some instances adopt-
g a complete package of new technologies, but more
likely practice partial adoption by accepting only a por-
tion of a technology (%) Farmer decisions regarding
new technology adoption probably depend on the num-
ber and complexity of existing production technologies
and the way m which a new technique would comple-
ment the existing technology mix Our article con-
siders this notion

The article investigates farmer decisions regarding
technology adoption when an existing set of prior tech-
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'talicized numbers in parentheses aite sources histed in the Kefer-
ences section at the end of the artiele -

nologies 1s considered A theoretical model designed to
investigate lechnology complements 1s developed 1n a
stochastic setting, where the degtee of adoption 15 a
function of producers’ prior technology levels An
application reveals varying levels of integrated pest
management (IPM) adoption foi soybean farmers with
and without prior wrigation technology

Analytical Framework

Development of a theoretical model that incoiporates
vartous levels of a priom technology, pattial or total
adoption of new technologies, producers’ procduction
and profit functions, and the stochastic nature of
returns may give Wsight mto the technology adoption
process Building on the groundwotk of Antle, and
Caswell and Zilber man, we let q,,, = f[q,(e,)] repre-
sent a production transfotmation from time t to 1+1 1n
an annual production process (t = 1 T) Where g,
denotes the state of the output m time t, ¢, 15 a deci-
sion varlable and denotes the degiee of adoption of a
new technology package, q,(e)), 15 a function repre-
senting the effect of e on q,, and ({ ) 15 a function 1ep-
tesenting the change in the state of output from time L
to t+1 given g, and e, The state of output may define
the conditions of the soybean crop, mcluding vegeta-
tive growth, blooms, and fruit set Defimng a, as the
ammount of the new technology available o puichased,
vatidble e, represents partial adoption of this new
technology In terms of pest information, e, denotes
the subset of the information technology package pur-
chased by the faimer in time period t which is actually
mcorporated into the production process

Based on farmers’ level of techmcal expertise, the type
ol production technologies currently being used, and
the complexity arising ftom attempting to successfully
integrate current methods, farmers.may incoiporate
only a portion of a new technologv into therr poduc-
tion process The level of farmers’ prior technology, o,
influences both e’ (a) and a"(«), where e*,(a) and
a (@) denote the effective level of paitial adoption and
the optimal amount of the new technology puichased,
tespectively The 1atio of partial adoption to pur-
chased technology 1s also determined bv 4, denoted as
hy{a),.and 15 defined by the identity h («) = e (o} {a)
This 1dentity provides a link between the level of par-
tial adoption and the level of 4 puichased technology

As noted by Byerlee and de Polanco 1ntetactions
among technologies will affect adoption patterns If a
new technaology package tends to complement prio
technologes, then h’ > 0, h" < 0, wheie h,' = dh/da
and h” = d?h/da? However, if a substitution relation

20 THE JOURNAL OF AGRICULTURAL ECONOMICS RESEARCH/VOL 12 NO 3. 1990




exists, then h,” < 0,h," = 0 The derivative relations
mdicate the effectiveness with which the new technol-
ogy 15 integrated into the production scheme A com-
plement relationship between prior and new
Lechnologies indicates that an nerease 1n pror technol-
ogy will increase degree of adoption of the new tech-
nology at an increasing rate, whereas a substitute
relationship indicates that an increase n prior technol-
ogy will merease degree of adoption of the new tech-
nology at a decreasing rate

Expected net return in the mtial time period, E(m,),
resulting from the adoption of a new technology, can
be specified as

T
2

re"l')]:t;

E [TFI(QI! €y, ].E [Il(ql:l el)]!'

where E 15 the expectations operator and I,{ ) de-
notes the distnbution of returns at time period t The
functional form of I,() 15

I(q,, e) = pq; — Wya,

where p, 1s output price associated with the market-
able portion of q,, and wa, denotes the cost of the
technology package n period t. If all of the output 1s
harvested at terminal time, T, then I, > 0 for t = 1,

, T-1 and I, > 0 at T The solution to this problem
may be obtammed with dynamic programming (18) Let
p; (q,) denote the optimal performanee function which
15 the optimal value of ¢, for problems starting at state
q, at time t By the optimality principle,

m (q) =r21‘“ {EI) + wp*,, [fq,, e)]}

The first-order condition for maxumization of =} {q,) 15
a m; (q)/aa, = sE(I)/aa, + ap*,,/9a, = 0 (n

Risk preference may be incorporated into the objec-
tive function by replacing expected returns in time t
with farmer preference ordening, U(l), assuming the
eight postulates outlined by Just and Pope (12) Given
an analytic function, a Taylor series expanston about
the expected value of I, E(I), 15

> <]

Ul) = xA{E[T, -E()Mk'} U,
k=0

where U denotes.the k' derivative of U Thus, the
utiity function of a msky prospect I, is assumed to be
equal to the utility function evaluated at the first
moment of I, plus the products of the higher moments
of 1,, the corresponding dervative of the utihty func-
tion, and the inverse factonal Letting M, denote the
kt" moment of I,, the first-order maximization of U =
UM, M;, M,, ,M,) yelds

aUUY/a,, = kij (U/AM) @M, 02 = 0

Note that
aMy/oa, = JE(1,)/3a, = paih, — w,,

gven qfey), e, = ha,, and q; =dq,/de,

Thus, this follows
U1 a4, = [dUBE)](pa) h, — w,)

+ k‘if (9U/M,) (0Mfaa) = 0 )

Incorporating nisk preference into equation 1 given
equation 2 yields

an; {gHea, = aU(l)/aa, + ap* /93, =0
Rearranging terms yields

w, = pah + kii {(GUIM)AURE() ]} (0My/2a,)

+ (3p",,/3a)/[PU/BEX,)] 3)

The optimal value of available or purchased tech-
nologes, a,, occurs when the marginal cost of a, equals
the value of expected marginal product times the
adoption ratio plus the summation of the rate of utility
substitution between E(I) and M, moments plus the
future marginal increment to the objective functional
weighted by producer’s margmal preferences Thus,
both rsk preference and dynamic production influence
the optimal level of available technology

The relative importance of modeling risk preference
versus dynamics Is open to empirical investigation

However, of interest in this study 1s the influence of a
prior technology and risk aversion on adoption of new
technologies. First, consider a producer’s optimal
adoption level of a technology given a prior technology
by 1solating prior technology effects from risk aver-
ston Following Caswell and Zilberman’s assumption of
a static production relation and without loss of gener-
ality, a producer’s optimal amount of-a new technology
package 15 determined by total differentiation of equa-
tion 1 and by analyzing the comparative statics
results This gives

pq "tha’ + ah’)h + pq 'h" =0,
where q " = 82q/de? and a’ = da/da
Rearranging terms yields

a' = —ad/o + adluae, (4)
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where u = h'a’h denotes the elasticity of partial tech-
nologv adoption, and e = — q "e/q" denotes the
clasticity of marginal product of partial technology
adoption The Lotal effect of a change m prior technol-
ogy, a, on purchases of the new technology, a, 1s a’
This total effect may be decomposed mto the substitu-
tion and output effects, the first and second terms on
the night-hand side of equation 4 If € 1s zero, the
degrce of adoption, e, does not influence the marginal
product of adoption Thus, the output effect associated
with the miluence of a change 1n « on a 18 zero, and
only the substitution effect remains If € equals one,
howevel, the output effect just offsets the substitution
elfect and the total effect, 4’, 15 zero As indicated m
equation 4, the level of new technology adoption, e,
ifluences the degree to which prior technology affects
new technology purchases When a new technology
package tends to complement a prior technology (h’ >
0), then

A relatively stiong decrease in marginal preduct of
partial adoption 1s associated with € > 1 given an
Increase m e, while 0 < ¢ < 1 corresponds to a rela-
tively small change in matginal produet Thus, for € >
1 the decline 1n marginal product offsets the increase
1 h resulting in 2’ < 0 Alternatively, a new technol-
ogy package, a, that 1s a substitute for prior technol-
ogy (h' < 0), results in

When € > 1 the ineredse 1n marginal product, offsets
the declme mn h resultmgina’ > 02

A consideration of risk or dynamic properties may
either mitigate or augment the response of a to a
change 1n a« Analysis using comparative statics
methods when risk and dynamies are ineo1porated
usually tesults i intractable cutcomes However,
assuming risk-averse producer behavior, 1t may be
hypothesized that if a 15 a risk-reducing (-incteasing)
technology, the greater the effect of a on the second
and subsequent moments of @, given a change n a,
the higher (lower) 1s the adoption rate of a In a
dynamic nisk-neutral model, if an inerease in a reduoces
the m moments' magmtudes, a higher adoption rate of
a may be hvpothesized Thus, the risk and dynamice
processes may work m tandem and are not necessanly
mutually exclusive

An mphecation of this analysis 15 that a heterogeneous
set of prior technologies cannot be ignored when the
adoption of new technologies 1s being mvestigated

*Note that € 1 proportional to b’
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Feder and others noted that when prio1 technologies
are constantly bemg modified with the addition of new
technologies, equilibrium may never be attained (5)
This 1s particularly true when risk preferences and
dynamic processes are consider ed

Application

Much of the empinical work on technology adoption has
lacked a theoretical and biophvsical basis on which to
specify relations and interdependencies Endogenous
vartdables are often employed as explanatory varables
without regard for the stmultaneous equation bias that
may result (8) Dynamic programming provides an
mdication of which policies should be investigated fur-
ther Finding an optimal policy using dynamic pro-
gramming, however, becomes intractable as the
complexity of a process mc1eases Sunulation modeling
1s an alternative method Useful for analysis 15 a sim-
ulation model comprised of a system of differential
equations detailing crop growth, imncluding soil, water,
insect growth and damage, and economic components
that inelude endogeneous constiaints such as pro-
ducers’ risk aversion A combination of r1sk and
dynamics 15 a standard justification for use of simula-
tion models (11}

The Soybean Integrated Crop
Management Model

We used the Soybean Integiated Ciop Management
Model (SICM) to demonstrate the technology adoption
model developed above (£3) SICM allows a com-
prehensive development of msect and crop mteraction
The SICM model incorporates soil, water, msect, and
economic components m detailing crop growth The
primary eomponent of the SICM model 1s SOYGRO, a
soybean growth and yteld routine Physiological proc-
esses of photosynthesis, respiration, tissue svnthesis,
nitrogen remobihization, and senescence mn the model
depend on weather, as well as soil and crop condilions
These processes are hnked mathematically by a sexies
of differential equations that depend on the phenologi-
cal phase of crop development The mathematical
structure of the soybean ctop model describes ptoc-
esses or parameters that depend on growth phase,
weather, and the state of the crop to update the evolu-
tion of the crop cycle

The model includes three msect 10utines which vepe-
sent the principal sources of dimnished yield n soy-
beans due to insect damage 1n the Southeastein
Umted States The insects are the velvetbean caterpil-
lar (VBC), Anticarsia geninatalls (Hubner), the corn
edrworm (CEW) Helwthis zea (Boddie), and the
southern green stinkbug (SGSB), Nezaia virdula (L)
The SICM model divides VBC developmental stages
nto six distinct pertods which are both temperature-
and 1nsect-related individual dependents The length



of time required for a VBC larva to develop from one
stage to the next varles with temperatuie and also
varies among VBC in different development stages
raised at identical temperatures Insects move
through age categories within a given growth stage
until they have accumulated a sufficient number of
phvsiclogical days to advance to the next development
stage (24, 23) One physiological day 15 defined as the
proportion of development completed tn 1 day at
26 7°C

The CEW population model developed by Stinner and
others uses a vanation in development time for a given
temperature to estimate the change in generations
(20) The model indicates the value of variables daily
and calculates stage populations, damage to seeds,
pods, and fohage for each developmental stage, and
mortality from all sources The thud insect model
describing SGSB 1s based on the work of Rudd and
meorporates emergence functions to develop proba-
bihty distributions for SGSB progression through
development stages (19)

The pesticide tactics component simulates the effect of
specific insecticides on individual development stages
of each of the three msects mduding residual effective-
ness over time The msecticides most commonly used
against defoliating soybean pests in the Southeast
{(VBC, CEW) contain permethrin The permethrin
group of insecticides provides up to a 98-percent
immediate knockdown efficiency and residual effec-
tiveness for up to 30 days after application Methyl
parathion 18 recommended to combat late season
infestations of pod- and seed-feeding msects (SGSB,
CEW), and furnishes up to a 95-percent knockdown
efficiency on the day of application with little or no
resicdual control action

The economic component provides for net returns
above vaniable costs as a measure of success of a
chosen management strategy Gioss returns are caleu-
lated as soybean price in dollars per bushel times seed
weight 1n bushels per acte Costs are categorized as
variable production cosls other than msect control and
nrigation costs, vairiable nrigation costs, variable
pestieide costs, and a fized cost for scouting Table 1
shows varable production costs Vanable production
costs, C,,, n dollars per acre excluding nrigation and
msect control costs are calculated as

Cp = 11150 + (2 98P, + 9 20P)1 15 )

where P, and P, denote price per gallon of gasoline
and diesel fuel, respectively Equation 51s derived
{1om a northern Florida sovbean cost-of-production
budget prepated by Boggess Variable n1igation costs
pet acie, C,, are expressed as

C, = L,[5834 -0 101x + 0 0067+ + 3 5(P; -1 20)], (&)

Table 1—Variable production costs included 1n the SICM
model

Sow ce Cost/unit!

Cost of field application of
pesticides

Cost of employing an inscet pest
scoul fo1 a weekly field survey
for the entire production season

Gasoline

Diesel fuel

%3 08/acrefapplication

82 Th/acie/season
98 cents/gallon
18 conts/gallon

LCouts reflect end of 1984 season conditiens mn southern Georgia
Souwice Farm Economies Information Center, University of
Georgrta Athens

where 1, denotes total seasonal wrrigation (em) and ¥
represents the amount of 1111gation per application
(em) (6) Variable costs of pest control in dollars per
acre are calculated by multiplying the number of
applications per acre by the sum of chemical and
application costs per acre

The simulator was calibrated to produce Georgia
Coastal Plain soil-type conditions and was driven by 9
vears of weather data (1975-83), including Lempera-
ture, 1ainfall, radiation, and pan evaporation rate col-
lected at the Coastal Plain Expermment Station, Tifton,
GA Insect populations and ciop status ate 1ecorded
daily by the simulation routine The msect population
1s monitored at 7-day intervals to mimie typical
soybean-scouting practices Pest control decision
stages occur when msect populations reach damage
threshold levels A simulated control 13 then cartied
out to reduce msect populations in the ciop according
to msecticude etfectiveness 1atings

The modeling procedure describes the mteraction of
irrigation and IPM as two mmterrelated technologies
Irmgation 15 specified to maintain a soil water content
level which alleviates most water stress incutred by
the plant and maintains a turgor threshold The total
package of IPM consists of striet complance to
Georgia’s Cooperative Extension IPM 1ecommenda-
tions, which mclude treatment lor foliage-feeding
msects when defoliation mn the plant stand 1eaches 30
percent prior to tull bloom After full bloom and up
through full pod-fill, the control threshold drops to 15-
percent defohation to protect the nutnitive abihities of
the leaf canopy Aftetr full pod-fill, chemical contiol 15
tecommended 1f defoliating pressute causes 25-petcent
leaf canopy loss

Hatcher and others repoited producer deviations, ot
what may be termed use of subsets of an IPM package
(9) Their data indicate that producers emolled 1n a
Geogia IPM extension program adhered to extension
recommendations 69 percent of the time thresholds
were reached When 4 recommendation to applv «
chemical control was followed, producers apphed an
msecticide 1n a timely manner 41 percent of the time
However, 59 percent of producers who followed the
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treating 1ecommendation applied an insecticide up to 7
days post-thieshold, 3 days after the cooperative
extension service’s recommended last day of economie
advantage

The SICM model determmed the effect of employing
the total package of IPM, that 1s, following extension
guidehnes closely through the season, as well as a sub-
set of the package (partially adopting), conditional on
possessing urigation Data documenting the degree of
specific insect infestations and dates when the influx
oceurred during 1972-84 were available from the
Coastal Plan Experiment Station, Department of
Entomology, Tifton, GA (21) The data include cbser-
vations for the three insects modeled 1n SICM Fifteen
msect infestation and influx timing patterns as well as
probability of occurrence for VBC, CEW, and SGSB,
were developed from the data to describe the general
nature of pest dynamics during those years For
instance, the combined probability of a hght intensity
VBC, CEW, and SGSB adult influx was 7 percent A
heavy and late mflux of VBC combined with hight
ntensity and expected inflights of CEW and SGSB
adults had an 11-percent chance of occurring

The simulator was run under dryland and wrrigated
conditions for each of the 15 mnsect infestation and tim-
ing patterns for each weather year under the assump-
tion that a preducer employs the fotal package of IPM
technology Under this deterministic approach, 270
iterations of SICM were 1equired (15 1nsect patterns
times 9 weather years times 2 water access options,
dryland and nrigated)

We modeled producers’ partial adoption of IPM by
using 4 pseudorandom number generator to model
comphance and then timeliness of thireshold
adherence We performed 30 iterations of each of the
270 combinations of msect populations and weather
data years, resulting m 8,100 runs of SICM When an
extension guidele population threshold was exceeded
in the simulation, a4 random number was genetated to

deter mine whether IPM extension guidehnes would be
followed {random number < 0 6900) When extension
recommendations were followed, we used a second
random number to determine when the model would
apply a control up to 7 days post-threshold When
guidehnes were not-followed, the model enacted a con-
trol appheation on a predetermined calendar date
(August 15) 1if the threshold was reached prior to this
date A threshold reached after the predetermined cal-
endar date resulted 1n no control for defoliating
insects This process was repeated later 1n the season
to determine adheience to threshold guidelines to con-
trol pod- and seed-feeding insects Depending on the
series of random numbers generated, the scenarios
were ontime control, late control, predetermined cal-
ender application {(Sept 10), or no control for late-
season Insect pests The expected value of net returns
from these simulation runs represented producers’
expected profits when following a partial adoption
strategy Yeaily results were combined with the prob-
ability of any particular insect infestation pattern to
denve overall summary statisties

Results

Table 2 summarnzes the simulation output for the IPM
technology levels under dryland and irmigation technol-
ogy conditions Mean-variance (EV) analysis, in which
the relative magnitude of these two distribution
moments deseribing, in this case, a pest control-water
access regime compared with an alternative regime,
was unable to distinguish dommance between total and
partial IPM under dryland production The EV crite-
ra ndicate, however, that partial IPM dominates for
the 1rrigation technology, probably because of the
heaitiness of the plant stand under irrigation and 1ts
resultant ability to resist yield-reducing insect damage
with less insecticide Total IPM generally incurs
greater vanable costs than a partial adoption strategy,
decreasing net 1eturns In contrast, Gin1 mean dif-
ference (I5G) (24, 22) and expected value analysis indi-
cate that total adoption of IPM under dryland

Table 2—Net returns, Gmi mean, and dominance results for technology combinations

Annual net returns/acre Dominance!
Expected Ginl mean
Technologes net profit Variance chfference EV EG 38D SDWRF
Dryland
Total [PM 58 98 8962 44 23 22
0 Total 0 Partial
Partial IPM 57 62 8653 42 21 95 r > 000112
Irmgated
Total IPM 193 10 825 18 843
Partial Partial Partial Partial
Partial IPM 198 38 807 03 865 r> @

IEV 13 expected value

EG 15 Gint mean difference analvsis

53D 15 second-degree stochastic domimance analysis
SDWRF 1s stochastic dominance with respect to function

2r denotes the Arrow-Pratt nsk aversion coefficient, and 0 indicates that neither distribution dominates
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technologyv dominates, wheireas the revelse is true
with irnigation Expected value and EG decisional cr1-
teria assume 1isk neutrahity or weak 115k aversion,
respectivelv Thus, 11sk neutiality o1 weak avetsion
mdicate that diftering levels of an applied pnior tech-
nology will influence the effectiveness ol a new tech-
nology, and hence, degree of adoption an incredse in
a, (the mtreduction of nrigation) results m a (IPM)
dechnimg m importance 1n terms of striet adherence

Employing the total IPM package under itigated con-
ditions proved inferior to adopting a partial IPM
regime This probably results fiom extension IPM 1ec-
ommendations being tailered to a dryland production
technology, which 1s the dominant production method
in Georgla One possible hypothesis for this result 1s
that partial adoption of IPM i conjunction with wrriga-
tion provides for an augmented information base as
producers incorporate pr1o1 pest mandagement esperi-
ence along with select extension recommendations in
determiming a modified control program

Considering 11sk preference, results indicate that as
11sk aversion increases, pattial adoption tends to domi-
nate under a dryland technology Second-degree
stochastic dominance (SSD) leads to indeterminate
results and stochastic dominance with 1espect to a
function (SDWRF), i which uncertain choices are
defined by upper and lower bounds on an absolute
risk-aversion coefficient This imphes that only
strongly 11sk-averse producers will partially adopt
[PM under dryland conditions (13) Producers m other
risk categories would be more willing to adopt a total
IPM package under dryland conditions Obviously, if a
new technology increases nsk, the level of adoption
will decline as the degree of nisk aversion inceases
Partial IPM, with irrigation, however, dominates total
IPM even with risk-neutral preferences Therefore,
nisk aversion does not totally account for partial adop-
tion under wrigation Other variables, meludmg soco-
economic characteristics and the success of previous
technology adoption, will influence euirent adoption
practices

Conclusion

The empnical results lend support to the hypothesis
that vamations 1n the use of exsting technologies can-
not be 1gnored when the extent of technology adoption
1s being mmvestigated The 1esults indicate that the
degree of new technology adoption under differing
technology bases may comeide with strong 1isk prefer-
ences, but that 11sk may not be the overnding ele-
ment Our results suggest that strongly 1isk-averse
producers with dryland technology may only par tially
adopt IPM We.suspect that producers using wrrigation
recognize its influence 1n sigmificantly decreasing the
variation 1n yield and 1eturns and, hence, dimmshing
the effectiveness of total IPM adoption, and would
select partial adoption Thus, producers adopt the

complete IPM package o1 subsets of the package
depending to some degree on nsk preferences and the
level and eomplexity of production technologies cur-
rently in use Providing new technology information to
producers should mnvolve presentation of a complete
technology “package” as well as appropriate modifica-
tions, or pattial packages, to fit neatly into the pro-
ducers’ current production practices

Our results indicate that observations of varymg adop-
tion rates and methods among producers may be
explained by differing technology bases or other tac-
tors as well as 11sk preferences This conclusion sup-
ports the general view emerging in the Lterature that
the riskiness characteiistic 1s not the overriding ele-
ment 1 the IPM adoption decision, and may be over-
emphasized 1n other adoption hterature as well
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