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Abstract

Aim of study: To analyse the diffusion of the crop by producing forecast models, that intend to help farmers in their
decision-making.

Area of study: Spain. The area dedicated to pistachio cultivation in Spain has multiplied by 36 in the period 2010 to
2020, reaching 44,244 ha.

Material and methods: This study brings together data on the evolution of pistachio cultivation based on the following
parameters: cultivated area, yield, and price. Methods are based on internal, external influence models and on an influ-
ence-price-crop yield pattern.

Main results: The results indicate that given a constant crop yield, raising pistachio prices, will bring a production
increase that generate the saturation level of the system. Similarly, with a constant pistachio price and an increment of the
crop yield, the saturation level of the system increases. Regarding the pattern of influence, it is shown that in a context of
suitable market prices for pistachio and an optimal synergy of the production factors that favour the crop yield not only
increases the level of saturation of the system but also the duration of the diffusion process.

Research highlights: The diffusion curve is sigmoidal with a well-defined inflection point and three well-defined
phases. The adoption of pistachio in Spain responds to a model of internal influence (logistic) and never to models of
external influence. According to the results, the process has a zero-innovation effect, while the dynamics of the process
is completely determined by an imitation effect.
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Introduction It withstands extreme temperatures, both maximum tem-
peratures, up to 50° C, and minimum temperatures, down

The pistachio (Pistacia vera L.) is a crop that is limit- to -30° C. It adapts well to a rainfall level between 500
ed to latitudes between 30° and 45° N which corresponds and 600 mm/year, thus not requiring additional irrigation
to those areas where Mediterranean countries are found. in Spain, although irrigation improves yields (Coucei-
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ro-Lépez et al., 2017). The average yield of the crop is
between 800-1,500 kg/ha under natural rainfed conditions
and 1,900-2,500 kg/ha under irrigated conditions (Cou-
ceiro-Lopez et al., 2017). Regarding market prices, maxi-
mum prices per kilogram of open pistachio typically range
between 8-15 EUR/kg as a conventional and around 20
EUR/kg as an organic crop. In 2021, the total production
in Spain reached 16,725 Mg (ESYRCE-MAPA, 2021)). In
the period 2010 to 2020, the area dedicated to pistachio
cultivation in Spain has multiplied by 36, reaching 44,244
ha (ESYRCE-MAPA, 2020), thus sowing that this crop has
lately become a very interesting option for investors in the
primary sector. The diffusion of pistachio cultivation is an
example of a general increase of perennial crops as a re-
sponse to lower profitability of herbaceous commodities
(Exposito & Berbel, 2020).

The adoption of pistachio cultivation in Spain is an in-
novation. According to Rogers (1995), a diffusion process
takes place, when an innovation is implemented. This dif-
fusion process occurs when the innovation is communi-
cated over time through members of a social group. The
speed of the diffusion process depends on a wide range of
variables that stimulate or limit the innovative attitude of
potential adopters and their final decision. In the field of
business management several diffusion models have been
proposed to study how new products become adopted in a
population (Floyd, 1968; Easingwood et al., 1981; Skia-
das, 1985; Bass, 2004). Similar work has been carried out
in the industrial sector (Mansfield, 1968). Concerning ag-
riculture, the technological change brought about by the
introduction of hybrid maize seed in the USA, has been
described as an innovative process of a pioneering nature
(Griliches, 1957).

The study of the acquisition of new technology is
known as the study of diffusion (Karshenas & Stoneman,
1995). Innovations, new products, new processes, or
methods in management spread within and through a
production system, so that the influence of change on
the state of the system depends on the degree to which
innovations diffuse, diffusion being the main driver of
economic growth (Stoneman, 1986). It is necessary to
stress that diffusion in an essential step of technological
change, and its rate is largely determined by the structural
characteristic of the early adopters of the innovation
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(Lamorte, 2019). The literature describes two types
of non-exclusive works concerning the adoption of
innovations: those that try to explain, at the individual
level, why certain farmers follow the adoption process
by identifying the factors that guide them to adoption,
and those that try to describe the process of technology
diffusion over time and its possible and probable evolution
(Carmona et al., 2005). The work presented here follows
the second approach.

One example is the logistic curve introduced by Ver-
hulst in 1838 (Mufioz-Valencia, 2017), with the purpose of
studying population growth. It describes the development
and evolution of many growth phenomena and has multi-
ple variants, which can be adapted to processes character-
istic of diffusion. Another example is the exponential mod-
el, which has been proposed in order to study the diffusion
of organic farming (Carmona et al., 2005).

This paper presents eight alternative models. The first
three models are based on internal influence factors, where
diffusion takes place only through interaction between
farmers. The fourth model is a hybrid influence model,
where potential adopters of the innovation can be divided
into two distinct groups: either imitators, who are influ-
enced by other farmers, and innovators, who are motivated
by agricultural development agencies and/or academic in-
stitutions. The next three models are based purely on ex-
ternal motivation (development agents, media, and/or uni-
versities). Finally, the eighth model is based on a pattern
of influence of external factors (pistachio prices and crop
yield).

In Spain, several studies of agricultural diffusion mod-
els have been undertaken in the last two decades. Examples
are the study carried out by Parra-Lopez (2003) on organ-
ic, integrated and conventional production systems in olive
groves, and the research by Parra-Lopez & Calatrava-Re-
quena (2002) on factors influencing the adoption of organ-
ic farming in the Spanish olive grove. Other examples are
almond tree cultivation in Andalusia (Cardenas-Polonio
et al., 2022), localized irrigation (Alcon et al., 2006), or-
ganic farming (Carmona et al., 2005; Franco-Martinez &
Rodriguez-Entrena, 2009), water-saving technologies in
agriculture (Alcon et al. 2009) and the adoption and diffu-
sion of no-tillage practices in olive groves in the province
of Granada (Franco & Calatrava, 2010).
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Figure 1. Evolution of pistachio areas in Spain: cultivated (a), prices (b) and yield (c). Source: Grupo IBEROPISTACHO

(2019); ESYRCE-MAPA (2020, 2021)
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At an international level, there are several studies that
stand out: (i) the effect of price-induced patterns on the
diffusion of improved pasture in Uruguay by Jarvis (1981);
(i1) the adoption of drip irrigation by Fishelson & Rymon
(1989) in Israel; (iii) the spread of precision agriculture
in the semi-arid central Pampean region by Corr6-Molas
(2007); and (iv) the effect of using no-tillage practices (di-
rect-seeding) by doing a comparison study in Argentina
and Brazil (Duran et al., 2011).

The originality of the work presented here lies in the
fact that it refers to the diffusion of an emerging crop. The
pistachio crop was previously relegated to marginal lands
but is now considered a valid alternative to other tradi-
tional crops. It is important to emphasize, that this study
analyses the diffusion of pistachio cultivation rather than
the implementation of a technology or agricultural prac-
tice. Therefore, this research should not only be considered
innovative but is also justified, since it fills a current gap
in the literature on diffusion models of emerging crops in
Spain.

Material and methods

This study brings together data on the evolution of pis-
tachio cultivation based on the following parameters: cul-
tivated area, yield, and price (Fig. 1).

Internal influence models

Model 1: Logistic or internal influence model

Diffusion takes place only through interaction between
farmers (interpersonal communication between adopters
of the innovation and non-adopters). It is assumed that
farmers interact with each other in a homogeneous fash-
ion, and information is transmitted at a constant rate a > 0
(Carmona et al., 2005).

The diffusion pattern follows a curve as represented by
the following equation:

F
(1+exp|[—at+b]) €))

¥lel=

where Y[t]: cumulative number of hectares put under cul-
tivation at time t; F: system saturation level; a: diffusion
rate; and b: constant of integration.

The calibration of this model has been carried out by
means of a non-linear regression using the program devel-
oped by Wolfram (2015).

Model 2: Giovanis-Skiadas logistic
It is assumed that the rate of growth in a cultivated area

is the product of two functions, the first being proportional
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to the current growth in the area in question and the sec-
ond proportional to the magnitude of the remaining growth
(Giovanis & Skiadas, 1999):

df(t)
dt

~glf(t),p)[h(E)=hlf(t))] (2)

where df(t)/dt: growth rate of the process; F: total culti-
vated area to be reached: saturation level; f(t): function
describing growth; h(F) — h(f(t)): residual growth of the
process; p: vector of parameters.

Equation (1) can be written in the form:

i, 10
T—b?[F ff]] 3)

where b is called the imitation coefficient.

Equation 3 represents one of the characteristic patterns
of logistic growth. It envisages the amount of growth that
can occur in a stable environment, once the degree of satu-
ration of the system F is known.

The growth process can become unstable due to varia-
bles such as economic uncertainty and/or political uncer-
tainty. This leads to the introduction in the growth (Eq. 2)
of a random component factor which is proportional to the
infinitesimal variance of the diffusion process.

Therefore, Eq. (2) is as follows:

:bf%[F—f{r]«:-qufr:: @)

where u(t) describes a one-dimensional white noise pro-
cess and q is the parameter controlling the magnitude of
the random noise.

Eq. (4) can be written as follows:

df(t)
dt

:b%[p—fu_ucfl:rau{rlf )

Using It6’s (1944) differential equation formulation, the
stochastic growth model is determined by the following
equation:

df'ﬁr_l=b%[f:—f{t|dt]+qf[rIdW{[}[23: 6)

where W(t) describes a one-dimensional Wiener process
and ¢ = (b - q) / F. Eq. (6) is a self-contained non-linear
stochastic differential equation with multiplicative noise,
which satisfies the assumption, that the infinitesimal var-
iance of the process is proportional to the growth of the
process.
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The solution of this Eq. (6) is given by the following
expression (diffusion curve formula):

F

fl)=——F——— ™
1+(——1)(exp|=blt—1}))

Xl'}
Parameters b, ¢ and F are estimated from model 2.
According to the formulation of Giovanis & Skiadas
(1999), the estimator of the parameters b and b/F is deter-
mined by the following expression:

[

b
—b

F

=ST 'HT (8

\

where ST is a 2x2 matrix and HT is a two-element vector:
"
T-1 [ fle)de
=1+ To

[ fle)de [ (fle))fde

dt 1 g
=If(T)-
o Eflt] & f

f'D.:'\]

The terms of the ST matrix (definite integrals) can be
approximated using the corresponding summands, while
the integral in HT can be replaced by the Riemann-Stieltje
integral using 1t6’s (1944) equation, resulting in:

J, =
0 © 1)

Additionally, the coefficient ¢ can be estimated using
an extension of the approximation procedure proposed by
Chesney & Elliot (1993). This method is used to estimate
the noise parameter for an autonomous non-linear stochas-
tic differential equation with multiplicative noise:

1 < fle)=fle—1)
T-1.3 Jfle)fle—1)

)

=In (f(T) — In(f(0)) + —(T -1)

(10)

=

Model 3: Gompertz model

Although there are several models in the literature asso-
ciated with different Gompertz-type growth curves, in this
paper we refer to the Gompertz diffusion process described
by Goémez & Carmona (2003), as the Gompertz diffusion
process.

This is a sigmoidal diffusion model defined by the
following function:

—k— bt

gl = (11)
where F: saturation level of the system; Y[t]: cumulative
number of hectares brought under cultivation at time t; k,
b > 0: constants.

The parameters of this model are not as easily inter-
pretable as those of the Bass model, because they are not
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derived from a certain individual probability of adoption
(Gémez & Carmona, 2003).

Model 4: Bass model

The Bass model (2004) also called generalised static
model is a mixed-influence model (Alcon et al., 2006). It
is based on the effect that personal relationships and mass
media have on the adoption of innovations, dividing poten-
tial adopters into imitators (internal influence) and innova-
tors (external influence).

The adoption rate depends on the interaction between
adopters and potential adopters. In this case, a stochastic
version of the Bass model is used to describe the growth
pattern of the cultivated area. The form of the diffusion
model takes the following expression (Bass formula):

dﬂr':_{ F—f(t))+(b/E)(F—f(t
k(a/b+f(t)/ F)dw(t)

t))f(e)de+k (12)

where f(t): cumulative magnitude of growth; F: saturation
level of the system; a: innovation coefficient; b: imitation
coefficient; W(t): a Wiener process that helps us to deter-
mine the fluctuation of growth of a random nature; and k:
noise parameter.

It can be shown that for all 0 <s <t, Wt —Ws has a
normal distribution with expectation E (Wt — Ws) = 0 and
variance V (Wt — Ws) =t —s.

The solution of Eq. 12 is solved by reduction of sto-
chastic differential equations as described by Skiadas &
Giovanis (1997):

f(6) =

F Fa
_ ~fa(3)
b _kNG- b (
- k:_kcxpl(a«}b 2 )c] 1)

exp|-(arb-"5)c I(a nt

The parameters a, b, k, F can be estimated indirect-
ly through other related parameters a-F, b-a, -b/F, as de-
scribed in the formulation by Skiadas & Giovanis (1997).

These parameters can be expressed in matrix form as
follows:

(uF b—a =2| =sT'HT
\ iy

where ST is a 3 x 3 matrix and HT is a three-element
vector:

[t a fa |

?I:fr:-" !f'-’ffl :
ST=| [ 1)

‘[f{f" 1 {f t)dt

| T fflf-dr j.f{::d{g

jdfm
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The terms of the ST matrix can be approximated using
the corresponding summations, while the terms of the
HT vector can be substituted with the Riemann-Stieltjes
integral, using It6’s formula (1944). In this way one
obtains:

2

G o reram
o) =In(f(T))—In(f(0))+ 5 T

) ¢ dt
€J 0

D‘——1-|

cdf(e) 1
!fl{l f|0) fljl

Finally, the coefficient k can be estimated using the pro-
cedure proposed by Chesney & Elliot (1993):

fle)—fle—1)
;\fit]f[t—ll

(14)

External influence models

Model 5: Exponential model (Carmona et al., 2005).

In this case the information reaches the adopters through
a communication channel external to the system (official
development agencies or academic research channels).
The diffusion curve is given by the following equation:

Y [t|=k—exp[—(c+bt]] (15)
where Y[t]: cumulative number of hectares brought under
cultivation at time t; F: system saturation level; b: integra-
tion constant; and a: diffusion rate.

The diffusion curve is a negative exponential function,
whose trajectory is an increasing curve with no inflection
point. A higher value of the parameter a implies a higher
diffusion rate and a higher value for constant b (integra-
tion cost), in absolute value. This model assumes that the
diffusion rate depends on the number of potential adop-
ters present at time t, not attributing a relationship between
previous and potential adopters (Alcon et al., 2006).

Model 6: Weibull model (Gomez & Carmona, 2003).

Here a sigmoidal but flexible diffusion model is present-
ed. This means that it is non-symmetric, it depends on the
value of the parameters, and it is defined by the following
function:

b
t
= — -(- 16
Y[t] = k(1 — Exp[- (£) ) (16)
where Y[t]: cumulative number of hectares brought under

cultivation at time t; F: system saturation level, with b, d
constants b>1, d>0.

Spanish Journal of Agricultural Research

The time at which the adoptions reach a maximum de-
pends on parameter b: the curve will be symmetric when
b=1/(1-1n2).

Model 7: de Bertalanffy model (Gomez & Carmona, 2003).
This is a flexible model defined by the equation:

I
1

Y[tl=k(1—exp] bt]]’ (17)
where Y[t]: Cumulative number of hectares brought under
cultivation at time t; F: system saturation level, with b, d
constant, d#0, b>0.

The curve will be symmetric or asymmetric depending
on the value of the d parameter.

Model 8: Jarvis model (influence-price-crop yield pattern)
(Jarvis, 1981).

Given that the diffusion process lasts several years, it is
assumed that the following parameters, product price, and
crop yield improvement (because of using innovative tech-
nology and a better interaction of the production factors)
will have an influence on the process of crop diffusion. In
this context, the price and yield data have been deferred in
the non-linear regression analysis for a total of three years,
in respect to the area and time data. This allows the calcu-
lation to consider the delayed effects of the first two varia-
bles on the evolution of the cultivated area.

The diffusion curve corresponds to the following equa-
tion:

k]'P[t]'Y[t]
(1+exp|—c—f,-t])

flt]= (18)

where f]t]: number of hectares brought under cultivation at
time t, with ko, k;, ¢ integration constants, f;: diffusion rate;
plt]: pistachio price (EUR/kg) in year t: market prices to
the producer; Y[t]: crop yield = production (kg)/cultivated
area in year t.

It should be noted that the process of adoption of the
crop and its subsequent diffusion is not a spontaneous pro-
cess, but one that is treated with caution by farmers. The
calibration has been made with a nonlinear model using
the program MATHEMATICA v. 12 (Wolfram Research).

A series of fit indices must be considered to proceed
with the validation of the mathematical models that de-
scribe crop diffusion. Eight error indices and one fit in-
dex will be considered here (Camarillo-Pefaranda et al.,
2013). These are as follows:

— Mean absolute error: MAE = (%) Z L Abs(y; — ¥,

where y; is the measured (observed) value, y, is the value
estimated using the model and n is the amount of data.
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Table 1. Parameters of models 1, 2, 4 and 8

Francisco Cardenas-Polonio, Javier Martinez-Dalmau and Julio Berbel-Vecino

Model a b c F (ha) k K, k, f,
1 0.44 5.79 120,232
2 0.47 0.36 125,112
3 -0.34 -3.1 0 30.06
4 0.0025  0.266 215,444 0.36
5 0.0056 -13 638,479~ 638,479
6 Overflow in computing
7 Overflow in computing
8 7.03 2.594 9.4 0.76

Source: Own elaboration

1

— Mean error: ME = (1/n) * ME = (;) le(}“& - ¥i)-

— Mean squared error: MSE =( %] > (y=3.)F.

i=1

— Root mean squared error: RMSE= | Un)* 2 (v=3,) -

— Mean absolute percentage error:

100

MAPE(%] = (<) 2, Abs((y: = 9/ ¥0)-

The interpretation of the MAPE statistical rate can be
made using Nafidi's (2019) criteria: the lower the values
the better the fit (a rate lower than 10 can be considered a
high fit and a rate ranging from 10 to 30 indicates a good
one).

— Modified normalised sum of quadratic errors:

n

MNSSE[%] = 100 /Z i — 3O/ Ty
. i=1

2010 2020

— Mean relative error:
MRE = ()% 37 (9 = ¥ /¥1.
— Sum of standardised sum of squared errors:
NSSE=100( X7 (v = 9/ X1, ¥i).

— Best fit: FIT[%] = 1001 - X Abs(v.— 3/ X|_, Abs(y, — 7)),
where y is the average value of the measured data. Its re-
sult is a percentage, where 100% represents a perfect fit.

Results

Table 1 shows the parameter values for models 1, 2, 4
and 8. In this framework, it should be noted that only mod-
els 1, 2, 4 and 8 provided analysable results. In addition,
all the external influence models and the Gompertz model
showed a non-significant level of the p-value statistic in
the regression analyses performed.

MODEL 4, F=215,444 ha)

MODEL 2, F=125,112 ha

2030

MODEL 1, F=120,232 ha

2040 2050

YEAR

Figure 2. Diffusion curve for models 1, 2 and 4. F: level of system saturation.

Source: Own elaboration.
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Table 2. Statistical error rates for models 1, 2, 3,4,5,6,7y 8

Model/Index MAE ME RMSE MAPE (%) MNSSE MRE NSSE FIT (%)
1 598 -115 716 14.7 1.67 -0.09  0.15 95
2 6.39 6.86 9.69 42 22 0.41 25.4 40
3 670 119 968 9.6 2.25 0.05 0.27 94
4 449 449 5.01 66 11.2 0.66 6.8 61
5 5.18 -85.7 6.2 154 14.3 -0.7 1.35 54
6 Overflow -- -- -- -- -- -- --
7 Overflow -- -- -- -- -- -- --
8 1.22 -0.01 1.63 22.6 3.6 0.12 0.7 89

MAE: mean absolute error. ME: mean error. RMSE: root mean squared error. MAPE: mean absolute percent-

age error. MNSSE: modified normalised sum of quadratic errors. MRE: mean relative error. NSSE: sum of

standardised sum of squared errors. FIT: best fit. Source: Own elaboration.

Referring to Table 1 it is observed that the diffusion co-
efficients for models 1 and 2 are very close (0.44 and 0.47
respectively), hence the diffusion curves are very similar
(Fig. 4), displaying comparable saturation levels (120,232
ha and 125,112 ha). When considering model 4 (Bass mod-
el), the values of the parameters give an idea of the charac-
teristics of the diffusion process: innovation coefficient =
0.0025 and imitation coefficient = 0.266, i.e., the imitation
factor (diffusion by contagion) is more important in the
process than the innovation factor (0.0025).

Table 2 shows the statistical error rates for models 1, 2,
3,4,5,6,7 and 8. Considering the MAPE and FIT values,
it can be concluded that only models 1 and 8 provide a
good fit between the expected and observed data.

From the study of the goodness of fit, it can be conclud-
ed that among the first three models, the first one meets
the requirements as a suitable forecasting model for the
development of the cultivated area.

— MAE: A lower value indicates that the estimated data
fit well with the measured data. Among models 1, 2 and 4,
the first one has the lowest value and hence, a better fit.

— ME: Its value measures whether the model has overes-
timated or underestimated the observed data. The first model
has the lowest value, indicating a good goodness of fit.

— RMSE: It is a measure of the differences between
those values predicted by a model and the observed. val-
ues. This index weights the forecasts that are furthest away
from the observed value. The first model is the one that
brings the forecasts closest to the observed data.

— MAPE: Only the first model presents a MAPE value
that ensures a good prognosis with 14.7% MAPE. In this
sense, also model 8 (influence pattern) presents a MAPE
value that ensures a good prognostic fit with 22.6%. To in-
terpret this index, the criteria of Nafidi et al. (2019) should
be considered.

— MNSSE (%): Its lower value, in order of magnitude,
indicates a better fit. For this index, the first model is the
best performing of the first three models.

— MRE: It measures the relative bias between the es-
timates and the observed data. In absolute value, the first
model has the smallest bias.

— NSSE: This index measures the percentage of
squared error between the estimates and the observed data.
The model 8 presents the lowest value.

— Best fit: FIT (%): This index is a comparison be-
tween the observed and estimated data, with respect to the
average of the observed data. Its result is a percentage, 100
indicating a perfect fit. The first model represents an excel-
lent fit (95%), while the second and third models represent
an insufficient fit. Model 8 presents an almost perfect fit
with 8§9%.

Table 3 shows the saturation level and the tipping point
for models 1, 2 and 4. Figure 2 represents the diffusion
curve for models 1, 2 and 4. Table 4 shows the saturation
level and the tipping point for model 8 for an average yield
of 1,000 kg/ha and different values of the pistachio price
variable (7, 10, 12 and 14 EUR/kg). Figure 3 shows the
diffusion curve of Jarvis’ model 8, for an average yield of

Table 3. Saturation level and inflection point for Models 1, 2 and 4.

Inflection point

System saturation level

Model F (ha) Year Cultivated area
1 120,232 2021 59,039 ha
2 125,112 2020 62,555 ha
4 215,444 2024 106,685 ha

Source: Own elaboration.
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8 Francisco Cardenas-Polonio, Javier Martinez-Dalmau and Julio Berbel-Vecino

Table 4. Saturation level and inflection point for Model 8, Yield = 1,000 kg/ha, and for

different values of the price variable

Inflection point

Yield (kg/ha) Pei F (ha) Year Cultivated area
1,000 7 68,452 2018 35,523 ha
1,000 10 96,676 2018 49,635 ha
1,000 12 115,493 2018 59,072 ha
1,000 14 134,310 2018 68,451 ha

Source: Own elaboration.

1,000 kg/ha, and for different values of the price variable
(7,10 and 14 EUR/kg). Finally, Figure 4 displays the diffu-
sion curve of model 8, for a pistachio price of 12 EUR/kg,
for different values of the variable crop yield: 700, 1,000
and 1,400 kg/ha.

Model 8 (Jarvis model) indicates that the price level of
pistachio and the evolution of the crop yield have a pos-
itive influence on the diffusion rate (0.76), being greater
than those measured in models 1, 2 and 4. In other words,
a multiplicative effect of an upward evolution of prices and
yield on the magnitude of the aggregate cultivated area can
be affirmed. In this sense, looking at Table 4 and Figs. 3
and 4, it can be observed that in a favourable price envi-
ronment, with a greater synergy of the production factors
which lead to an increase in crop yield (irrigation regime,
fertiliser regime, climate, soil, flowering control, choice
of rootstock, pruning, soil maintenance system, pest and
disease control, etc.), there is a contrasting trend towards a
higher level of saturation of the system (F).

The current work proves that for a constant crop yield
of 1,000 kg/ha, raising pistachio prices from 7-10-12 to 14
EUR/kg, brings about an increase in the saturation level

of the system from 68,452 ha to 96,676 and then up to
134,310 ha.

Similarly, with a constant pistachio price of 12 EUR/kg
and an increment of the crop yield from 700 to 1400 kg/ha,
the saturation level of the system increases from 81,624 ha
to 115,493 ha and finally to 160,653 ha.

Regarding model 8 (pattern of influence), it is shown
that in a context of suitable market prices for pistachio and
an optimal synergy of the production factors that favour
the crop yield not only increases the level of saturation of
the system but also the duration of the diffusion process.

This is a foreseeable conclusion since optimal product
prices tend to be a determining factor for the decision
making of the farmers. Furthermore, higher crop yields are
an additional decision-making incentive that predisposes
farmers to adopt the crop.

Therefore, this study shows that the diffusion pro-
cess of pistachio cultivation in Spain follows the logis-
tic curve pattern. This characterises the very process of
adoption of the crop by farmers, and implies:

— A first stage determined by high uncertainty on
crop yields, price levels and new technologies to be

150

100

CULTIVATED AREA (x1,000 ha)
3

2020

U ..... 1

Ppi=14EUR/kg( F = 134,310 ha) -

Ppi=10 EUR/kg( F = 96,676 ha)

Ppi=7 EUR/kg (F = 68,452 ha)

2035 2040

2025
YEAR

Figure 3. Diffusion curve of model 8 with constant crop yield = 1,000 kg/ha.
F: level of system saturation. Ppi: pistachio price (EUR/kg). Average crop
yield = 1,000 kg/ha. Source: Own elaboration.
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- — -

YIELD=1,400 kg/ha (F = 160,653 ha)

150

YIELD=1,000 kg/ha (F = 115,493 ha)

100

YIELD=700 kg/ha (F = 81,624 ha)

CULTIVATED AREA (x1,000 ha)
(4]
o

O'_. i i Il i
2010 2020

2030
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2040 2050

Figure 4. Diffusion curve for Jarvis Model 8 with constant price of ppi = 12
EUR/kg. F: level of system saturation. P,;: pistachio price (EUR/kg). YIELD
= average crop yield. Source: Own elaboration.

applied to obtain acceptable yields. In other words,
uncertainty in adoption due to the existence of a high
adoption risk, which is why the diffusion process is
slow.

— A second stage characterised by an increase in the
technological performance of the innovation and therefore
a higher acceptance of the innovation by potential adop-
ters. The speed of diffusion will also increase rapidly.

— A third stage characterised by a slower rate of
diffusion mainly for two reasons: the technology is
approaching its performance limit and expectations of
future productivity increases are diminishing. The dif-
fusion process approaches its saturation level (F). The
shape of the diffusion curve is symmetrical sigmoidal
with a well-defined inflection point, which determines
the instant in time when the speed of the process starts
to decrease.

Discussion

Over the last 70 years, several mathematical diffusion
models have been used to describe the process of adoption
of innovation in the agricultural world, revealing that all
of them are based on the sigmoidal growth curve; with an
initial phase presenting a relatively low growth rate, an in-
termediate phase of rapid growth and a final phase close to
the saturation level of the system with a negligible growth
rate.

In this study, we have been able to demonstrate that the
diffusion of the pistachio crop in Spain also follows the
logistic growth curve (Figs. 2, 3 and 4). The strength of our
results lies in the fact that the source of the data gathered
(ESYRCE-MAPA, 2020) is reliable and the historical data

Spanish Journal of Agricultural Research

covers all pistachio plantations that have been adopted in
Spain (100%) until now. Alcon et al. (2006) have studied
the diffusion of localised irrigation in Campo de Cartage-
na. This work mirrors ours because it also studies the area
in which the technology has been implemented. However,
the relevance of our work, in pistachio cultivation, lies in
the fact that it analyses the evolution of the crop area. Fi-
nally, our results are reliable because they can be validated
by previous work carried out in Spain and at an interna-
tional level.

In Spain, we have found similarities on work recently
done by Cardenas-Polonio et al. (2022) on almond trees in
Andalusia. Here the logistic models of Giovanis & Skiadas
(1999) and Bass (2004) are also analysed, presenting ex-
trapolated results. Another significant example is the study
by Parra-Lépez (2003) on organic, integrated and conven-
tional production systems in olive groves. He found that in
cases of low productivity, the logistic curve offered a good
fit with similar results to those found in the present work
on pistachios (a sigmoidal curve with three well-defined
phases). However, in highly productive olive groves, Par-
ra-Lopez (2003) concludes that the external influence is
predominant in the process of adopting organic farming,
causing the data to fit an exponential distribution. Work
undertaken on the adoption of water-saving technologies
in agriculture by Alcén et al. (2009) also shows that the
technology is adopted following the logistic model (an ini-
tial phase of growth that exceeds 10% from 1980 onwards,
increasing over time until 1987, from which the innova-
tion continues to be introduced into the market until 1997,
when 90% of its total diffusion is reached).

Franco & Calatrava (2010) analysed the adoption and
diffusion of no-tillage practices in olive orchards in the
province of Granada The diffusion process was analysed

March 2023 « Volume 21 o Issue 1 « €0103



10 Francisco Cardenas-Polonio, Javier Martinez-Dalmau and Julio Berbel-Vecino

by estimating the logistic (Verhulst, 1847), Gompertz
(Gémez & Carmona, 2003) and exponential (Carmona et
al., 2005) model. Results obtained from the analysis of the
logistic model by Franco & Calatrava (2010) and those ob-
tained in the present work are comparable. However, con-
cerning the other models, Gompertz and exponential, no
comparable results have been obtained in the present work.

At an international level, Duran et al.”s (2011) work on
the diffusion of no-tillage technology in Argentina shows
that the adoption of no-tillage follows the sigmoidal curve
pattern with a well-defined inflection point. This conclu-
sion matches our findings.

A novelty in the present study is that the influence of
exogenous factors (pistachio price and yield) on the culti-
vated area is studied following Jarvis (1981)’s methodolo-
gy. The inclusion of the exogenous factors on this analysis
is of paramount significance. For example, the price of the
product can be considered a key factor in enabling farmers
to decide on whether to plant pistachio or not.

In summary, we have demonstrated that in the pista-
chio crop in Spain, considering an average crop yield of
1,000 kg/ha and an average price of 12 EUR/ha, which
are typical values, both the estimation of the cultivated
area and the influence of the exogenous factors on the lat-
ter can be modelled using the logistic curve described by
Verhulst (1838). This is confirmed by the goodness of fit
of the models.

Conclusions

This paper concludes that the process of diffusion of
pistachio cultivation in Spain is influenced by the profita-
ble use of new technology by some farmers and their pos-
itive interaction with other farmers which are encouraged
to adopt it. In addition, optimal production factors, lead-
ing to improved crop yields, (irrigation regime, fertiliser
regime, climate, soil, flowering control, rootstock choice,
pruning, soil maintenance system, pest and disease con-
trol, etc.) together with a favourable product price deter-
mine the extent of the diffusion process and the magnitude
of the saturation level of the system.

Farmers will always seek to maximise their profits.
Therefore, given a limited set of resources, pistachio cul-
tivation will be extended according to a model that will
only make sense by allocating resources where returns are
greatest. The higher the returns, the faster the diffusion
process. In this sense, the highest profitability of irrigated
plantations must be considered.

The following general conclusions can be drawn from
the analysis of the diffusion models studied in this paper:
The diffusion curve is sigmoidal with a well-defined in-
flection point and three well-defined phases: an initial
phase with a small diffusion rate, an intermediate phase
with a very rapid growth and a final phase with a negligible
diffusion rate close to the saturation level of the system.

Spanish Journal of Agricultural Research

The process by which pistachio cultivation is adopted in
Spain responds to a model of internal influence (logistic)
and never to models of external influence. It is for this rea-
son that the process has a null innovation effect, and all
the dynamics of the processes are marked by the imitation
effect between the agents of the system.

The main novelty of this work is that it assesses the
spread of pistachio cultivation, a species that has histori-
cally been relegated to marginal and unirrigated land and
which is currently displacing traditional crops in those
farms with the greatest agronomic potential in the region.

Finally, it is worth mentioning that since the entry into
force of Regulation 1308/2013 productions are grouped
under a single Common Market Organisation, with a more
rigorous wording. In this context, EU policies have adopt-
ed measures aimed at promoting the cultivation of nuts,
among other reasons due to the beneficial effects that their
consumption has on health. These incentives are linked to
the area cultivated. If this incentive policy is maintained
over time, it is foreseeable that a second cycle of growth,
expansion and dissemination of pistachio cultivation will
take place in Spain.

This paper aims to contribute to alleviate the scarcity
in the literature of papers dealing with the application of
explanatory models of the diffusion of a given crop by
farmers.

Authors’ contributions

Conceptualization: F. Cardenas-Polonio, J. Martinez-Dalmau,
J. Berbel

Data curation: Not applicable.

Formal analysis: F. Cardenas-Polonio

Funding acquisition: J. Berbel

Investigation: F. Cardenas-Polonio

Methodology: F. Cardenas-Polonio

Project administration: J. Martinez-Dalmau, J. Berbel

Resources: F. Cardenas-Polonio, J. Martinez-Dalmau, J. Berbel

Software: F. Cardenas-Polonio

Supervision: J. Martinez-Dalmau, J. Berbel

Validation: J. Martinez-Dalmau, J. Berbel

Visualization: F. Cardenas-Polonio

Writing — original draft: F. Cardenas-Polonio

Writing —review & editing: F. Cardenas-Polonio, J. Martinez-
Dalmau, J. Berbel

References

Alcon FJ, Miguel-Gomez MD, Fernandez-Zamudio MA,
2006. Modelizacion de la difusion de la tecnologia de rie-
go localizado en el Campo de Cartagena. Estud Agrosoc
Pesqu 210: 227-245.

Alcon FJ, De-Miguel MD, Fernandez-Zamudio MA, 2009.
Adoption of water-saving technologies in agriculture. In:
The economics of irrigation water in Spain. A regional

March 2023 « Volume 21 o Issue 1 « ¢0103



Pistachio nut diffusion in Spain: Growth models 11

perspective, pp: 127-146 (chapter 7). Fundacion Cajamar
Caja Rural, Almeria.

Bass FM, 2004. A new product growth for durable consumer
models, the Bass Model. Manage Sci 50(12 suppl): 1833-
1840. https://doi.org/10.1287/mnsc.1040.0300

Camarillo-Pefiaranda JR, Saavedra-Montes AJ, Ramos-Pa-
ja CA, 2013. Recommendations for selecting indices for
model validation. Technologicas, pp: 109-122. https://doi.
org/10.22430/22565337.372

Cardenas-Polonio F, Martinez-Dalmau J, Berbel-Vecino JD,
2022. Transfer, innovation and agriculture: The case of the
diffusion of almond tree cultivation in southern Spain. Inf
Tec Econ Agr XX 118(3): 476-492.

Carmona-Martinez MM, Gomez J, Faura U, 2005. The dif-
fusion of ecological agriculture in spain: a mathematical
modeling proposal. Estud Agrosoc Pesqu 205: 39-63.

Chesney M, Elliot RJ, 1993. Estimating the volatility of an
excape rate. Proc 6th int symp on applied stochastic mod-
els and data analysis. World Scientific, Chania-Greece, pp.
131-135.

Corro-Molas A, 2007. Diffusion of precision agriculture in
the semi-arid central pampean region. Doctoral thesis. Na-
tional University of General Sarmiento. Argentina.

Couceiro-Lopez JF, Guerrero-Villasefior J, Gijon-Lopez MC,
Moriana-Elvira A, Pérez-Lopez D, Rodriguez-de-Francisco
M, 2017. El cultivo del pistacho, 2nd ed. Ed. Mundiprensa.

Duran R, Scoponi L, Pesce G, De-Batista M, 2011. Difusion
de la innovacion tecnolégica: el caso de la siembra directa
en Argentina y su comparacion con Brasil. Revistas Uni-
centro 9(1): 11-25.

Easingwood C, Mahajan V, Muller E, 1981. A nonsymmetric
responding logistic model for forecasting technological
substitution. Technol Forecast Social Chang 20: 199-213.
https://doi.org/10.1016/0040-1625(81)90021-4

Exposito A, Berbel J, 2020. The economics of irrigation in al-
mond orchards. Application to southern Spain. Agronomy
10(6): 796. https://doi.org/10.3390/agronomy 10060796

ESYRCE-MAPA, 2020. Encuesta sobre superficies y ren-
dimientos de cultivos. Department of Agriculture. Gov-
ernment of Spain, Madrid.

ESYRCE-MAPA, 2021. Encuesta sobre superficies y ren-
dimientos de cultivos. Department of Agriculture. Gov-
ernment of Spain, Madrid.

EU, 2013. Regulation (EU) No. 1308/2013 of the European
Parliament and of the Council of 17 December 2013 estab-
lishing a Common Organisation of the Markets in agricul-
tural products and repealing Council Regulations (EEC)
No. 922/72, (EEC) No. 234/79, (EC) No. 1037/2001 and
(EC) No. 1234/2007. OJ L 347, 20.12.2013, pp: 671-854.

Grupo IBEROPISTACHO, 2019. Evolucion del precio
del pistacho en Espafa. https://iberopistacho.com/pre-
cio-del-pistacho/

Fishelson G, Rymon D, 1989. Adoption of agricultural in-
novations: The case of drip irrigation of cotton in Israel.
Technol Forecast Social Chang 35: 375-382. https://doi.
org/10.1016/0040-1625(89)90073-5

Spanish Journal of Agricultural Research

Floyd AA, 1968. A methodology for trend forecasting of fig-
ures of merit. Technological forecasting for industry and
government: methods and applications. Prentice Hall,
New Jersey, pp: 93-107.

Franco JA, Calatrava J, 2010. Adoption and diffusion of
no-tillage practices in the olive groves of the province of
Granada. Agr Econ Nat Resour 10(1): 135-154.

Franco-Martinez J, Rodriguez-Entrena M, 2009. Adop-
tion and diffusion of organic farming in Spain. Conver-
sion factors in the Andalusian olive grove. Cuadernos
de Economia 32(90): 137-158. https://doi.org/10.1016/
S0210-0266(09)70055-X

Giovanis AP, Skiadas CH, 1999. A stochastic logistic in-
novation diffusion model studying the electricity con-
sumption in Greece and the United States. Technol
Forecast Soc 61: 235-246. https://doi.org/10.1016/
S0040-1625(99)00005-0

Gomez-Garcia J, Carmona-Martinez MM, 2003. Difusion
de las innovaciones hospitalarias. Estudios de Economia
Aplicada 21(1): 53-72.

Griliches Z, 1957. Hybrid corn: An exploration in the eco-
nomics of technological change. Econometrica 25(4):
501-522. https://doi.org/10.2307/1905380

Ito " K, 1944. Stochastic Integral. Proc Imp Acad Tokyo 20:
519-524. https://doi.org/10.3792/pia/1195572786

Jarvis LS, 1981. Predicting the diffusion of improved pas-
tures in Uruguay. Am J Agr Econ 63: 495-502. https://doi.
org/10.2307/1240540

Karshenas M, Stoneman P, 1995. Technological Diffusion.
Handbook of the Economics of Innovation and Techno-
logical Change. Ed. Blackwell. Cambridge, pp: 265-296.

LaMorte WW, 2019. Diffusion of Innovation Theory. https://
sphweb.bumc.bu.edu/otlt/mph-modules/sb/behavioral-
changetheories/behavioralchangetheories4.html [Oct 17,
2022].

Mansfield E, 1968. Industrial research and technological in-
novation; an econometric analysis. The Econ J 78(311):
18-235. https://doi.org/10.2307/2229396

Muiioz-Valencia CS, 2017. Modeling of diffusion processes
associated with growth curves. Master’s thesis. University
of Granada.

Nafidi A, Moutabir G, Gutiérrez-Sanchez R, 2019. Stochastic
Brennan-Schwartz Diffusion Proccess. Statistical Compu-
tation and Application. Mathematics 7(11): 1062. https://
doi.org/10.3390/math7111062

Parra-Lopez C, 2003. Sistemas de produccion ecoldgica, in-
tegrada y convencional en olivar: Estudio de difusion de
innovaciones y evaluacion multifuncional. Doctoral The-
sis. Universidad de Cérdoba. Spain.

Parra-Lopez C, Calatrava-Requena J, 2002. Analisis de fac-
tores relacionados con la adopcion de la forma de produc-
cion ecologica en el olivar del sur de Espafia. First [FOAM
Worldwide Conference of Organic Olive Farming, 22-24
May. Sierra de Génave, Spain.

Rogers E, 1995. Diffusion of innovations, 5th ed. The Free
Press, New York.

March 2023 « Volume 21 o Issue 1 « €0103


https://doi.org/10.1287/mnsc.1040.0300
https://doi.org/10.22430/22565337.372
https://doi.org/10.22430/22565337.372
https://doi.org/10.1016/0040-1625(81)90021-4
https://doi.org/10.3390/agronomy10060796
https://iberopistacho.com/precio-del-pistacho/
https://iberopistacho.com/precio-del-pistacho/
https://doi.org/10.1016/0040-1625(89)90073-5
https://doi.org/10.1016/0040-1625(89)90073-5
https://doi.org/10.1016/S0210-0266(09)70055-X
https://doi.org/10.1016/S0210-0266(09)70055-X
https://doi.org/10.1016/S0040-1625(99)00005-0
https://doi.org/10.1016/S0040-1625(99)00005-0
https://doi.org/10.2307/1905380
https://doi.org/10.3792/pia/1195572786
https://doi.org/10.2307/1240540
https://doi.org/10.2307/1240540
https://sphweb.bumc.bu.edu/otlt/mph-modules/sb/behavioralchangetheories/behavioralchangetheories4.html
https://sphweb.bumc.bu.edu/otlt/mph-modules/sb/behavioralchangetheories/behavioralchangetheories4.html
https://sphweb.bumc.bu.edu/otlt/mph-modules/sb/behavioralchangetheories/behavioralchangetheories4.html
https://doi.org/10.2307/2229396
https://doi.org/10.3390/math7111062
https://doi.org/10.3390/math7111062

12 Francisco Cardenas-Polonio, Javier Martinez-Dalmau and Julio Berbel-Vecino

Skiadas C, 1985. Two generalized rational models for
forecasting innovation diffusion. Technol Forecast
Soc Chang 27: 39-61. https://doi.org/10.1016/0040-
1625(85)90003-4

Skiadas CH, Giovanis AN, 1997. A stochastic bass innovation
diffusion model for studying the growth of electricity con-
sumption in Greece. John Wiley & Sons Ltd. https://doi.

Spanish Journal of Agricultural Research

org/10.1002/(SICI1)1099-0747(199706)13:2<85::AID-
ASM298>3.0.CO;2-Z
Stoneman P, 1986. Technological diffusion: The viewpoint of
economic theory. Richerche Economiche 40: 585-606.
Verhulst PF, 1847. La loi d’accoissemmt de la population.
Nouveaux Mémoires de I’Académie Royale des Sciences
et Belles-lettres de Belgique 20: 1-32.

March 2023 « Volume 21 o Issue 1 « ¢0103


https://doi.org/10.1016/0040-1625(85)90003-4
https://doi.org/10.1016/0040-1625(85)90003-4
https://doi.org/10.1002/(SICI)1099-0747(199706)13:2
https://doi.org/10.1002/(SICI)1099-0747(199706)13:2
https://doi.org/10.1002/(SICI)1099-0747(199706)13:2

	_Hlk124851420
	_Hlk115997115
	_Hlk115974706
	_Hlk124851690
	_Hlk115999031
	_Hlk115999109
	_Hlk116906488
	_Hlk61382628
	_Hlk109924703
	_Hlk109924869
	_Hlk109924945
	_Hlk115998461
	_Hlk115998552
	_Hlk109110557
	_Hlk115999313
	_Hlk115998614
	_Hlk115999349
	_Hlk116907310
	_Hlk116001414
	_Hlk116907107
	_Hlk116906807
	_Hlk116001600
	_Hlk116906892
	_Hlk109205456
	_Hlk109205902
	_Hlk124852021
	_Hlk116905607
	_Hlk109206130
	_Hlk109028721
	_Hlk109058636
	_Hlk109206784
	_GoBack

