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Population density sampling and dispersion pattern of
Delphacodes kuscheli Fennah (Homoptera: Delphacidae) in oat crops
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ABSTRACT. Delphacodes kuscheli Fennah (Delphacidae) is the vector of the �Mal de Río Cuarto�
virus, the causal agent of the most important corn disease in Argentina. Insect density, separated
by developmental stage classes, sex and wing form, was estimated every 7�14 days during the
spring, in an oat field in Córdoba Province, central Argentina, during the growing seasons of
1993 and 1994. Samples were taken with a gas-powered suction machine. Taylor �s power law and
Iwao�s patchiness regression models were used to describe variance�mean relationships. All in-
sect categories showed aggregated distributions. Taylor�s indices of aggregation ranged from
1.137 for brachypterous adults to 1.983 for total adults and nymphs; Iwao�s density-contagious-
ness coefficients ranged from 1.181 for female adults to 1.686 for I�II nymphs. All regressions for
both models yielded coefficients of determination of at least 0.94. Density-dependent minimum
sample sizes for fixed-precision levels were determined using the estimated Taylor�s coefficients.
Fixed-precision-level stop lines for sequential sampling plans for each category identified were
developed based on fitted Taylor �s power law (Green�s method) and Iwao�s model (Kuno�s
method). Advantages and limitations of the plans are discussed.

RESUMEN. Muestreo de densidad poblacional y patrón de dispersión de Delphacodes kuscheli
Fennah (Homoptera: Delphacidae) en cultivos de avena: Delphacodes kuscheli Fennah
(Delphacidae) es el vector del virus del Mal de Río Cuarto del Maíz, el agente causal de la enfer-
medad más importante del cultivo de maíz en Argentina. Se efectuaron muestreos de insectos
discriminados por estados de desarrollo, morfos alares y sexo cada 7�14 días, durante la primave-
ra, en cultivos de avena en la Provincia de Córdoba, Argentina, durante las estaciones de creci-
miento de 1993 y 1994. Las muestras fueron tomadas mediante un aspirador a combustión. La
relación entre la varianza y el promedio fue analizada mediante la ley de potencia de Taylor y el
modelo de regresión de agrupamiento de Iwao. Todas las categorías de insectos evidenciaron
distribuciones agrupadas. El índice de agregación de Taylor varió entre 1.137 en adultos
braquípteros y 1.983 en el total de adultos y ninfas. El coeficiente de contagio densodependiente
de Iwao varió entre 1.181 en hembras adultas y 1.686 en ninfas I�II. Todos los análisis de regre-
sión de ambos modelos tuvieron coeficientes de determinación iguales o superiores a 0.94. Sobre
la base de los parámetros de ajuste de la ley de Taylor, se obtuvieron curvas del número mínimo
de muestras para niveles fijos de precisión. Se calcularon las curvas críticas de muestreo secuencial
para niveles fijos de precisión para todas las categorías discriminadas, basándose en los ajustes
de la ley de Taylor (Método de Green) y del modelo de Iwao (Método de Kuno). Se discuten sus
ventajas y limitaciones.
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INTRODUCTION

The �Mal de Río Cuarto del Maíz� (Río
Cuarto Corn Disease; hereafter MRC) has be-
come the most important disease of corn over
a large area in central Argentina, particularly
in the southwest of Córdoba Province, where
MRC is endemic and occurs at high levels al-

most every year (Grilli & Gorla 1997). MRC is
caused by the �Mal de Río Cuarto� virus
(Fijivirus; hereafter MRCV) (Conci & Marzachí
1993) which is transmitted by the planthopper
Delphacodes kuscheli Fennah (Homoptera:
Delphacidae) (Remes Lenicov et al. 1985). Eco-
nomic losses caused by MRC were around 100
million US dollars during 1983�1993 (IG La-



124 EV TRUMPER & O GARAT Ecología Austral 11:123�130

guna, INTA, pers. comm.), and a devastating
epidemic occurred during the 1996/97 grow-
ing season.

Delphacodes kuscheli has a seasonal life cycle
with most of the generations occurring dur-
ing late spring and early summer. During
November and December, one generation is
completed in approximately one month (Virla
& Remes Lenicov 1991). The immature stage
has five instars. Both male and female adults
show wing polymorphism; i.e., macropterous
(long-winged) and brachypterous (short-
winged) forms.

Delphacodes kuscheli does not reproduce on
corn (Virla & Remes Lenicov 1991) but rather
on several wild gramineaceus plants and win-
ter cereals (Remes Lenicov et al. 1991; Ornaghi
et al. 1993). In the endemic area, a high pro-
portion of fields are planted with oat (Avena
sativa L.), making this crop the most impor-
tant overwintering host and the main source
from which the vector immigrates to corn in
the spring (Trumper 1996). Oat has also been
identified as one of the natural hosts of MRCV
(Giménez Pecci et al. 1993).

One of the most common management tac-
tics used by growers is planting as early as
possible to avoid the highest densities of D.
kuscheli. However, this management option
has limitations as growers have to make a de-
cision under uncertainty because both density
and time of peak occurrence of vector popu-
lations vary among years and locations (Grilli
& Gorla 1997). An empirical predictive model
has been developed that helps growers make
a decision about cultivar selection and plant-
ing date (March et al. 1995).

The development of monitoring programs to
estimate vector abundance could contribute to
improve pest management decision making
as well as population dynamics studies. When
estimating insect densities, it is necessary to
balance sample size with precision of the esti-
mate and to minimize the number of samples
needed to obtain a specified level of precision.
Fixed size and sequential sampling plans for
estimation of D. kuscheli population density
were developed earlier under the assumption
of the negative binomial probability distribu-
tion model fitting the sampling distribution
pattern of insect counts (Garat et al. 1999). This
approach requires a good estimation of the

parameter k of the negative binomial model,
representative of all data sets upon which the
sampling protocol is calculated. However,
these sampling plans result in larger sample
sizes than needed to attain the desired preci-
sion due to positively biased estimates of the
variance (Young & Young 1999). The spatial
distribution of an insect population can be
approximated by a relationship between the
variance and the mean of the insect counts per
sample unit (Kuno 1969, 1991; Taylor 1984).
The objective of this work was to develop
fixed-precision sampling plans based on the
study of the dispersion pattern of sampling
counts with variance�mean relationships.

METHODS

Field work

This study was carried out during two grow-
ing seasons (1993 and 1994) on a 5 ha oat field
used for cattle grazing, located at El Espinillo
(Córdoba Province, Argentina), within the
endemic area of MRC. Eight and six visits to
the field were carried out during the first and
second season, respectively. Samples were
collected from approximately the third week
after plant emergence (October), until signifi-
cant crop decay was observed in December.
Forty-two sampling units were taken on each
sampling date, following a systematic proto-
col with a random start. Each sampling unit
consisted of all the insects collected along 3 m
of row with a gas-powered suction machine.

Collected insects were sorted to species, sex,
wing form, and development stage, with a ste-
reomicroscope. Nymphs were sorted to stage
classes I�II, III, IV, and V. No insecticide was
used throughout the study, and no use was
made of the fields other than cattle grazing.

Variance�mean models

Two approaches, one empirical and the other
deductive, have been used as general models
to describe the variance-mean relationship
(Kuno 1991). Taylor �s (1984) power law is a
consistent empirical relationship between
variance (s2) and mean (m) given by

bmas ⋅=2  . (Eq. 1)

Although more complex interpretations can
be made (Taylor et al. 1978; Davis & Pedigo
1989; Hughes 1996), in practice b is often re-
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garded as a species-specific measure of disper-
sion of sample counts, with b > 1, b = 1, and
b < 1 indicating aggregated, random, and
regular spatial patterns, respectively, and a is
a sampling factor. Taylor�s coefficients can be
estimated according to equation 2, which
yields the least-squares regression parameters
log10a and b. The estimate of a by antilog10
(log10a) is biased (Badenhausser 1996). Baden-
hausser applied a correction to approximate
for a from the least-squares regression coeffi-
cient log10a = 10log10a - 0.5SE(log10a), where SE(log10a)
is the standard error of log10a in the least-
squares regression.

( ) ( )mbas loglog log 2 ⋅+=  . (Eq. 2)

The deductive approach is the Iwao�s patchi-
ness model, based on the assumption that
Lloyd�s mean aggregation parameter
m* = m + (s2/m) - 1 is linearly related to the
mean through the regression equation:

mm ⋅β+α=*  , (Eq. 3)

where α and β are regression constants char-
acteristic of a species. The intercept α, the in-
dex of basic contagion, is 0 for distributions
where a single individual is the basic unit, and
is positive where populations exist as groups
of individuals or clumps. The slope β, the den-
sity-contagiousness coefficient, describes how
individuals or clumps distribute themselves
in the habitat and takes the values of β < 1,
β = 1, and β > 1 for individuals or clumps ar-
ranged in uniform, random or aggregated
patterns, respectively (Davis 1994).

Sampling plans

Standard sampling.� The standard proce-
dure for estimating the population density is
to take an appropriate number of samples
from the field and then to estimate the mean
density. The conventional requirement for
sampling accuracy is that the standard error
of the mean (s/√n) does not exceed some frac-
tion (D) of the true mean: s/√n < Dm or
s2/n < D2m2. Then, n should be equal to or
greater than s2/m2D2. If the spatial variance can
be related to the mean density according to
Taylor�s power law (Equation 1), then the nec-
essary sample size for securing a fixed preci-
sion level D is given by

2

)2(

D
ma

n
b−⋅

≥  . (Eq. 4)

Sequential sampling.� Sequential sampling
is a method with which the number of samples
required to estimate the density is not fixed in
advance and the decision as to whether sam-
pling should be interrupted or not is made
after each sampling unit is inspected (Jones
1994). The sequential sampling method is
based on the standard error d for the sample
mean, d = s/√n, and its only premise concern-
ing the spatial pattern is to express the vari-
ance (s2) as a defined function of the mean m,
�(m), where m can be expressed as Tn/n, Tn
being the cumulative total of individuals for
the sample units (Kuno 1969). Then, the pre-
cision level is
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Green´s (1970) method to calculate fixed-pre-
cision sequential sampling stop lines uses
Taylor´s model in place of �(m). Then, from
equations 1 and 5 it holds that
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Kuno�s (1969) method to calculate fixed-pre-
cision sequential sampling stop lines uses
Iwao�s model in place of �(m):

( )
n

D
nT

1
1

2 −β
−

+α
=

 
. (Eq. 7)

Kuno�s stop line is subject to the restriction
that n > (β - 1)/D2.

RESULTS AND DISCUSSION

Variance�mean relationships

The mean number of immature and adult D.
kuscheli per unit sample ranged from 5.02 to
386.30, and from 1.00 to 44.70, respectively.
Densities were clearly higher during the 1993
season.

Regression statistics for the linearized
Taylor �s variance�mean relationship were es-
tablished separately for each category of D.
kuscheli (Table 1). All the regressions were
highly significant (P < 0.01), with R2 ≥ 0.96.
Most of the indices of aggregation, as given
by Taylor�s b coefficient, ranged from 1.137 to
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Figure 1. Linear regression of log10 of variance (S2)
on log10 of mean (m) for counts of D. kuscheli nymphs
(above) and adults (below) per sample unit (Taylor�s
power law) in oat fields at El Espinillo. Data from
growing seasons 1993 and 1994 were pooled in a
single data set.
Figura 1. Regresión lineal del log10 de la varianza (S2)
sobre el log10 del promedio (m) de ninfas (arriba) y
adultos (abajo) de D. kuscheli por unidad muestral
(ley de potencias de Taylor) en cultivos de avena en
El Espinillo. Los datos de las campañas agrícolas 1993
y 1994 fueron agrupados en un solo conjunto de da-
tos.

Figure 2. Linear regression of the mean crowding
index (m*) on mean density (m) for counts of D.
kuscheli nymphs (above) and adults (below) per
sample unit (Iwao�s patchiness regression) in oat
fields at El Espinillo. Data from growing seasons 1993
and 1994 were pooled in a single data set.
Figura 2. Regresión lineal del índice de apiñamiento
promedio (m*) sobre la densidad promedio (m) de
ninfas (arriba) y adultos (abajo) de D. kuscheli por
unidad muestral (regresión de apiñamiento de Iwao)
en cultivos de avena en El Espinillo. Los datos de las
campañas agrícolas 1993 y 1994 fueron agrupados
en un solo conjunto de datos.

Table 1. Regression statistics and coefficient of determination of the linearized Taylor´s power law fitted to
data of each category of D. kuscheli identified in oat fields at El Espinillo. a is equal to 10log10a - 0.5 SE(log10a).
Tabla 1. Parámetros de la regresión y coeficiente de determinación del ajuste de la ley de potencias de Taylor
a los datos de cada categoría de D. kuscheli identificada en cultivos de avena en El Espinillo. a es igual a 10log10a -

0.5 SE(log10a).

Category Log10a ± SE a B ± SE R2

Total adults -0.005 ± 0.066 0.916 1.623 ± 0.077 0.97
Male adults 0.115 ± 0.045 1.237 1.482 ± 0.072 0.97
Female adults 0.100 ± 0.050 1.188 1.445 ± 0.079 0.96
Macropterous adults 0.054 ± 0.075 1.039 1.575 ± 0.094 0.96
Braquipterous adults 0.164 ± 0.023 1.421 1.137 ± 0.044 0.98
Total nymphs -0.076 ± 0.170 0.690 1.906 ± 0.101 0.96
I-II nymphs 0.159 ± 0.137 1.232 1.872 ± 0.105 0.96
III nymphs 0.152 ± 0.111 1.249 1.726 ± 0.102 0.96
IV nymphs 0.323 ± 0.089 1.899 1.530 ± 0.091 0.96
V nymphs 0.282 ± 0.065 1.776 1.560 ± 0.068 0.98
Total adults and nymphs -0.262 ± 0.172 0.449 1.983 ± 0.099 0.97
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1.983, indicating strong tendency for aggrega-
tion, feature that is typical for crop pests
(Ruesink 1980). These aggregation indices are
higher than those reported by Perfect & Cook
(1983) for the rice brown planthopper
Nilaparvata lugens using Taylor�s power law.
Figure 1 shows the regressions of log s2 against
log m for nymphs and adults.

Iwao�s regression model yielded significant
linear regressions for all categories (P < 0.01)
with R2 ranging from 0.94 to 0.99. All values of
β were greater than 1, indicating again an ag-
gregated spatial pattern. Figure 2 shows the
regressions of mean crowding parameter m*
against mean of insect counts per unit sample.

With either Taylor�s or Iwao�s method, it is
clear that among the different categories iden-
tified, nymphs, particularly those of the I�II
stage class, showed the highest degrees of ag-
gregation. The lower ability and opportunity
of young nymphs for dispersing from the
plant where they were born could explain this.
The same relationships apply when counts
from both growing seasons are taken as sepa-
rate sets of data.

Both Taylor�s and Iwao�s regression methods
provide practical tools for handling field sam-
pling data from experiments or surveys, and
they have mean density included in the rela-
tionship so that problems of continuity with
changing density are removed (Taylor 1984;
Binns & Nyrop 1992). Although the empirical
model (Taylor�s power law) has a higher de-
scriptive ability than Iwao�s deductive model
(Kuno 1991), the latter has the advantage of
being derived with close reference to theoreti-
cal distribution models with biological inter-
pretation (Kuno 1972, 1991; Taylor 1984).

Sampling plans

Standard sampling.� The necessary sample
size for securing a fixed precision level D was
calculated by using equation 4. The minimum
sample size required for a precision level of
D = 0.1 is very sensitive to the degree of ag-
gregation, as illustrated by the difference be-
tween the n�m relationships (Figure 3). For
research purposes a sample size of approxi-
mately 100 units may be feasible but it could
be prohibitive for pest management decision
making. Adopting a lower precision level (e.g.,
D = 0.2), the required sampling is much less
demanding and fairly constant throughout the
density range.

A minimum sample size table for D. kuscheli
sampling in oat fields can be prepared using
equation 4 and the data from Table 1. How-
ever, it might be difficult to use this approach
because the mean density is not known in ad-
vance, and a preliminary estimation of mean
density would be required at each sampling
date (Smith & Hepworth 1992).

Sequential sampling.� To carry out a se-
quential sampling plan, sample units are taken
and planthoppers are counted. If the point (ni,
Tni) (ni = number of sample units taken;
Tni = cumulative planthopper counts on the
ni units) is below the line for the required pre-
cision level (D), it is necessary to continue the
sampling because the fixed, predetermined
level of precision has not been achieved. When
the point (ni, Tni) is above the boundary line
for the desired level of precision, the mean can
be estimated as Tni/ni and the required level
of precision is obtained. Use of stop lines pro-
vides a method for obtaining time-efficient
estimates of population numbers at desired
levels of precision.

The intersection of stop lines and convex
lines in Figures 4 and 5 indicates the average
number of samples necessary to estimate D.
kuscheli density at a predetermined precision
level. Thus, for example, according to Green�s
stop lines, for mean densities of less than 10
adults per sample unit, more than 40 samples

Figure 3. Density-dependent minimum sample size
to estimate density of immature and adult D. kuscheli
with fixed precision levels (D = 0.1 and D = 0.2).
Figura 3. Tamaño mínimo de muestra para estimar
la densidad de estadios inmaduros y adultos de D.
kuscheli con niveles fijos de precisión (D = 0.1 y
D = 0.2).
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Figure 4. Green�s sequential sampling stop lines (con-
cave curves) for estimating densities of adult D.
kuscheli with three fixed precision levels (D = 0.1,
D = 0.2, and D = 0.3). Convex curves A and B rep-
resent the expected cumulative number of insects
for a given mean density. Intersections of lines A and
B with stop lines represent the average number of
samples required for each precision level.
Figura 4. Curvas críticas del protocolo de muestreo
secuencial de Green (curvas cóncavas) para la esti-
mación de la densidad de adultos de D. kuscheli con
tres niveles fijos de precisión (D = 0.1, D = 0.2 y
D = 0.3). Las curvas convexas A y B representan el
número acumulado de insectos esperado para una
determinada densidad promedio. Las intersecciones
de las líneas A y B con las curvas críticas representan
el número promedio de unidades muestrales reque-
ridas para cada nivel de precisión.

Figure 5. Kuno�s sequential sampling stop lines (con-
cave curves) for estimating densities of adult D.
kuscheli with three fixed precision levels (D = 0.1,
D = 0.2, and D = 0.3). Convex curves A and B rep-
resent the expected cumulative number of insects
for a given mean density. Intersections of lines A and
B with stop lines represent the average number of
samples required for each precision level.
Figura 5. Curvas críticas del protocolo de muestreo
secuencial de Kuno (curvas cóncavas) para la esti-
mación de la densidad de adultos de D. kuscheli con
tres niveles fijos de precisión (D = 0.1, D = 0.2 y
D = 0.3). Las curvas convexas A y B representan el
número acumulado de insectos esperado para una
determinada densidad promedio. Las intersecciones
de las líneas A y B con las curvas críticas representan
el número promedio de unidades muestrales reque-
ridas para cada nivel de precisión.

Table 2. Regression statistics and coefficient of determination of Iwao´s regressions for each category of D.
kuscheli identified in oat fields at El Espinillo.
Tabla 2. Parámetros y coeficiente de determinación de la regresión de Iwao para cada categoría de D. kuscheli
identificada en cultivos de avena en El Espinillo.

Category α ± SE β ± SE R2

Total adults 0.564 ± 0.481 1.222 ± 0.031 0.99
Male adults 0.261 ± 0.237 1.256 ± 0.031 0.99
Female adults 0.438 ± 0.282 1.181 ± 0.037 0.99
Macropterous adults 0.466 ± 0.505 1.248 ± 0.035 0.99
Braquipterous adults 0.118 ± 0.122 1.260 ± 0.084 0.95
Total nymphs 7.329 ± 6.685 1.466 ± 0.055 0.98
I-II nymphs 6.164 ± 5.129 1.686 ± 0.119 0.94
III nymphs 1.322 ± 2.003 1.545 ± 0.069 0.98
IV nymphs 1.397 ± 0.598 1.407 ± 0.023 0.99
V nymphs 0.565 ± 0.456 1.467 ± 0.017 0.99
Total adults and nymphs 6.077 ± 6.983 1.447 ± 0.052 0.98
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are required, while for mean densities above
50, less than 20 samples are needed.

Sequential sampling plans are affected by the
degree of aggregation of populations. Figure 6
compares the critic lines based on Taylor �s
power law (Green�s method), calculated for a
precision level D = 0.2 corresponding to
nymphs (b = 1.906) and adults (b = 1.623). A
mean density of 50 insects would require a
sample size of 13 or 5 units, if those are
nymphs or adults, respectively. Had any of
these categories shown a random dispersion
pattern (b = 1), the stop line would be a con-
stant. Stop lines for alternative precision val-
ues and various categories of D. kuscheli can
be easily calculated from equations 6 and 7,
and parameters a, b, α and β are presented in
Tables 1 and 2.

Under some circumstances, estimating den-
sities of different development stages or stage
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classes of a single species could be relevant.
Predictive models for insect population abun-
dance could be expanded to include densities
of immature and adults as separate indepen-
dent variables. Additionally, population dy-
namics studies requiring stage frequency
analysis (Manly 1989) would certainly need
precise density estimations of each develop-
ment stage. In such cases the researcher can
build a sample model for the whole group (all
categories) using sample estimates of the
group, or he can develop a plan for the cat-
egory with the most variable sampling distri-
bution and apply it to all the categories (Binns
& Nyrop 1992).

Monte Carlo simulation (Naranjo & Flint
1994) and resampling (Naranjo & Hutchinson
1997) studies show that the precision level
specified in a sequential sampling plan can
differ from that actually achieved when the
plan is executed. Consequently, sampling
plans should be taken as provisional guidance
until they are validated through simulation or
against independent field data. An additional
limitation is the spatial scale with which this
study was done. Definitive monitoring plans
should be based on data gathered at different
localities if they are to be adopted by farmers
or agronomists. Despite these constraints, and
considering the complete lack of alternative
criteria for monitoring the MRC vector in Ar-
gentina, the sampling plans proposed in this
paper could be of much help in the future.
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Figura 6. Comparación de las curvas críticas del pro-
tocolo de muestreo secuencial de Green (curvas cón-
cavas) para la estimación de la densidad de adultos
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promedio. Las intersecciones de las líneas A y B con
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de precisión.
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