Volume 4, Issue 1, January 2011
ISSN 1791-3691

Hellenic
Plant
Protection
Journal

A semiannual scientific publication of the

BENAKI PHYTOPATHOLOGICAL INSTITUTE

¥A g
< Y
la ToY n{\P



Hellenic Plant Protection Journal

The Hellenic Plant Protection Journal (ISSN 1791-3691) is the new scientific publication
of the Benaki Phytopathological Institute (BPI) replacing the Annals of the Benaki Phyto-
pathological Institute (ISSN 1790-1480) which had been published since 1935.

Starting from January 2008, the Benaki Phytopathological Institute is publishing the Hel-
lenic Plant Protection Journal semiannually, in January and July each year, and accepts for
publication any work related to plant protection in the Mediterranean region regardless
of where it was conducted. All aspects of plant protection referring to plant pathogens,
pests, weeds (identification, biology, control), pesticides and relevant environmental is-
sues are topics covered by the journal.

Articles in the form of either a complete research paper or a short communication (in-
cluding new records) may be submitted. Instructions on how to prepare the manuscript
are available in BPI's website (www.bpi.gr). Manuscripts should be submitted in electron-
ic form either by e-mail at editors@bpi.gr or by post on a disk addressed to the Edito-
rial Board, Benaki Phytopathological Institute, 8 St. Delta Str., GR-145 61 Kifissia (Athens),
Greece. Only original articles are considered and published after successful completion
of a review procedure by two competent referees.

EbiTorIAL BOARD

Editor: Dr |. Vloutoglou (Phytopathology Department, BPI)

Associate Editors: Dr K. Machera (Pesticides Control & Phytopharmacy Department, BPI)
Dr A.N. Michaelakis (Entomology & Agric. Zoology Department, BPI)
Dr V. Kati (Weed Science Department, BPI)
M. Kitsiou (Library Department, BPI)

Technical Editor and Secretary: Asteria Karadima (Information Technology Service, BPI)

For subscriptions, exchange agreements, back issues and other publications of the In-
stitute contact the Library, Benaki Phytopathological Institute, 8 St. Delta Str., GR-145 61
Kifissia (Athens), Greece, e-mail: m.kitsiou@bpi.gr.

This Journal is indexed by: CAB Abstracts-Plant Protection Database, INIST (Institute for
Scientific and Technical Information) and SCOPUS.

The olive tree of Plato in Athens is the emblem
of the Benaki Phytopathological Institute

‘JU

Fa
18
A4 rey nnk

Hellenic Plant Protection Journal also available at www.bpi.gr

© Benaki Phytopathological Institute



Hellenic Plant Protection Journal 4: 1-11, 2011

REVIEW ARTICLE

Uncertainty and sensitivity analysis for models used in pest
risk analysis

D. Makowski

Summary Quantitative models have several advantages compared to qualitative methods for pest
risk analysis; quantitative models do not require the definition of categorical ratings and can be used to
compute numerical probabilities of entry and establishment, and to quantify spread and impact. How-
ever, quantitative models include several sources of uncertainty that need to be taken into account by
risk assessors. In this paper, we review the four main sources of uncertainty in models used for pest risk
analysis, namely input variables, parameter values estimated from expert knowledge, parameter val-
ues estimated from data and equations. We discuss the practical interest of uncertainty and sensitivity
analysis for pest risk assessors. Uncertainty analysis consists in describing the different uncertain ele-
ments of a model, and deducing an uncertainty distribution for each output variable rather than a sin-
gle value. The aim of sensitivity analysis is to determine how sensitive the output of a model is with re-
spect to elements of the model which are subject to uncertainty. Uncertainty analysis typically com-
prises three main steps: i) definition of uncertainty ranges and/or of probability distributions for uncer-
tain model elements, ii) generation of values of the uncertain model elements, iii) model output com-
putation and description of model output distribution. Sensitivity analysis includes another step to
compute sensitivity indices (step iv). When several model equations are available for predicting a given
quantity of interest, a further step is to analyse uncertainty about model equations using specific tech-
niques. Several methods were illustrated in a case study on Sclerotinia sclerotiorum. Results showed
that a moderate uncertainty on parameter values can induce a large uncertainty on model output.

Additional keywords: biological invasion, model prediction, model selection

Introduction

Risk analysis includes a series of steps from
initiation, through qualitative or quantitative
assessments of risk, to the resultant man-
agement decisions. It also includes com-
munications with stakeholders throughout
the process. In plant health, Pest Risk Anal-
ysis (PRA) consists of the assessment of the
probabilities of entry and establishment of
an invasive species, the magnitude of the
impact resulting from an invasive species,
and of management options. Both quanti-
tative and qualitative methods have been
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e-mail: david.makowski@grignon.inra.fr

© Benaki Phytopathological Institute

used for PRA. Qualitative methods based
on scoring systems are a primary choice for
assessing risk in plant health but, in several
cases, quantitative models have been devel-
oped and used in PRA (e.g. Stansbury et al.,
2002; Peterson et al., 2009).

Qualitative methods for PRA are based
on categorical ratings (e.g. low, moderate,
high) and the use of such ratings may lead to
problems of consistency due to inaccurate
definitions of ratings. Qualitative methods
also make the computation of an overall risk
level difficult because categorical ratings
can be combined using many different tech-
niques which may lead to different conclu-
sions (Holt, 2006). In addition, the perform-
ance of qualitative PRA methods depends
on the technique chosen for combining cat-
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egorical rating (e.g. sum, multiplication) as
shown by Makowski and Mittinty (2010).

The use of quantitative models has sev-
eral advantages compared to qualitative
methods for pest risk analysis. Quantitative
models do not require the definition of cate-
gorical ratings and can be used to compute
numerical probabilities of entry and estab-
lishment, and to quantify spread and impact
(EFSA, 2008a). Quantitative models can also
be used to assess and select qualitative scor-
ing systems for PRA (Makowski and Mittinty,
2010).

Quantitative models are generally not
used to perform full PRA, but rather to es-
timate some elements of PRA like probabil-
ity of entry, probability of establishment,
spread, orimpact. Several probabilistic mod-
els have been developed to predict prob-
ability of entry of pests through import-
ed commodities (e.g. Roberts et al., 1998). A
great diversity of models has been used to
assess the risk of establishment of pest from
bioclimatic variables: statistical models (e.g.
Roura-Pascual et al, 2009), models based
on machine learning techniques (e.g. Phil-
lips et al., 2006), models taking into account
the ecological processes involved in biolog-
ical invasion like Climex (Young et al., 1999)
and NAPPFAST (Magarey et al., 2007). Epide-
miological models have been developed to
assess risk of spread and impact (Stansbury
etal., 2002).

These models are powerful tools, but
they include several sources of uncertainty
that need to be taken into account by risk
assessors and communicated to decision
makers. In this paper, we review the main
sources of uncertainty in models used for
PRA, and discuss the practical interest of
uncertainty and sensitivity analysis for pest
risk assessors. The paper is organized as fol-
lows: Sources of uncertainty in models used
for PRA are presented in section 1. The ob-
jectives of uncertainty and sensitivity anal-
ysis are presented in section 2 and the main
steps of these two types of analysis are de-
scribed in section 3. Finally, a case study is
presented in section 4.

1. Origins of uncertainty in models
used for pest risk analysis

Models used for PRA can include up to
four sources of uncertainty, namely input
variables, parameter values estimated from
expert knowledge, parameter values esti-
mated from data, and equations. Input vari-
ables correspond to variables whose values
vary between sites and/or year and can be
measured. Climatic variables, such as tem-
perature annual range or annual precipita-
tion, are typical examples of input variables.
Climatic variables can be measured from
weather stations, but their values are often
imperfectly known due to error of measure-
ment or due to the absence of weather sta-
tion in the sites of interest. Climate change
can also increase uncertainty (Araujo and
New, 2006; EFSA, 2008a).

Parameters correspond to model com-
ponents whose values cannot be directly
measured but need to be estimated from
expert knowledge, from data, and from
both expert knowledge and data. When pa-
rameters are estimated from expert knowl-
edge, the accuracy of the estimates depends
on expert bias and on the method used for
expert knowledge elicitation (O’Leary et al.,
2008). When parameters are estimated from
data, the accuracy of the parameter esti-
mates depends on the estimation technique
and on the quality of the dataset. Consider,
for example, models used for mapping in-
vasive species distribution from bioclimatic
variables. These models include parameters
that need to be estimated from a set of spe-
cies presence records and, if possible, from
a set of species absence data (Vaclavik and
Meentemeyer, 2009). It was shown that the
performances of these models were related
to the size of the datasets and to the reliabil-
ity of presence and absence data (Wisz et al.,
2008; Vaclavik and Meentemeyer, 2009; Gio-
vanelli et al., 2010).

Model equation is another source of un-
certainty. Several alternative models may be
available for a given practical problem, es-
pecially for predicting invasive species dis-
tribution (Roura-Pascual et al., 2009). In such
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cases, the traditional approach is to take a
model selection process to find the best
model from which one makes practical ap-
plications. Several criteria have been pro-
posed for selecting models using a test
dataset (e.g. Smith et al,, 1999; Townsend
Peterson et al, 2008). However, potential
problems have been recognized by statisti-
cians. An important concern is that the un-
certainty in model selection is basically ig-
nored once a final model is found (Chatfield,
1995; Draper, 1995). Final estimation, inter-
pretation of the parameter values, and mod-
el predictions are generally based on the
selected model only. In some cases, the in-
stability of the result of a selection process
is high; Yuan and Yang (2005) showed that,
when the model errors are large, a selection
process is likely to lead to a completely dif-
ferent selected model when a slightly differ-
ent dataset is used. The selected model may
also depend on the criterion used for mod-
el selection and, as shown by Townsend Pe-
terson et al. (2008) and by Lobo et al. (2008),
there is no consensus in the scientific com-
munity on the best criterion for selecting
models for predicting biological invasion.
For all these reasons, it is never sure that the
selected model is the most appropriate one
for practical applications.

2. Objectives of uncertainty and
sensitivity analysis

Uncertainty analysis consists in evalu-
ating quantitatively uncertainty in model
components (input variables, parameters,
equations) for a given situation, and deduc-
ing an uncertainty distribution for each out-
put variable rather than a single value (Vose,
2000; Monod et al., 2006). It can be used,
for instance, to compute the probability of
an output variable of interest (e.g. number
of spores entering in a given area) to ex-
ceed some threshold (e.g. Peterson et al.,
2009). Uncertainty analysis is a key compo-
nent of model-based risk analysis because
it provides risk assessors and decision mak-
ers with information about the accuracy of
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model outputs. In pest risk analysis, uncer-
tainty analysis was used by several authors
to estimate probability of entry and estab-
lishment (Stansbury et al., 2002; Peterson et
al., 2009; Yen et al., 2010), spread of invasive
species (Koch et al., 2009), and to assess ef-
ficiency of management options (Yen et al.,
2010).

The aim of sensitivity analysis (SA) is to
determine how sensitive the output of a
model is with respect to elements of the
model which are subject to uncertainty.
For dynamic models, sensitivity analysis is
closely related to the study of error prop-
agation. As in SA, input variables and pa-
rameters have the same role, uncertain in-
put variables and parameters will be further
denoted as uncertain factors. Two types of
sensitivity analysis are usually distinguished,
local sensitivity analysis and global sensitiv-
ity analysis (Saltelli et al., 2000). Local SA fo-
cuses on the local impact of uncertain fac-
tors on model outputs and is carried out by
computing partial derivatives of the output
variables with respect to the input factors.
With this kind of methods, the uncertain
factors are allowed to vary within small in-
tervals around nominal values, but these in-
tervals are not related to the uncertainty in
the factor values. Contrary to local SA, glo-
bal SA considers the full domain of uncer-
tainty of the uncertain model factors. In glo-
bal SA, the uncertain factors are allowed to
vary within their whole ranges of variation.

Sensitivity analysis may have various ob-
jectives, such as:

* to study relationships between model
outputs and model inputs;

* to identify which input factors have a
small or a large influence on the output;

* to identify which input factors need to be
estimated or measured more accurately;

* to detect and quantify interaction effects
between input factors;

* to determine possible simplification of
the model;

In pest risk analysis, sensitivity analy-
sis techniques were used to study the sen-
sitivity of spatial model predictions to input
factor values (Koch et al., 2009) and to data
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used for parameter estimation (Vaclavik and
Meentemeyer, 2009). Sensitivity was also
used to identify the most important factors
influencing the predicted efficiencies of dif-
ferent management options (Stansbury et
al., 2002; Roura-Pascual et al., 2010).

3. Main steps for uncertainty and
sensitivity analysis

Uncertainty analysis typically compris-
es three main steps: (i) definition of uncer-
tainty ranges and/or of probability distribu-
tions for uncertain model input factors, (ii)
generation of values for the uncertain input
factors, (iii) model output computation and
description of model output distribution.
Sensitivity analysis includes another step to
compute sensitivity indices (step iv). Finally,
when several model equations are available
for predicting a given quantity of interest, a
further step is to analyse uncertainty about
model equations using specific techniques.
All these steps are detailed below.

3.1. Step (i). Uncertainty ranges and
probability distributions for uncer-
tain input factors

Uncertainty in an input factor can be
described in different ways. It is often de-
scribed by the most likely factor value plus
or minus a given percentage (e.g. Koch et
al., 2009) or it is specified through a discrete
or continuous probability distribution over
a range of possible values. Among prob-
ability distributions, the uniform distribu-
tion, which gives equal weight to each value
within the uncertainty range, is commonly
used in uncertainty and sensitivity analysis
when the main objective is to understand
model behaviour.

More flexible probability distributions
are sometimes needed to represent the in-
put uncertainty. When the input corre-
sponds to a discrete variable (e.g. number
of imported consignments, number of suc-
cessful entries, etc.), discrete probability dis-
tribution (e.g. Poisson distribution) is often
appropriate (e.g. Yen et al., 2010). Among

continuous distributions, the well-known
Gaussian distribution is often convenient
since it requires only the specification of a
mean value and a standard deviation. It is
often replaced by the truncated Gaussian
distribution, triangular, or by beta distribu-
tions, which give upper and lower bounds
to the possible values (e.g. Peterson et al.,
2009; Yen et al., 2010). When the distribution
should be asymmetric, for example when
input factors are likely to be near zero, log-
normal, triangular, or beta distributions of-
fer a large range of possibilities (e.g. Peter-
son et al., 2009).

Probability distributions can be derived
from expert knowledge and/or from exper-
imental data. Bayesian statistics now offer
a variety of methods and algorithms to de-
rive probability distributions by combining
expert knowledge and data (e.g. Gelman et
al., 2004).

3.2.Step (ii). Generation of values of un-

certain factors

Monte Carlo sampling is a popular meth-
od for generating representative samples
from uncertain factor distributions. In Mon-
te Carlo sampling, the samples are drawn in-
dependently, and this approach provides
unbiased estimates of the expectation and
variance of each output variable. Other al-
ternative sampling techniques like Latin Hy-
percube can be used. It is also possible to
generate combinations of values of uncer-
tain factors by using experimental designs
like, for example, complete factorial designs.
This approach was used by EFSA (2008b) to
combine minimum, maximum, and most
likely values of several uncertain input fac-
tors.

3.3.Step (iii). Model output computa-

tion and description of the model

output distribution

This step may be difficult to carry out
when computation of model output is time-
consuming. With some very complex mod-
els, the number of samples generated at the
previous step must be set equal to a small
value due to computation time constraint.

© Benaki Phytopathological Institute
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On the contrary, computation is straightfor-
ward for models that are less complex and
less computationally intensive.

Output values can be presented in dif-
ferent ways. In general, it is not appropriate
to present all the computed model outputs
because the number of computed values is
generally very high (i.e. several thousands).
The recommended approach is to summa-
rize the output distributions by calculating
several key parameters such as mean, me-
dian, standard deviation, coefficient of vari-
ation, several extreme percentiles (1%, 5%,
10%, 90%, 95%, 99%). It is also useful to
show some graphical presentations of the
computed model outputs, like histograms
and cumulative probability distributions. All
these techniques have been applied in sev-
eral quantitative risk assessments (e.g. Koch
et al., 2009; Peterson et al., 2009). When the
model includes several output variables, it is
useful to analyse the relationships between
these variables by drawing scatter plots or
by computing correlation coefficients.

3.4.Step (iv). Computation of sensitivity
indices

Sensitivity of model output to an un-
certain factor is commonly studied by us-
ing simple graphical presentation of model
outputs versus model inputs (e.g. Koch et al.,
2009; Giovanelli et al., 2010). This approach is
useful but not sufficient to assess and com-
pare the influence of the different input fac-
tors in a quantitative way. It is recommend-
ed to compute sensitivity indices for all the
uncertain factors in order to rank these fac-
tors according to their influence on the out-
puts.

A sensitivity index is a measure of the in-
fluence of an uncertain factor on a model
output variable. Factors whose values have
a strong effect on the model are character-
ized by high sensitivity indices. Non-influen-
tial factors are characterized by low sensi-
tivity indices. Sensitivity indices can thus be
used to rank uncertain factors and identify
those which should be measured or estimat-
ed more accurately.

A great diversity of sensitivity indices

© Benaki Phytopathological Institute

has been proposed (e.g. Saltelli et al., 2000).
In local SA, sensitivity indices are based on
derivative calculation and correspond to the
slopes of the model output in the input fac-
tor space at a given set of values. In global
SA, sensitivity indices can be computed us-
ing a variety of techniques like ANOVA, cor-
relation between input factors and model
outputs, Fourier series, Monte Carlo simu-
lations, etc. (Saltelli et al., 2000). Sensitivity
indices can be computed using statistical
software (e.g. the package sensitivity of the
statistical software R http://cran.r-project.
org/web/packages/sensitivity/index.html)
or more specialized software, such as Simlab
(http://simlab.jrc.ec.europa.eu/), @Risk, or
Crystal ball. Examples of calculation of ANO-
VA-based sensitivity indices in quantitative
pest risk assessment can be found in EFSA
(2008b). Examples of correlation-based sen-
sitivity indices are provided in the case study
presented at the end of this paper.

3.5.Specific methods for analysing un-
certainty in model equations

Many models are now available for es-
timating risk of entry, establishment, and
spread. In some cases, it is difficult to choose
the most appropriate model for a given
question. For example, five different models
were used to map invasive species distribu-
tion by Roura-Pascual et al. (2009) and these
models led to different predictions generat-
ing uncertainty about the potential distribu-
tional area.

Two approaches have been proposed to
deal with this uncertainty, model compari-
son and model mixing. The latter approach
is also called consensual predictions or en-
semble forecasting. Model comparison aims
at assessing several candidate models in or-
der to select the model with the best predic-
tive performance. Several criteria have been
proposed to assess models for predicting in-
vasion (e.g. Smith et al., 1999; Townsend Pe-
terson et al., 2008) and the most popular
criterion is probably the area under the Re-
ceiver Operating Characteristic (ROC) curve,
which measures the ability of models to dis-
criminate presence and absence locations.
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A limitation of model comparison is that,
in some cases, several models show simi-
lar performance (e.g. Hernandez et al., 2006;
Roura-Pascual et al., 2009). Another issue is
that reliable data are not always available.
Model selection is then somewhat arbitrary.

Several statisticians emphasised that, in
some cases, it is better to mix all models than
to use the single selected model. The basic
idea is to use a weighted sum of the individ-
ual model predictions instead of the predic-
tion derived from the single ‘best’ model. Sev-
eral methods were developed to estimate the
weight associated to each model from a train-
ing dataset (Buckland et al.,, 1997; Hoeting et
al., 1999; Yang, 2003; Raftery et al,, 2005; Yuan
and Yang, 2005). These methods can be ap-
plied to a great diversity of models, linear, lo-
gistic, nonlinear, or dynamic models (Raftery
etal., 1997; Viallefond et al.,, 2001; Raftery et al.,
2005), and statistical packages are now avail-
able to implement them. See, for example,
the BMA R package available at http://cran.r-
project.org/web/packages/BMA/index.html
and the MMIX R package available at http:/
cran.r-project.org/web/packages/MMIX/in-
dex.html. Both can be freely downloaded and
applied using the R statistical software.

Model-mixing methods can improve
the accuracy of model predictions and give
more realistic confidence intervals (Chat-
field, 1995; Draper, 1995). According to a re-
cent statistical study (Yuan and Yang, 2005),
model-mixing is better than selection when
the model errors are large. Recently, mod-
el-mixing methods have been applied for
mapping species distribution (Araujo and
New, 2006; Marmion et al., 2009) and bio-
logical invasion (Roura-Pascual et al., 2009).
Itis likely that this approach will be more fre-
quently applied in the future.

4, Case study

In this section, we present a simple case
study to show how uncertainty and sensi-
tivity analysis can be used in practice. We
consider the simple generic infection model
for foliar fungal plant pathogens defined by

Magarey et al. (2005):

W = min{Wmax,M}
£(T)

and
(Topl ~Tnin)/ (Tmax _Topt )

T.-T ) 1-T,
f (l-) | _max min
Tmax _Topt Topt _Tmin

if T <T<T _ andzero otherwise

where T is the mean temperature during
wetness period (°C), W is the wetness dura-
tion required to achieve a critical disease in-
tensity (5% disease severity or 20% disease
incidence) at temperature . T__ , Topt, maxAre
minimum, optimal, and maximum temper-
atures for infection, respectively, W__ and
W__ are minimum and maximum possible
wetness duration requirements for critical
disease intensity, respectively. This model
was used to compute the wetness duration
requirement as a function of the tempera-
ture for many species and was included in

a disease forecast system (Magarey et dal.,

2005; 2007).
Tt Toper Tonar Wi @nd W, are five spe-

cies-dependent parameters whose values
were estimated from experimental data and
expert knowledge for different foliar patho-
gens (e.g. Magarey et al., 2005; EFSA 2008b).
However, for some species, these parame-
ters are uncertain due to the limited avail-
ability of data (Magarey et al., 2005) and, in
such cases, it is important to perform uncer-
tainty and sensitivity analysis.

In this case study, uncertainty and sen-
sitivity analysis techniques were applied to
the generic infection model defined above
for infection of bean foliage by the fungal
pathogen Sclerotinia sclerotiorum. All com-
putations were done using the freely avail-
able statistical software R (http://cran.r-proj-
ect.org/). Parameter values reported by
Magarey et al. (2005) for this pathogen are
T..=1°CT,=25°C, T  =30°C,W  =48hand

min max
W__=144 h but, according to the authors,
there is uncertainty about these values. The
response curve of Wvs. T obtained with the

estimated parameter values is presented in

© Benaki Phytopathological Institute
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Figure 1A.

Uncertainty about parameter values
was described here by uniform distribu-
tions defined with lower and upper bounds
set equal to £ 20% of the estimated parame-
ter values reported by Magarey et al. (2005):
T w~Unif(0.8,1.2), T ~Unif(24, 36), T, ~Unif
(20,30), W__~Unif(38.4,57.6), W__~Unif (115.2,
172.8). The choice of +20% was done here in
order to study the consequence of a mod-
erate uncertainty (the coefficient of varia-
tion of the uniform distribution was equal
to 28%) on the model output. Other choic-
es are of course possible.

Ten thousands parameter values were
randomly generated from the uniform dis-
tributions defined above by Monte Carlo

g
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sampling. Due to an overlap of the distri-
butions of Topt and T__, a constraint on pa-
rameter values was considered at this step
in order to satisfy T__ >T . The 10,000 corre-
sponding responses of W vs. T were comput-
ed and a sample of 20 out of the 10,000 re-
sponse curves was displayed in Figure 1B for
illustration. The distribution of the 10,000
response curves was summarized in Figure
1C by the percentiles 1%, 10%, 50% (medi-
an), 90%, 99%. The results showed that the
uncertainty was more important when the
temperature during the wetness period T
was close to 25°C i.e. the estimated optimal
temperature for the fungus (Figure 1C). The
distribution of W obtained for T=25°C was
skewed (Figure 1D); the median was equal to
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Figure 1. Predicted wetness duration requirements for infection of bean foliage by Sclerotinia sclerotiorum. A: Predictions
obtained with the parameter values reported by Magarey et al. (2005). B: Sample of 20 response curves generated by Mon-
te Carlo simulation. C: Percentiles 1%, 10%, 50%, 90% and 99% of the 10,000 simulated wetness duration requirements in
function of the temperature. D: Distribution of the 10,000 simulated wetness duration requirements for T=25°C.
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56 h, the 10% percentile was equal to 43.9 h
and the 90% percentile was equal 128.7 h.
The high coefficient of variation of the dis-
tribution of W (47%) and the large differ-
ence between the 10% and 90% percentiles
showed that a moderate uncertainty on pa-
rameter values (£20% around the estimated
values) can induce a large uncertainty about
wetness duration requirement for infection.

In order to identify the main sources of
uncertainty, sensitivity indices were com-
puted for the five model parameters for sev-
eral temperatures T. Sensitivity of the model
output W to parameter values were mea-

Q
—

0.5
L

Correlation
0.0
|

— Tmax

-1.0

5 10 20 30

Temperature (°C)

sured by calculating correlations between
W and parameter values using the 10,000
Monte Carlo simulations. Results are shown
in Figure 2 for all parameters in function of
T. A correlation close to +1 or -1 indicates a
strong influence of the parameter on the
model output. A correlation close to zero in-
dicates that the parameter is not influential.
More sophisticated sensitivity indices could
had been computed (Saltelli et al., 2000), but
correlation-based indices were considered
here because of their simplicity and intui-
tive interpretation.

Figure 2 showed that correlation be-

Q
-

0.5

Correlation
0.0
|

Wmin
— Wmax

-1.0

I I ] | I
5 10 20 30

Temperature (°C)

Figure 2. Sensitivity indices for the five model parameters in function of the temperature. Sensitivity indices correspond
to correlations between parameter values and wetness duration requirement estimated from 10,000 Monte Carlo simula-

tions.
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tween W and the parameters 7 and W __
was always close to zero for all tempera-
tures. This result showed that the model
output is not sensitive to the values of these
two parameters. The parameter 7 had a
strong and positive effect on W for temper-
ature in the range 15-20°C, and a strong and
negative effect for temperature in the range
27-32°C. lts effect was negligible for ex-
treme temperatures i.e. when T was close to
5°Cor to 35°C and when T was close to 25°C.
The parameter T__ had a negative effect on
W, but its effect was negligible for extreme
temperatures. When T was close to 5°C or to
35°C, the model output was sensitive to only
one parameter: W__ . This sensitivity analy-
sis thus reveals that the model output is sen-
sitive to three parameters Topr T and W__
and that the effect of these parameters is
strongly dependent on the temperature.

This work was partly funded by the European
Project PRATIQUE (7" Framework Programme
for Research and Technological Development).
The author thanks the Panel on Plant Health of
the European Food Safety Authority (EFSA) for
useful discussions.
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APOPO ANAXKOIMHXHZ

Avaluon aBefaiotnrtag Kar evaicdnoiag Twv HovTEAwv mou
XpnotpomolovvTal oTiG avalUoelg emkivéuvotTntag empAafwv

OPYAVIGUWYV

D. Makowski

MNepilnpn Ztic Avahoelg Emkivduvétntag EmpBAapwv Opyaviopwy Ta moooTikd LovTEAT €XOUV TIOA-
A& MAEOVEKTAPATA OE OX€0N e TIG TOLOTIKEG MEBASoUC. Ta moooTikd povTéAa Gev amattoly Tov opl-
oué katnyoptkwv dafabuicewv Kal pmopolv va XpnolomolinBouy yia Tov UTTOAOYIGUO TTOCOTIKWY TI-
Bavotrtwy €10660U Kal eykataoTaong evog emPBAaBouc opyaviopol KaBwg Kat yia TV TOGOTIKOTOIN-
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Uncertainty in pest risk analysis 1

on ™G S100ToPAC KAl TIG EMITTTWOELG ATIO TNV EYKATAOTACN TOU OPYAVIOHOU OF Mid vEa TiEPLOXT. EvTou-
TOIC, TO TTOOOTIKA oVTENA TEPLEXOUV TTOANEC TINYEC afefatdTnTag TIC omoieg mpémel va Adouv umoyn
TOUG Ol EKTIMNTEC TNG EMKIVOUVOTNTAG. XTNV MapoUoa £pyacia yiveTal avaoKomnon Twv TECoAPWY KU-
PlWV TTNYWV apeBatdTnTac TWV HOVTEAWV TIOU XpnotpomotouvTal oTic Avaluoelg Emkivéuvotntag, ot
TWV HETAPBANTWV E100S0V, TWV TIHWV TWV TAPAUETPWY TToU uTToAoyilovTal e BAcn TN yvwon Twv EUTEL-
POYVWHOVWY, TWV TIMWV TWV TTapapéTpwy mou unoloyilovtal pe faon ta Siabéoipa dedopéva kat Twv
e§lowoswv. Emiong oulnteital To evliagépov mou €xel 6TV TTPAEN YIA TOUG EKTIUNTEG TNG EMKIVOUVO-
TNTag n avaiuon apePatotntag kat evaiodnoiac. H avdluon apeBaidtntag ouviotatal oTnv meplypa-
on Twv Slaedpwv aféPalwv oTolxeiwv evog LovtéNou Kat oTnv e§aywyr CUUTEPACUATOC 600V apopd
0TNV Katavoun TN apePaidotntag Katd mpoTipnon yla Kabe petaPAntr £10660u Tapd yia A HEPOVW-
pévn Tir. Zkomdg tng avdluong euaioOnaiag eival va kabopioel mooo guaicBnTo €ival To amoTéeopa
€VOC HOVTENOU O€ Oxéon e Ta aBéPata oTolxeia Tou povtéhou. H avaluon afefaiotntag Tumkd ouvi-
otatal o€ Tpia KUpla Pruata: i) oplopds Tou eupoug afefaldtnTag ri/kat TG Katavoung Twv moavotn-
TwV Twv aféPalwv oTolyeiwv Tou Hovtélovy, i) mapaywyn TIHWV yia Ta aéfala oTolkelo Tou HovTEAOU,
iii) UTTOAOYIOPOC TWV AMOTEAECUATWY TOU POVTEAOU Kal TIEPLYPAPH TN KaTavoung Toug. H avdluon gu-
aoOnoiag mephapBdvel éva emmAéov Pripa (iv) mou agopd oTov umoAoylopd Twv SelKTwv evalcdnai-
aC. XTnV MEPIMTWON TTOU APKETEC EEIOWOELC LOVTEAWV gival S1aBEoIEC yia TNV TPOPRAeYN piag Sedoué-
vngmoodTnTag, éva emmAéov Brpa ival va avaAuBei pe e181kéG TEXVIKEG N aeBatdTnTa mMou a@opd oTig
€§10WOEIC TOU HOVTENOU. APKETEC amd AUTEC TIC HeBOSOUC SOKIMAGTNKAV XPNGCILOTOIWVTAC WG TPATU-
10 TO MUKNTa Sclerotinia sclerotiorum. Ta anmoteAéopata €6ei§av 0TI ia pétpla afefaldTnTa oTIC TIUES
TWV TAPAPETPWY UMTOPEL va TTPOKAAEDEL [ia HEYAAN aBePAIOTNTA 0TA AMOTEAEOUATA TOU LOVTENOU.
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Response of young olive trees to nitrogen fertilization

Y.E. Troyanos and E. Roukounaki

Summary The response of young olive trees to soil nitrate nitrogen imposed by different N fertiliza-
tion rates and to a foliar N-P-K fertilizer was investigated in a pot experiment. The dry weight of leaves
increased with increasing soil N fertilization rate, whereas that of the whole plants sprayed with a foli-
ar N-P-K was not affected. The root length increased in N-deficient olives (e.g. olives grown without N
fertilization) indicating that the N-deficient olives produced a longer root system. However, this longer
root system was accompanied by a reduction in (stems+leaves+shoots) : root length ratio. When the
leaf N concentration was <2% and the soil nitrate nitrogen <25 mg/kg DWT, the plants had the low-

est leaf dry weight.

Additional Keywords: leaf dry weight, nitrate, Olea europaeal L., root length

Introduction

In Greece, farmers are investing to modern
olive growing by using drip-irrigation, fer-
tigation and no-tillage cropping system for
reducing soil erosion. However, fertiliza-
tion of olive trees is based mostly on tradi-
tion, i.e. few growers are following soil and
leaf analyses for the application of fertilizers,
whereas most of them use only their empiri-
cal knowledge as a guide. During the estab-
lishment of young olive trees, fertilization
practices applied by the growers are quite
diverse. Some growers apply large quanti-
ties of nitrogen (N) fertilizers, while others
none. The former may over-fertilize the ol-
ive trees causing potential growth reduction
and toxicities. The latter claim that, without
fertilization the young olive trees produce
a large root system that penetrates deep-
er into the soil, which is desirable especial-
ly when there is water shortage (e.g. in rain-
fed conditions). However, in that case, olive
trees are under-fertilized and growth reduc-
tion could be evident.

Response to N fertilization of young ol-
ive trees grown in soil (8) and nutrient solu-
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tions (13) has been reported in the literature.
However, there is a discrepancy concerning
the effect of N fertilization on mature ol-
ive trees. Hartmann (14) reported that ma-
ture olive trees responded to N only when
grown in poor soil. Other researchers (5, 6)
have shown that the traditional fertilization
based on annual applications of N-P-K had
no effect on yield of mature olive trees com-
pared to the leaf analysis-based fertilization,
which had a positive effect on yield. Howev-
er, mature olive trees have been found to re-
spond to foliar application of urea (2, 5, 17,
19) and potassium (18). In recent years, foliar
feeding has been used extensively in olive
orchards, especially under rain-fed condi-
tions, where shortage of soil moisture re-
duces the availability of fertilizers (7).

In the present study, an experiment was
carried out to investigate the response of
young olive trees to N fertilization. Differ-
ent rates of soil N fertilization and a foliar
N-P-K fertilizer were applied to young olive
trees (cv. ‘Koroneiki’). The objectives were a)
to determine the minimum soil NO,-N con-
centration ([NO,-N]) and the minimum leaf
N concentration ([N]) for maximum growth,
b) to determine the minimum N, P and K
root absorption rates required for maximum
growth of young olive trees, and ¢) to test
if foliar feeding with a N-P-K fertilizer could
sustain the maximum growth of plants. The
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effects of soil and foliar fertilization on olive
tree growth and leaf [N] are discussed.

Material and Methods

Two hundred sixteen (216) one-year-old mi-
cro-propagated olive trees (cv. ‘Koroneiki’),
grown in plastic bags filled with a mixture
of compost and perlite, were transplanted
on 16 March 2007 into 14 | plastic pots to fa-
cilitate the access to their root system dur-
ing their growth. The plastic pots contained
a clay loam soil with the following charac-
teristics: pH = 7.7, Electrical Conductivity
(EC) = 0.66 dS/m (Saturated Paste), Organic
matter = 1%, CaCO, = 29%, P = 3 ppm (Ol-
sen method), K = 156 ppm (extraction with
1 M NH,OAc at pH = 7.0) and B = 1.3 ppm
(extraction with hot water). Prior to trans-
planting, the length of the new shoots and
the length and diameter of stems were mea-
sured. These measurements were used to
estimate the initial size of the plants.
Following their transplanting, the exper-
imental olive trees were placed outdoors
with the pots covered with plastic bags to
reduce water evaporation and to ensure
that no rain water would enter the pots. The
young olive trees were irrigated using tap
water (NO,-N concentration = 1.1 ppm, EC
= 0.915 dS/m) and received no fertilization
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for one month following their transplanting.
The soil moisture was monitored using ten-
siometers and water was applied to the soil
until field capacity. The mean air tempera-
tures during the experiment are given in
Figure 1.

According to their size, the experimental
young olive trees were sorted in descend-
ing order. The trees were then split into 6
groups, with the 1%t group consisting of the
largest ones and the 6™ group of the small-
est. The 36 plants in each group were then
randomly assigned to 6 rows and columns
according to a 6x6 Latin Square design. This
randomization reduced the effect of varia-
tion in the initial size of the plants on their fi-
nal growth (1). Five different soil N fertiliza-
tion rates, 0 (N,), 0.95 (N,), 1.90 (N,), 3.80 (N,)
and 6.25 (N,) g N (Table 1) and a foliar treat-
ment of 0.3 g/l of 21-21-21 (N-P-K) soluble
fertilizer (N), as recommended by the man-
ufacturer, were gradually applied to each
plant. During the course of the experiment,
a total of six destructive harvests were car-
ried out 31, 65, 93, 136, 167 and 201 days af-
ter the first fertilization (DAF) by randomly
selecting 36 plants (6 treatments x 6 replica-
tions) at each harvest.

Based on the results of soil analyses,
on 15 April 2007, 0.74 g KH_PO, and 1.33 g
K,SO, dissolved in 1| tap water were applied
to each pot of the treatments N, N, N, N,

127 141 155 169 183 197 211

Figure 1. Changes in the mean daily temperature (°C) during the course of the experiment. DAF: days after first fertiliza-

tion.
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Table 1. Soil N fertilization rates applied monthly to one-year-old olive trees.

Soil N fertilization rates (g/pot)
Treatments
16 April 2007 15 May 2007 15 June 2007 Total

N, 0 0 0 0

N, 0.45 0.50 0 095

N, 0.45 0.45 1 1.90

N, 0.45 1.35 2 3.80

N, 0.45 1.80 4 6.25
and N, whereas in pots of treatment N, no  samples was determined after drying at 105°C

soil fertilizer was applied. The following day
(16 April 2007), 0.45 g N, derived from NH,NO,
and dissolved in 1| tap water, were applied to
each pot of the treatments N, N,, N, and N,
whereas no N was applied to pots of treat-
ment N, (Control). On the same day, the ol-
ive trees of treatment N, were sprayed with
0.3 g/l of 21-21-21 (N-P-K) soluble fertilizer.
The rest of the soil N fertilizer was gradual-
ly applied according to Table 1, whereas the
olive trees of treatment N, received a total of
six monthly foliar applications.

Statistical analyses

The statistical analyses were carried out
using Genstat (10th Edition). ANOVA was
applied and when the F-test was statisti-
cally significant (P<0.05) the comparisons
of means were performed using the Dun-
can and the LSD (Least significant differ-
ences) tests. Non-linear regression analysis
was performed between the leaf dry weight
(DWT) and the soil [NO,-N].

Harvests - Measurements

One week prior to each harvest, 36 soil
samples (6 treatments x 6 replications) were
taken from the pots using a soil auger. The
samples were stored in a refrigerator and
the following day the soil NO,-N was extract-
ed using a 1:10 w/w soil to deionized water
ratio. NO,-N was determined using a modi-
fied hydrazine nitrate reduction method (21).
Each soil sample was extracted and analy-
sed twice and if the results differ more than
10%, a third sub-sample was analysed and
the mean of the three measurements was
estimated. The dry weight (DWT) of the soil

© Benaki Phytopathological Institute

until constant weight and the soil [NO,-N] was
expressed on a dry weight basis.

At each harvest, the above ground plant
parts, i.e. leaves, stems and shoots, were cut,
placed separately into plastic bags to reduce
moisture loss and weighted (fresh weight).
The length of the shoots and the diameter
of the stems were also measured. The fol-
lowing day, the roots were removed from
each pot and washed from the soil using a
sieve mesh; then they were placed into plas-
tic bags and put in a refrigerator until the
root length was measured. The root length
was measured according to the method of
Tennant (20) using square grids of 1 cm (for
the first harvest) and 2 cm (for the rest 5 har-
vests). All plant parts were washed using de-
ionised water and dried by placing them
into an air-forced oven at 80°C until con-
stant weight.

After drying, the plant samples were
ground and 100 mg of each sample were di-
gested with 2 ml H_SO, containing 1 g/l Se
and 1 ml 30% H,O,. The digests were made
up to 25 ml with deionized water and the
concentration of ammonium-N was deter-
mined using the indophenol blue method
(22). There were two digestions per treat-
ment and replication and if the results dif-
fer more than 10%, a third sub-sample was
analysed and the mean of the three mea-
surements was taken.

Results and Discussion

At 201 DAF (last harvest), the DWT of leaves
responded to N fertilization treatments (Fig.
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2), whereas the DWT of shoots, stems and
roots did not (data not shown). The leaf DWT
of the plants grown with treatment N, was
less than that of the plants grown with N, N,,
N, and N, treatments whereas that of young
olive trees grown with no N fertilization (N)
had a intermediate value. The response of
olive cv. ‘Koroneiki’ to increased soil N fertil-
ization rate has been reported to be differ-
ent than that of other cultivars, such as Naba-
li, Manzanillo, etc. (8). More specifically, in the
latter cultivars, the increased N availability in-
creased the shoot DWT and length, but it did
not have any effect on the leaf DWT (8). These
results show that varietal differences to N fer-
tilization response could be expected.

In the present study, the root length was
the greatest in the non-fertilized (N,) olive
trees and it was reduced with increasing soil
N fertilization rate (Fig. 3). The root length
of young olives treated with leaf applica-
tion of N (treatment N,) did not differ signif-
icantly (P<0.05) from that of the trees treat-
ed with N, and N,. The increased root length
with diminishing soil N external supply has
been recorded in other plants too and it is
probably one of the mechanisms by which
plants adjust to shortage of exogenous re-

30 +

28 o

26

Leaf DWT (g)

24 {

22 A a

20 T T T T T T

NO N1 N2 N3 N4 Nf

N fertilizer treatments

Figure 2. Effects of N fertilization on olive leaf dry weight
(DWT), 201 days after first fertilization (DAF). Soil N fertiliza-
tion rates: N;: 0, N,: 0.95,N.: 1.90, N, 3.80, N,: 6.25 g N at three
monthly applications. Foliar treatment N;: 0.3 g/l of 21-21-21
(N-P-K) soluble fertilizer at six monthly applications. Means fol -
lowed by a different letter are significantly different at P<0.05
level. Means separation calculated by the Duncan test.

sources (15). The results of the present study
are in agreement with field empirical obser-
vations made by growers according to which,
olive trees grown without nitrogen fertilizer
produced longer roots. However, in the cur-
rent experiment the increased root length,
observed in the N-deficient young olive trees
(Fig. 3), was accompanied by a reduction in
the leaf+stems+shoots DWT: root length ratio
(Fig. 4) which is undesirable, especially during
the establishment of young olive trees.

The leaf [N] increased (P<0.01) with in-
creasing N soil supply (Fig. 5). Leaf [N] was
relatively stable during time in treatments
N,, N, and N,, whereas in treatments N and
N, it decreased considerably from 65 DAF
showing that soil and foliar fertilization did
not satisfy the N requirements of young ol-
ive trees. Response of leaf [N] of young ol-
ive trees to N fertilization has been reported
elsewhere (3, 8, 13, 19). At 201 DAF, when the
leaf DWT of the experimental plants grown
without fertilization (N ) was affected by the
soil N fertilizer treatments, the leaf [N] was
approximately <2%, indicating that this leaf
[N] was not sufficient for the growth of the
young olive trees. Nevertheless, this concen-
tration has been reported to be sufficient for

60 -
a

55 o
= . ab ab
=S 50 -
=)
c
g J
= b b b
S 45 -
(2

40 %gg

T T T T T T

NO N1 N2 N3 N4 Nf
N fertilizer treatments

Figure 3. Effects of N fertilization on root length (m) of one-
year-old olive trees. Soil N fertilization rates: N;:0,N:0.95N,:
1.90, N,: 3.80, N,: 6.25 g N at three monthly applications. Foli-
artreatment N.: 0.3 g/10f 21-21-21 (N-P-K) soluble fertilizer at
six monthly applications. Means followed by a different letter
are significantly different at P<0.05 level. Means separation
calculated by the Duncan test.
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the growth of old mature olive trees (4, 13).
However, it has also been reported that the
optimum leaf [N] is higher in young than in

i
o

™

-
B

-
o

NO N1 N2 N3 N4 Nf

Leaf+stem+shoot DWT (g) : root length (m)

N fertilizer treatments

Figure 4. Effects of N fertilization on the ratio of
leaves+shoots+stems dry weight (DWT) (g) : root length (m)
of one-year-old olive trees. Soil N fertilization rates: N;: 0, N.:
0.95,N,: 1.90, N.: 3.80, N,: 6.25 g N at three monthly applica-
tions. Foliar treatment N : 0.3 g/l of 21-21-21 (N-P-K) soluble
fertilizer at six monthly applications. Means followed by a dif-
ferent letter are significantly different at P<0.05 level. Means
separation calculated by the Duncan test.

3.0 - I T :[ T
2.5 -
g | \/
=2
2.0 -
0O 31 65 93 136 167 201

DAF

Figure 5. Changes in the leaf [N] (%) during the growth of
one-year-old olive trees. DAF: days after first fertilization. Soil
N fertilization rates; N;: O (m-m), N.:0.95 (A-A), N,: 1.90 (V-
V), N;:3.80 (0-0), N,:6.25 (e-@) g N at three monthly ap-
plications. Foliar treatment N.: 0.3 g/l of 21-21-21 (N-P-K) solu-
ble fertilizer at six monthly applications. Bars: Least significant
difference (LSD) at each harvest.
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mature olive trees (16). Furthermore, Gon-
zalez et al. (10, 11, 12) found that the yield of
mature olive trees was reduced when leaf [N]
was < 1.95%.

The results of the present study also
showed that the increased leaf DWT was
accompanied by a significant (P<0.01) in-
creased soil [NO,-N] due to split soil N fer-
tilization, nitrification and addition of NO,-N
with irrigation (Fig. 6). After the last applica-
tion of soil N fertilizer (65 DAF), big differenc-
es (P<0.05) in soil [NO,-N] were found among
the treatments. The soil [NO,-N] in treat-
ments N, and N, was very high (>100 mg/
kg DWT), whereas in the other treatments it
was between 20 and 50 mg/kg DWT. To es-
timate the threshold soil [NO,-N] (25 mg/kg
DWT) for maximum growth of young olive
trees, the relationship between leaf DWT
and soil [NO,-N] was used (Fig. 7). The rela-
tionship between the mean leaf DWT and
the mean soil [NO,-N] during the course of
the experiment was curvilinear and it was
described by the following equation:

Leaf DWT = a+b*rNO,; Nl cINO-NI

where, a, b, r and c are the coefficients de-
rived from the statistical analysis (Table 2).
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Figure 6. Changes in the soil [NO,-N] (mg kg DWT) during
the growth of one-year-old olive trees. DAF: days after first
fertilization. Soil N fertilization rates: N: 0 (m-m), N.: 0.95
(A-A),N:1.90 (V-),N3.80 (#-#),N,:6.25 (o-e) g Nat
three monthly applications. Foliar treatment N, (*-*): 0.3 g/l of
21-21-21 (N-P-K) soluble fertilizer at six monthly applications.
Bars: Least significant difference (LSD) at each harvest.
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Figure 7. Relationship between the mean leaf dry weight
(DWT) (g) of one-year olive trees and the mean soil concen-
tration of NO,-N (mg/kg DWT) during the course of the exper-
iment.

Table 2. Relationship between the mean
leaf dry weight (DWT) (g) and the mean soil
concentration of NO,-N (mg/kg DWT) dur-
ing the course of the experiment.

Leaf DWT = a+b*rNos N4 cINosNI

Estimated coefficients SE
a 0.821 0.071
-22.180 3.76
r -0.008 0.013
C 23.410 1.85

R=71.7 %, P<0.001

The young olive trees responded to N
when the N fertilization rate was >0.95 g N/
potand soil [NO,-N]was <25 mg/kgDWT.The
young olive trees could resist high soil [NO,-
N] without growth reduction. For example,
there was no reduction in leaf growth of the
experimental trees when the soil N fertiliza-
tion rate was increased from 1.90 (N,) to 6.25
(N,) g/pot (Fig. 2) causing an increase in soil
[NO,-N] from 50 to 300 mg/kg DWT (Fig. 6).
However, in high soil N fertilization rates,
i.e. N, and N, the leaf+stem+shoot DWT:
root length ratio was low indicating that
the plants had a shorter root length, which
is undesirable for olive trees grown under
rain-fed conditions. The foliar application of
N-P-K produced the lowest olive leaf DWT

(Fig. 2). However, the reduced growth could
not be attributed only to N but also to P and
K, since in the present study, none of these
two nutrients was applied to soil.
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AvTtidpaon veapwv SevépulAiwv eMag otnv alwtouyo Aimavon

IE. Towyiavog kat E. Poukouvdkn

Nepidnyn H avtibpaon veapwv euT@Y eNAC (ToIK. 'KopwvEikn) aTnv au€avopevn GLYKEVTPWON TOu
VITPIKOU alwTou, UETA amd epapuoyr SlaQopeTIKWY TOCOTATWY alwTouxou MmdopaTog 0To £8a¢pog
Kal evég Mmdopatog N-P-K ota @UAa, peletriBnke og éva meipapa mou mpayuatomojdnke oe yAd-
o1peC. Ta amotedéopata €deiav OTi To BApog TNG Enpdc ouciag Twv GUANWY auénBnke pe TV abénon
NG moodTnTag TNG alwTouxou Aimavong oT1o £5a¢og, evw To BApog NG Enpac ouciag Twv EUAWY Sev
emnpedotnke o1a euTA Tou déxTnKav 10 S10PUANIKS N-P-K Nimaopa. Emméov, ota @utd mou avamtu-
xOnkav o ouvOrikeg ENelPng alwtou (SnA. puta ota omoia dev yive epappoyn alwTtouxou Aimavong
0710 £50¢0¢), To PiKog NG pilag au€nbnke yeyovog To omoio odnyei 6To cupMépacpa 0Tt n EAAEIPN
alwTou o€ veapd GUTA eNAC TPOoKAAE TNV mapaywyn peyaiTtepou urkoug pidac. H avénon éuwc oto
pRKo¢ NG piCac ouvodeutnke amod avemBuUNTN peiwan Tng avaloyiag Tou Enpol BApouc Tou uTEpyel-
OU TUAMATOC TWV QUTWV (VeEapwv PAACTWV + KOPHOU + UAAWV) : urikog T pilac. Ta amoteAéopata tng
napouvoag HeENETNG €deav emiong OT1, 6Tav n cuykévtpwaon tou N otnv Enpd ouaia Twv UAAwY ATav
<2% Kat n GLYKEVTPWON Tou VITPIKoU alwTtou 010 Enpd Bapog Tou eddgouc ftav <25 mg/kg, Ta veapd
SevOpUANIa ENAG gixav TV MIKPOTEPN AVATTTUEN.
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SHORT COMMUNICATION

The effect of a garlic essential oil component and
entomopathogenic nematodes on the suppression of
Meloidogyne javanica on tomato

I. Anastasiadis’, A.C. Kimbaris?, M. Kormpi', M.G. Polissiou® and E. Karanastasi'

Summary Root-knot nematodes are worldwide distributed plant pests with a wide range of hosts
that cause downgrading and unmarketability of produce, significant yield decrease, or even total fail-
ure of various crops. The entomopathogenic nematodes have extensively been studied as a potential
alternative method for the control of plant parasitic nematodes. In addition, the essential oil of garlic
and its volatile components that possess fumigant properties against several plant pests and patho-
gens have also been shown to suppress plant parasitic nematodes. The present work is a pilot study
examining the possibility of a combined action of Steinernema carpocapsae and diallyl disulfide, a vol-
atile component of garlic essential oil, against Meloidogyne javanica. The results of the study showed
that the combined use of S. carpocapsae and diallyl disulfide significantly reduced the population of

M. javanica on tomato.

Additional keywords: diallyl disulfide, root-knot nematodes, Steinernema carpocapsae

Root-knot nematodes (Meloidogyne Goldi
1892 - RKN) are obligate parasites of higher
plants distributed worldwide causing con-
siderable yield losses and reduction of prod-
uct quality on almost every plant species.
Garlic essential oil and its volatile compo-
nents have repeatedly been studied and it is
now commonly accepted that they possess
fumigant properties against several plant
pests and pathogens, including plant para-
sitic nematodes (PPN) (5, 7). Diallyl disulfide,
used in the present study, is one of the gar-
lic essential oil volatile components that ac-
counts for 30-50% of the total sulphide mix-
ture (13). Entomopathogenic nematodes
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(EPN) (Heterorhabditis and Steinernema spe-
cies) are obligate parasites of insects that
kill their hosts by introducing their bacteri-
al symbionts (Photorhabdus and Xenorhab-
dus species, respectively) into the insect’s
haemocoel (2, 4). Surprisingly, some 25 years
ago, it was shown that the co-existence of
PPN and EPN causes a reduction in PPN pop-
ulations (3, 6, 10). The objective of the pres-
ent study was to examine whether there is a
possibility of a combined action of EPN and
diallyl disulfide in suppressing RKN.

The Meloidogyne javanica (Mj) inoculum
was produced on tomato plants cv. ‘Bella-
dona’, maintained in a growth chamber at
25°C for two months. Egg masses of Mj were
randomly hand-picked from the infected to-
mato roots and used immediately for soil in-
oculation.

Steinernema carpocapsae (Sc) (Koppert
B.V. Berkel eb Rodenrijs, The Netherlands®)
was reared on Galleria melonella (Lepi-
doptera: Pyralidae) at 25°C (8). Infective ju-
veniles were recovered using White traps
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(14) and stored in 1 | flasks filled with tap wa-
ter at 4°C (approximately for 5-7 days) until
further use. For the trials with live infective
juveniles (1J) and prior to the soil inocula-
tion, the nematodes were left for 30-60 min
at room temperature in order to recover. For
the trials with dead IJ, the nematodes were
heat-killed prior to soil inoculation on a heat
block at 70°C for 15 min.

Diallyl disulfide (purity 70%) was pur-
chased from Across Organics (New Jersey,
USA). Laboratory-based gas chromatogra-
phy analysis revealed two other main com-
ponents: diallyl sulfide (15%) and diallyl
trisulfide (12%).

Tomato seedlings (cv. ‘Belladona’) with
three pairs of leaves were transplanted in
250 cm? plastic transparent pots containing
commercial compost soil. After two days,
groups of five egg masses (about 2,000
eggs, as estimated after dissolving the egg
masses with sodium chloride) were added
to the pots. All EPN treatments were added
simultaneously with Mj at a rate of 7,000 live
S. carpocapsae (Sc) or 7,000 heat-killed. Each
pot received 20 ml of 2 pl/ml diallyl disulfide
solution (Dd) in a single or a double appli-
cation, i.e. concurrent with Mj inoculation
(single application) or concurrent with and
one week after Mjinoculation (double appli-
cation). Control pots received 20 ml of dis-
tilled water.

The experiment consisted of eight treat-
ments (plus control) and each treatment
was replicated five times in a completely
randomized experimental design.

Experimental plants were incubated in a
growth chamber at 25°C. After 28 days, the
roots were submerged in water to gently
rinse away the soil. The roots were dried off
on tissue paper and their fresh weight was
measured. Subsequently, the roots were cut
into 1-2 cm pieces and females of Mj were
teased from the roots and counted at 17.5x
magnification. Statistical analysis was per-
formed with SAS software (SAS Institute,
Cary, NC) and mean separation was con-
ducted using the Tukey’s test (12).

Thenumber of female Mjcountedinroots
treated with live or dead Sc and/or Dd was

significantly lower than that in the untreated
control (P<0.001). The greatest disparity was
observed when Dd was applied in a double
application (at 0 and 7 days post-Mjinocula-
tion) to soil previously treated with dead or
live Sc. No statistically significant (P<0.001)
differences were noted between the treat-
ments with live and dead Sc. However, in
both treatments, the number of Mj females
was reduced by 32% and 45%, respectively,
compared to the control. The total numbers
of Mj females counted in tomato roots treat-
ed with Dd in a single or a double applica-
tion, were significantly (P<0.001) lower than
those in the control. In treatments with dead
Sc + Dd, the number of Mj females that de-
veloped from egg masses in the Dd double
application was significantly (P<0.001) lower
than that in the single application. In treat-
ments with live Sc + Dd, the number of Mj
females developed from egg masses in the
Dd double application was not significant-
ly (P<0.001) different to that of the single ap-
plication (Table 1). No statistically significant
differences were noted with regard to root
weight (P>0.05). The results of the present
study showed that both live and dead IJ of
Sc suppressed Mj on tomato plants, which is
in accordance with the findings of Lewis et
al. (9). In contrast to these results, Grewal et
al. (6) found no effect of live lJ, which may in-
dicate that these nematodes act by a slower
release of the intestinal bacterial agents in-
duced by their natural death. Bird and Bird
(3) also suggested that PPN suppression
may be due to a competition for habitat and
space. These factors may influence the ef-
fectiveness of live 1), depending on the en-
vironmental conditions, the plant parasitic
and entomopathogenic nematode species,
the soil type and the host plant or the pres-
ence/absence of insect hosts. The results
of the present study are in agreement with
previous research on nematode suppres-
sion by garlic seeds and bulbs, garlic essen-
tial oil and garlic essential oil components (1,
6). Diallyl disulfide was more effective when
it was used in two applications, one concur-
rent with Mj inoculation and a second one
7 days later. It is likely that some eggs that
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Table 1. Effects of diallyl disulfide (Dd), used alone or in combination with dead or live Stein-
ernema carpocapsae (Sc), on the number of female Meloidogyne javanica (Mj), 28 days after
inoculation of potted tomato plants (cv. ‘Belladona’).

Treatment Rate/dose Time of application (dpi)' Nematodes per root ?
Control 0 0 243 a3
Dd 2 ul/ml 0 112.8 cd
Dd 2 &2 pl/ml 0&7 76.4 def
Live Sc 7,0001) 0 165.4 b
Dead Sc 7,000 1) 0 133 bc
Live Sc + Dd 7,000 1) + 2 pl/ml 0 104.2 cde
Live Sc + Dd 7,000 1) + (2 &2 pl/ml) 0+(0&7) 71.2 ef
Dead Sc + Dd 7,000 1) + 2 pl/ml 0 101 cde
Dead Sc + Dd 7,000 1) + (2 &2 pl/ml) 0+(0&7) 59.4f
LSD =40

'dpi: days post-Mjinoculation
2Mean of five replicates

3Numbers followed by the same letter do not differ significantly at P<0.001

survive the first application hatch into in-
fective juveniles, which are subsequent-
ly killed by the second application. Alterna-
tively, due to the high volatility of the diallyl
disulfide and the protective nature of the
egg mass (11), repeated applications are re-
quired to achieve higher effectiveness. It is
also worth mentioning that neither the sin-
gle nor the double application of diallyl dis-
ulfide caused any phytotoxicity.

It can be concluded that both S. car-
pocapsae and diallyl disulfide exhibit signifi-
cant nematicidal or nematostatic properties
and have the potential for nematode con-
trol. However, more parameters should be
studied, such as plant parasitic nematode
initial infestation density, soil type, applica-
tion time, dosage and repeated applications
of diallyl disulfide.
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>YNTOMH ANAKOINQXH

Enidpaon evog aifepiov eAaiov Tou oKOpSou Kat
EVTOMOTTAO0YOVWY VNATWS WV GTNV KATACTOAR TOU

Meloidogyne javanica otnv Topdata

I. Avaotaciddng, A.K. Kuumdpng, M. Kopurr, M.I. MoAuciou kai E. Kapavactaon

Mepilnpn O vnupatwdelg Tou yévoug Meloidogyne éxouv maykdopia e§Amwaon Kal oAU Heyaho €U-
pOo¢ EEVIOTWVY, OTOUC OTIOIOUC UTTOPEL VO TIPOKOAAEGOUV UTIOBABION TNE EUMOPEUCIMOTNTAC TOU TTapa-
YOUEVOU TIPOIOVTOC, CNMAVTIKI MEIWON TNG TTAPAYWYNC, KAl O TTOAEC TIEPIMTTWOEIC OKOMN KAl TNV OAI-
K| Kataotpo@r TnG kaAhiépyelag. Ot evtopomaboydvol vnuaTwdelg eival 0pyaviopoi TTou €X0UV HENE-
TNOEl ekTEVWE WE TTPOC TN SuvaTdTNTA XENGOIMOMOINGHE TOUG WE EVAANAKTIKWY MEBSSWY QVTIHETWTTI-
oN¢ TWV QUTOTAPACITIKWY Vpatwdwv. Emiong, To ailBéplo éato Tou okdpdou, To omoio Slabétel amo-
AupavTikeg 1810TNTEG vavTiov mMoAUdpIBLwY ex0pwV Kat acBevelwvy Twv QUTWY, EXel 0N amodelyTel 6T
pmopei va kataotéAAel kal Tn dpdon Twv vnpatwdwv. H mapouoa epyacia amoteel fia mAOTIKN HENE-
Tn mou okomd éxel va Slepeuviioel Thv mMBavoTnTa cuvdUACTIKNS SpAong Tou evtopomaboyévou via-
Twén Steinernema carpocapsae kai Tou SIAAAUAO S1ooUA@ISiov, EVOC TTNTIKOU GUOTATIKOU TOU alBepi-
ou gAaiou Tou okdpbov, yla TV avTiueTwion Tou Meloidogyne javanica.
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SHORT COMMUNICATION

Root-knot nematodes (Meloidogyne spp.) in Greece

E.A. Tzortzakakis', I.L.P.M. da Conceicao? M.CV. dos Santos?
and I.M. de O. Abrantes?

Summary The information presented in the current work on the occurrence of root-knot nematodes
(Meloidogyne spp.) in Greece was extracted from the literature and unpublished studies conducted by
the authors. The species M. javanica, M. incognita, M. arenaria, M. hapla, M. artiellia and M. exigua had
been reported during the period 1963-1994 to occur on various host plants and species identification
was based on morphological characters. Since 1996, 52 isolates from Crete and 9 isolates from the
mainland of Greece were identified using molecular and/or biochemical markers. The species found
were M. javanica, M. incognita and M. arenaria. Twenty-six of these isolates were identified as M. javan-
ica (19 isolates), M. incognita (5 isolates) and M. arenaria (2 isolates) on the basis of the esterase pheno-
types. All M. javanica isolates exhibited the typical J3 phenotype except one from Crete, which exhibit-
ed the J2 phenotype. The M. incognita and M. arenaria isolates revealed the 11 and A2 phenotypes, re-
spectively. Finally, the infestation of potato tubers by a M. javanica isolate (phenotype J3) is reported

for the first time in Greece.

Additional key words: esterase phenotypes, Meloidogyne arenaria, M. incognita, M. javanica, potato

Phytonematology is a relatively new science
in the Mediterranean region. It was first de-
veloped during the 1950s as an experimen-
tal discipline in some countries and had an
increasing impetus in the following years
(27). Root-knot nematodes (RKN), Meloidog-
yne spp., are amongst the most economical-
ly important nematodes in agriculture, ex-
hibiting a broad host range (6) and a wide
distribution in the Mediterranean basin (27).
In Greece, RKN have been recorded in sever-
al areas and till the mid 90's, species identi-
fication had been based on morphological
and morphometric characters and/or differ-
ential host tests. The objective of the pres-
ent work was to report on the status of the
occurrence of RKN in Greece. The Helmint-
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hological Abstracts, Series B, Plant Nema-
tology (Nematological Abstracts from 1992)
and other publications accessible/available
to the authors were the sources of informa-
tion used in the current work, along with
some, so far, unpublished studies conduct-
ed by the authors. Data of the Meloidogyne
species identified during the period 1963-
1994 and the hosts on which they had been
detected are presented in Table 1. Published
reports, in which the specific host-nema-
tode associations were not clearly deter-
mined and information extracted from ab-
stracts, when the full text of the respective
papers was not available to the authors, are
also presented below.

The review of the status of Meloidogyne
spp. in Greece until 1979 includes species as-
sociated with at least 85 host plants and list-
ed in Table 1 (7, 8). As M. thamesi is synony-
mous to M. arenaria (2), these two species are
listed together. In Crete, M. javanica, M. incog-
nita and M. arenaria were detected through-
out the coastal region-below 200 m altitude-
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whereas, M. hapla was found only in one
location above 450 m altitude (28, 29). The
last report of the occurrence of Meloidogy-
ne spp. in Greece was in 1994 and referred
to the presence of M. javanica, M. incognita,
M. arenaria and M. hapla on anemone, apri-
cot, carnation, celery, courgette, cucumber,
aubergine, kiwi, peach, potato, red pepper,
rose and tomato, without any further details
on specific host associations (36).

During the period 1996-2010, 61 isolates
of Meloidogyne spp. were sent to the Plant
Protection Institute of Heraklion, N.AG.
RE.F. (Crete, Greece). Fifty-two of those iso-
lates were collected from greenhouses and
fields in Crete and 9 isolates from the main-
land of Greece (Table 2). The isolates were
identified at the Scottish Crop Research In-
stitute (Dundee, UK) and/or the Instituto do
Ambiente e Vida, Departamento de Zoolo-
gia, Universidade de Coimbra (Portugal), us-
ing RAPD, IGS-PCR, SCAR-PCR and esterase

phenotypes. Some of those isolates were
also characterised by their perineal pattern
morphology at both the Instituto do Ambi-
ente e Vida (Portugal) and the Plant Protec-
tion Institute of Heraklion (Greece). The es-
terase phenotypes were used to identify 26
Meloidogyne isolates (19 of M. javanica, 5 of
M. incognita and 2 of M. arenaria). All M. ja-
vanica isolates had the typical J3 pheno-
type except one from Crete, which had the
J2 phenotype. M. incognita exhibited the I1
phenotype and the two M. arenaria isolates,
collected from balm (Melissa officinalis L.)
in Thrace and grapevine (Vitis vinifera L.) in
Crete, respectively, had the A2 phenotype,
one of the three characteristic phenotypes
of the species (5). As in the present work, no
specimens from wheat or peach were col-
lected, two Meloidogyne species, namely M.
artiellia and M. exigua, reported in the past
to occur in Greece (19, 9), were not found. M.
hapla was not found either, although during

Table 1. Root-knot nematodes (Meloidogyne spp.) and their associated hosts reported in

Greece during the period 1963-1994.

Meloidogyne species Hosts

References*

(in alphabetical order)

M. arenaria
(syn. M. thamesi)

M. artiellia
M. exigua
M. hapla

M. incognita
(syn. M. incognita acrita)

M. javanica

Antirrhinum, aubergine, bean, brindweed,
cabbage, carrot, corn, cucumber, garlic, ge-
ranium, grapevine, hyacinth, leek, lettuce,
melon, okra, parsley, peanut, pelargonium,
poppy, potato, snapdragon, tobacco toma-
to, trout lily, zerbera

Wheat
Peach
Bean, cyclamen, kiwi, leek, tomato

Almond, aubergine bean, carrot, cotton, cu-
cumber, fig, fuchsia, gardenia, grapevine,
hyacinth, okra, peach, pepper, potato, rose,
sugarbeet, tobacco, tomato, watermelon

Almond, aubergine, banana, bean, beets,
black salsify, carrot, celery, cyclamen, fig, hy-
acinth, kiwi, okra, olive, peach, pepper, pis-
tachio, plum, pomegranate, sugarbeet, to-
bacco, tomato, grapevine

1,4,9,11-14, 16, 18, 26**

19
9
1,26, 34, 35,37

1,3,4,10,12-18, 20-25

1, 3,4, 9-11, 16, 17, 23, 25,
30, 34, 35,38

*Additional information can be found in reference 36, which lists also hosts of M. arenaria, M. hapla, M. incognita
and M. javanica without further details on species associations.
**Reference 26 cites data from 1964.
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Table 2. Root-knot nematodes (Meloidogyne spp.) and their associated hosts reported in

Greece during the period 1996-2010.

Meloidogyne Hosts

H *
species (in alphabetical order) Locality References
M. arenaria Balm, grapevine Crete (1) 5
Thrace (1)
M. incognita Cucumber, tomato, pepper Crete (8) 31-33
Peloponissos (1) and unpublished data
M. javanica Aubergine, balm, banana, Crete (43) 31-33
bean, cabbage, carnation, Epirus (4) and unpublished data
cucumber, grapevine, mel- Thessaly (1)
on, ornamentals, potato (tu- Thrace (1)

bers), tomato

Peloponissos (1)

* Figures in parentheses refer to the number of isolates

the period 1966-1994, there had been nu-
merous reports of its occurrence in Greece.
It is likely that M. hapla has a more restrict-
ed distribution in Greece compared to the
other three major Meloidogyne species and
is probably rare in Crete from where most of
the isolates (85%) originated.

Potato tubers infested with RKN have
been observed in Greece twice in the past,
but the Meloidogyne species involved were
not identified. However, during the cur-
rent work, one isolate, collected in March
2010 from infested potato tubers in a field in
Southern Crete (Fig. 1) was multiplied on sus-
ceptible tomato plants and identified as M.
javanica (J3), using the esterase phenotypes.

In addition to the list of RKN and their
associated hosts recorded in Greece since
1963, the present work reports for the first
time in Greece on (a) the infestation of pota-
to tubers by M. javanica (phenotype J3), and
(b) the presence of the two esterase pheno-
types (J2 and J3) associated with M. javani-
caisolates.
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Figure 1. Potato tuber infested with Meloidogyne javanica. A: deformation of the outermost tuber layer. B & C: a section
showing females and egg masses. D: esterase phenotypes of the M. javanica isolate detected in potato tubers from Crete
(J3). *Reference population of M. javanica (J3).
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>YNTOMH ANAKOINQXH

Nnpatwdeig Tov yévoug Meloidogyne otnv EAAGda

E.A. TCwptCakdkng, I.L.P.M. da Conceicdo, M.C.V. dos Santosand I.M. de O. Abrantes

Nepidnyn Ztnv mapovoa epyacia mapouactalovTal GUVOAIKA ONEC Ol KATAYPAPEC VNUATWEWV TOU yé-
vou¢ Meloidogyne otnv EAMGSa katd tnv mepiodo 1963-2010 pe Béon tnv umdpyouaca BiBAloypagia kat
adnuooieuta oTolxeia amd PeAETEC TwV ouyypagéwv. Ta €idn M. javanica, M. incognita, M. arenaria, M.
hapla, M. artiellia kit M. exigua avagépBnkav oe §1agopoug EevioTéC amod To 1963 éwg To 1994 Kal Tpoo-
SlopioBnkav pe Baon Ta HopPoAoYIKA XapakTNPLOTIKA TouC. Ard To 1996 péxpl orjpepa Tavtomolidn-
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Kav PE Hoplakég n/kat Broxnuikég pe8odoug 52 minBuopoi Meloidogyne spp. ané tnv Kpritn kat 9 amd
Vv nrelpwtikr ENNGSa. Ta €idn mou BpéBnkav rftav ta M. javanica, M. incognita xau M. arenaria. X 26
amné toug mapandvw mAnBucpoUg TPoadlopioTNKAV Ol YAIVOTUTIOL TNG EGTEPACNG KAl 0l MAnBuouoi
xapaktnpiotnkav we M. javanica (19 mAinBuapoi), M. incognita (5 minBuacoi) kai M. arenaria (2 mAnBu-
opoi). O1 mnBuapoi Tou €idoug M. javanica gixav Tov TUTKG @aVOTUTIO J3 KTOG amd €vav TTOU TTPOEP-
xétav amd tnv KpAtn kat ixe Tov gavétumo J2. Ot minBuaopoi M. incognita kau M. arenaria €ixav toug
TumikoUg @avotumoug 1T kat A2, avtiotolya. H mapoloa epyacia kataypd@el yia mpwtn ¢opd otnv EN-
Mada mpoaBolr kovdUAwv matatag and to idog M. javanica (pavotumo J3).

Hellenic Plant Protection Journal 4: 25-30, 2011
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